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Abstract 

Economic development requires a large amount of raw materials, which are quickly 

consumed. In the agro-food industry, a significant quantity of by-products and/or waste 

is also produced, resulting in approximately one-third of food production being wasted. 

Agroindustrial biomasses are often characterised by high water content and chemical 

composition in fibers, proteins and bioactive compounds, making them matrices suitable 

for numerous applications. The nutrients present in waste matrices can be an excellent 

growth substrate for microorganisms. Through the fermentation process, these 

microorganisms can convert or produce molecules of industrial interest, which is why 

fermentation has attracted increasing interest. These final products could include 

bioactives, like antimicrobial agents, antioxidants, volatile compounds, organic acids and 

deglycosylated polyphenols. Fermentation offers several advantages, including low 

costs, minimal energy and water consumption, and the ability to convert by-products 

and waste into high-value products.  

Lactic fermentation, in particular, is carried out by lactic acid bacteria, microorganisms 

which are considered GRAS (Generally Recognised As Safe) by Food and Drug 

Administration (FDA) or with the Qualified Presumption of Safety (QPS) status by 

European Food Safety Authority.  

Lactic acid bacteria have a long history of use in food production. Due to their simple 

metabolism, characterised by a high nutrient intake and resistance to stress, such as 

acidic environments and high temperatures typically encountered in industrial process, 

their potential as cell factories for the chemical industry is being increasingly explored. 

With this knowledge, the thesis has been focused on the valorisation of different plant 
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matrices through the application of lactic acid fermentation followed two lines. The first 

one was to evaluate the changes on molecular profile of two by-products which may be 

relevant in our agro-industrial sector, like Okara and Opuntia Ficus Indica Cladodes. The 

second line involved the possible application of an extract with antimicrobial activity, 

obtained from the lactic fermentation of tomato peels and seeds, in a production 

process. 
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Introduction 

The issue of food waste is both a global and localized challenge with significant 

environmental, economic, and social implications. Food waste is a multifaceted issue 

that demands immediate attention to achieve global sustainability goals (Forbes 2021). 

However, it is essential to distinguish between food loss, food waste and by-products 

(Cattaneo et al. 2021). Indeed, food loss refers to reductions caused by inefficiencies 

within the supply chain, such as during production, storage, or transport (Cattaneo et al. 

2021). Food waste originates from retailers, food services, and consumers at the end of 

the supply chain (Cattaneo et al. 2021). Additionally, by-products refer to materials 

generated as secondary outputs during the primary production of another good 

(Saparbekova et al. 2023). 

The United Nations 2030 Agenda highlights the urgency to halve per capita food waste 

at the retail and consumer levels and reduce losses throughout production and supply 

chains, including post-harvest stages (UN 2015; Lipinski 2017).  this can be achieved by 

improving resource efficiency and promoting sustainable production and consumption 

practices. Efforts to reduce food waste should focus on several points, such as 

awareness-raising campaigns to educate consumers about the environmental and social 

impact of food waste, policies to encourage sustainable practices along the supply chain, 

innovation and technology to support research on waste reduction technologies, and 

global cooperation to strengthen international partnerships to share best practices and 

align efforts with the United Nations 2030 Agenda (Leal Filho et al. 2024; Khajuria et al. 

2022; Ciccullo et al. 2021; Martin-Rios et al. 2021). 

According to the World Wildlife Fund (2021), food waste accounts for up to 40% of global 
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food production, equivalent to approximately 2.5 billion tons annually. This staggering 

volume highlights the inefficiencies within global food systems, contributing significantly 

to environmental degradation and resource depletion. 

In the European Union, 153 million tons of food waste were generated in 2021, 

surpassing annual food imports of 138 million tons (Vera et al. 2022). This waste 

corresponds to 6% of the EU's total greenhouse gas emissions, with an estimated 

economic cost of 143 billion euros (Vera et al. 2022). Such figures underscore the urgent 

need for coordinated efforts to reduce food waste and its associated impacts. Adopting 

circular economy principles is a promising strategy to address food waste. The moral and 

ethical dimensions of food waste are particularly significant given the coexistence of 

wasteful practices and widespread hunger. Despite global food production being 

sufficient to meet demand, excessive wastage leaves one in nine people malnourished 

(Roe et al. 2020). Addressing food waste is therefore not only an environmental and 

economic issue but also a moral imperative to ensure equitable access to resources 

(D’Adamo et al. 2023).  

To address the environmental and economic challenges posed by food waste, the Food 

Waste Management Hierarchy-based on the 3R principle: Reduce, Reuse, and Recycle-

has been adopted in various countries (Dri et al. 2018). This approach promotes 

sustainable food waste management, aiming to minimise losses and repurpose 

discarded materials as valuable resources, thereby reducing the environmental impacts, 

and creating economic opportunities. 

To align with these objectives, various initiatives are embracing circular economy 

frameworks for managing plant-based waste. These initiatives include energy recovery 

through the use of food waste to produce biogas and biofuels, composting with the 
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conversion of organic waste that enriches the soil with nutrients, or the production of 

bioplastics and value-added molecules for use as food ingredients (Hadj Saadoun et al. 

2021; Bibi et al. 2023a). 

The processing of fruits and vegetables generates significant amounts of biological 

residues or by-products, including seeds, core, rag, peels, rind, vine, shell, skin, pomace, 

stones, and pods (Saparbekova et al. 2023; Rodríguez García and Raghavan 2022). These 

by-products represent a substantial portion of food waste, with losses throughout the 

supply chain reaching as high as 50% for fruits and vegetables (FAO 2018). 

Notably, fruit and vegetable by-products are rich in valuable nutrients, which present 

significant potential for recovery and reuse (Gulsunoglu et al. 2019). Indeed, fruit and 

vegetable losses occur at both harvest and processing stages, exceeding the waste 

measured for cereals and pulses (FAO. 2019). These losses can be attributed to multiple 

factors, including overproduction driven by changing eating habits and population 

growth (Coman et al. 2020), as well as the significant waste generated by industries 

processing these products. The disposal of such by-product poses environmental and 

food safety concerns, as its decomposition contributes to greenhouse gas emissions and 

potential hazards. Processing fruit and vegetable waste and by-products, therefore, 

represents an opportunity to mitigate these impacts while adding value. 

Plants are composed of two major classes of compounds: primary metabolites and 

secondary metabolites. Primary metabolites, such as carbohydrates, amino acids, 

proteins, and lipids, are essential for basic cellular functions and growth. Secondary 

metabolites, on the other hand, play a critical role in a plant's ability to survive and adapt, 

providing defence against external stressors and enabling interactions with the 

environment. In addition, most of these compounds protect fruits and vegetables from 
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being consumed too early due to their unpleasant taste, bitterness and astringency 

(Padayachee et al. 2017). These metabolites contribute to the nutritional and 

therapeutic properties of fruits and vegetables, which are recognized as essential 

components of a balanced diet. Regular consumption of fruits and vegetables is linked 

to the prevention of major cardiovascular conditions and diet-related chronic diseases 

(Rodríguez García and Raghavan 2022). 

Similarly, the by-products or waste from fruits and vegetables also harbor valuable 

bioactive compounds, which hold immense potential for various applications. Bioactive 

compounds include phenols, flavonoids, carotenoids, phytosterols, glucosinolates, 

saponins, alkaloids, and essential oils (Trigo et al. 2020). The specific bioactive 

composition of fruit and vegetable waste depends on factors such as plant variety, stage 

of ripening, and extraction methods, phenols and carotenoids are among the most 

prevalent bioactive compounds identified in these by-products (Trigo et al. 2020). These 

compounds support optimal cellular health by modulating metabolic processes and 

enhancing the action of other nutrients. Additionally, they exhibit diverse biological 

properties, including antioxidant, antimicrobial, anti-inflammatory, and anti-allergic 

activities (Santos et al. 2019). Recognizing this untapped potential has spurred interest 

in developing innovative techniques to extract and utilize bioactive compounds in 

industries such as food, pharmaceuticals, and cosmetics. The recovery of these 

compounds not only offers a sustainable approach to reducing waste but also represent 

a valuable resource for creating functional ingredients that can address health and 

environmental challenges. 

These bioactive compounds are extensively utilized to enhance antioxidant activity, 

antimicrobial effects, and total phenolic content, while also improving specific attributes 
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of final food products, such as color (Marranzano et al. 2018). For instance, carotenoids 

and anthocyanins are commonly employed as natural colorants (Rodríguez García and 

Raghavan 2022). 

Among bioactive compounds, phenolic compounds are particularly noteworthy due to 

their diverse chemical structures and biological functions. These compounds are 

synthesized via the shikimic acid, pentose phosphate, and phenylpropanoid pathways 

(Trigo et al. 2020). Predominantly water-soluble, phenolic compounds comprise a vast 

class of molecules, with over 8000 distinct structures identified. They are characterized 

by at least one aromatic ring with one or more hydroxyl substituents and often exist in 

nature as more complex molecules, referred to as polyphenols. Phenolic compounds are 

broadly classified into flavonoids, phenolic acids, and tannins, all of which exhibit 

significant antioxidant and antimicrobial properties (Babbar and Oberoi 2014). 

Flavonoids, for example, exert their antimicrobial activity through their ability to form 

complexes with extracellular and soluble proteins, as well as bacterial cell walls (Guil-

Guerrero et al. 2016). Phenolic acids exhibit antimicrobial effects by diffusing through 

the bacterial membrane, causing cytoplasmic acidification and, sometimes, leading to 

cell death (Sanchez-Maldonado 2014). Tannins, on the other hand, utilize multiple 

mechanisms to exert their antimicrobial activity, including inhibition of enzymatic 

activity, depletion of essential metal ions, and precipitation of membrane proteins 

(Akhtar et al. 2015; Ismail et al. 2016). 

The antioxidant activity of phenolic compounds largely depends on their chemical 

structure, particularly the number of double bonds and hydroxyl groups present. For 

instance, the substitution of hydroxyl groups through glycosylation often reduces 

antioxidant activity. 
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Given the significant bioactive properties of these compounds, their extraction from by-

products and waste presents novel opportunities for their application in the food 

industry to produce enhanced food products.  

One step that can precede traditional or greener extraction methods is fermentation. 

Through fermentation, it is not only possible to extract known compounds present in the 

matrix but also to generate new ones. During microbial growth, microorganisms can 

secrete metabolites or induce the expression of enzymes with antioxidant activity. For 

instance, enzymes such as glycosyl hydrolases, esterases, decarboxylases, and phenolic 

acid reductases, when secreted, can deglycosylate phenolic compounds, thereby 

increasing their biological activity (Tonolo et al. 2023). 

Agri-food waste and by-products are rich in minerals, sugars, and proteins, making them 

an excellent substrate for microbial growth, as it provides the necessary carbon, 

nutrients, and moisture for their development (Bibi et al. 2023b). Fermentation not only 

promotes the production of bioactive compounds but also prevents the growth of 

contaminants during storage, enhancing the stability of the product a critical aspect of 

food safety (Tonolo et al. 2023). 

Fermentation has been used for centuries by ancient civilizations to produce various 

food products. Today, there is growing interest in leveraging fermentation to improve 

fermented foods' health, nutritional, technological, and sensory qualities. Thanks to the 

biodiversity of microorganisms, fermentation can yield products with unique and 

desirable aromatic profiles while converting various precursors into fine biochemicals, 

such as aromatic compounds and fragrances (Hadj Saadoun et al. 2021; Ray et al. 2024). 

Indeed, fermentation is widely employed to modify the aromatic profile of products. 

Through bacterial metabolism, aromatic notes can be enhanced, or undesirable off-
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flavor components reduced (Martelli et al. 2021; Maria Carpena et al. 2021; Ricci et al. 

2020). As a result, the metabolites generated during fermentation can include both 

aromatic compounds and aroma precursors. For instance, esters, often characterized by 

sweet odors, or aldehydes, associated with floral or fruity notes, may be produced (Hadj 

Saadoun et al. 2021). 

In dairy production, lactic acid bacteria (LAB) play a crucial role in generating complex 

aromatic molecules that contribute to the characteristic flavors of fermented dairy 

products. LAB have a long history of use in fermentation processesand are considered 

GRAS (Generally Recognized as Safe) by the U.S. Food and Drug Administration (FDA) and 

hold Qualified Presumption of Safety (QPS) status granted by the European Food Safety 

Authority (EFSA). Their simple metabolism, characterized by high nutrient utilization, 

allows LAB to grow on diverse carbon sources. Additionally, they exhibit robust 

resistance to environmental stressors, such as acidic conditions and high temperatures, 

often encountered in industrial processes (Sauer et al. 2017). Despite its simplicity and 

great potential, fermentation remains a low-cost, energy-efficient biological process that 

can be exploited to create value-added products (Tlais et al. 2020). 

LAB are also extensively studied for their ability to produce various high-value products. 

These include lactic acid, plastic polymers, ethanol, exopolysaccharides (which function 

as thickeners and prebiotics), antimicrobial compounds, food flavorings, and sweeteners 

such as sorbitol, mannitol, and l-alanine (HadjSaadoun et al. 2021). Their versatility and 

adaptability make LAB a cornerstone of biotechnological innovation, with applications 

spanning the food, pharmaceutical, and chemical industries. 

In addition, the ability of LABs to enhance sensory properties, improve food stability and 

provide health benefits underlines their importance in sustainable and functional food 
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production. Their ability to simultaneously contribute to flavour enhancement and 

functional benefits reinforces their role in modern fermentation technologies.  

Overall, fermentation plays a crucial role in producing fermented biomasses and extracts 

that serve as additives to enhance or modify the properties of final products across a 

wide range of industrial applications. Since these additives are derived from a biological 

process, they can be labeled as "natural," aligning with environmentally sustainable 

practices and consumer preferences. Given the versatility of fermentation, which can be 

adapted to various substrates and fine-tuned using different strains and conditions, it 

stands as a cornerstone for sustainable innovation in multiple industries. 
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Aim of the thesis  

This doctoral thesis project aims to enhance the value of different plant matrices through 

the application of lactic acid fermentation. Specifically, the study focuses on agro-

industrial by-products which may be relevant from an economic and climate change 

perspective.  

The first chapter of this PhD thesis examines okara, a by-product of tofu and soy milk 

production whose accumulation is increasing due to the growing demand for soy-based 

foods. The research investigates the fermentation of okara using different LAB species to 

enhance its polyphenol content for potential food applications.    

The second chapter of this PhD thesis explores the potential of prickly pear (Opuntia 

Ficus Indica L.), a plant native to the Americas and cultivated in Italy. The plant's ability 

to thrive in dry conditions and high temperatures makes it a promising crop for 

agriculture in areas most affected by climate change and moving towards desertification. 

While its fruits are widely consumed, the discarded cladodes pose disposal challenges 

for farmers. The research investigates the use of lactic acid fermentation to enhance the 

polyphenol and volatile compound content of the cladodes or to produce antimicrobial 

extracts. One part of this study was conducted in collaboration with iBET (Instituto de 

Biologia Experimental e Tecnológica, Portugal), where the chemical characterisation 

analyses of the fermented products were made (Figure 1). 

The third chapter of PhD thesis was related to a potential application as water sanitizers 

of an antimicrobial of natural origin (NA), recently patented by the University of Parma, 

derived from a fermentation and extraction process of peels and seeds from the tomato 

processing industry. This study was carried out in collaboration with a partner company 
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in this PhD project, interested in the possible reuse of the antimicrobial in processing 

plants, in line with the theme of sustainability and circular economy. 

 

 

 

Figure 1. Chart describing the plant by-product valorisation work carried out in this dissertation 
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Introduction  

Soybean (Glycine max) is one of the most widely consumed legumes in the world. It has 

been part of the oriental diet for centuries and is one of the most popular foods in this 

population, forming part of traditional dishes such as soups, sauces and fermented 

products such as tempeh (Liu et al. 2022). However, as a result of globalisation, soya and 

its derivatives have gradually been introduced into the Western diet.  Nowadays, it is 

estimated to be the fourth most important crop worldwide with an annual production 

of around 370 million tonnes of soybeans/year, and Brazil, USA, Argentina, China, India, 

Paraguay and Canada are the main soybean-producing countries (“Soybeans | USDA 

Foreign Agricultural Service” 2024). Consumption of soya and soya products continues 

to grow, in part because of their nutritional and functional properties that contribute to 

the improvement of human health. In fact, epidemiological studies have revealed a 

positive association between the consumption of soy-rich foods and the prevention of 

non-communicable diseases such as cancer, neurodegenerative diseases and 

cardiovascular diseases (Kim 2022; Wang et al. 2021; Wei et al. 2020). This is mainly due 

to its high content of bioactive compounds such as (poly)phenols, including daidzein, 

genistein and glycitein, β-carotene and essential fatty acids, mainly linoleic acid, palmitic 

acid, stearic acid, oleic acid and linoleic acid (Kim et al. 2021). However, the production 

of soy products such as tofu and soy-based beverages generates a large amount of 

insoluble waste material from the extraction of the aqueous phase of soybean crushing, 

which is commonly known as “okara”, but may also be known as “douzha” and “biji” 

(Vong and Liu 2016). It is estimated that the production of vegetable soy beverage from 

dried soybeans generates between 1.4 and 1.8 kg of wet okara per kilo of dried 

soybeans, while the production of tofu produces around 1.2 kg of fresh okara per kilo of 
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dried soybeans (Guimarães et al. 2018). China (2,800,000 tonnes/year), Japan (800,000 

tonnes/year) and Korea (310,000 tonnes/year) are the main okara producers (Mok et al. 

2019). Okara has a high moisture content, an unpleasant taste and spoils easily. 

Consequently, the vast majority of okara produced by the food industry is discarded as 

industrial waste, with a small proportion used as animal feed and/or fertiliser (Wang et 

al. 2024). This means that okara not only contributes to food waste, but it also represents 

an environmental issue. However, okara could be reintroduced into the food chain as a 

functional ingredient, due to its soy-like nutritional composition, being high in crude 

fibre, protein and minerals, and its high content of bioactive compounds, such as 

isoflavones (daidzein, genistein and glycitein), which are known for their antioxidant, 

immunomodulatory, anticarcinogenic and estrogenic activities (Feng et al. 2021; 

Khosravi and Razavi 2021). In fact, several studies have shown that the consumption of 

isoflavone-rich products is associated with an improvement in the incidence of chronic 

diseases, including cancer, osteoporosis, cardiovascular diseases, diabetes and/or 

obesity, and microbial infections (Jannah et al. 2020; Guevara-Cruz et al. 2020; Kim 

2022). Therefore, the fortification of common foods such as yoghurt, milk or biscuits with 

okara could be a good nutritional strategy to improve human health, due to its high 

isoflavone content, and would also contribute to the reduction of the environmental 

impact caused by the production of soy derivatives. In this context, solid-state 

fermentation (SSF) of okara could be a potential strategy to reintroduce okara into the 

food chain as a functional ingredient: it could improve the sensory profile of okara (taste 

and texture) and its functional properties, by contributing to an increase in soluble fibre 

and protein content, as well as by promoting the biotransformation of β-isoflavone 

glycosides into potentially more bioactive isoflavone aglycones, for which a better 
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absorption compared to their glycoside forms has been reported (Asghar et al. 2023; 

Hadj Saadoun et al. 2021). Furthermore, it should be noted that SSF is a low-cost, 

environmentally friendly technique with a simple methodology based on microbial 

growth and product formation on the surface of solid materials in the absence of liquid, 

which means that it can be easily implemented by the food industry (Mok et al. 2019). 

Lactic acid bacteria (LAB) are the most commonly used microorganisms for this type of 

fermentation, due to their ability to produce several metabolites with biological 

functions that enhance the functional properties of okara, also imparting a pleasant 

flavours and aromas to this food matrix (Hadj Saadoun et al. 2021). However, there are 

very few studies evaluating the impact of SSF in both monoculture and coculture on the 

qualitative and quantitative profile of phenolic metabolites derived from the metabolism 

of the native compounds present in okara, nor optimising the fermentation process to 

obtain a potentially bioavailable phenolic metabolite profile. In humans, isoflavones are 

metabolised by colonic microbiota leading to the production of peculiar catabolites, 

namely O-desmethylangolensin and equol (Rafii 2015). The present work aimed to 

evaluate the effect of mono- and co-culture LAB fermentation on okara (poly)phenols, 

focusing on the ability of selected microorganisms to produce new (poly)phenol-derived 

metabolites. Moreover, based on the obtained data on growth parameters and 

(poly)phenol biotransformation, predictive models were applied to determine the most 

important factors able to affect the okara polyphenols and the optimal condition for 

achieving the highest production of specific (poly)phenols.   
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Materials and methods  

Chemicals  

Analytical standards of 3-(4ʹ-hydroxyphenyl)lactic, 3-(phenyl)lactic acid, ferulic acid, and 

naringenin were purchased from Sigma-Aldrich (Merck KGaA, DA, Germany). Daidzein, 

dihydrodaidzein, glycitein, dihydrogenistein, genistein, and O-desmethylangolesin were 

purchased from Toronto Research Chemicals (Toronto, ON, Canada). Vanillic acid was 

purchased from Alfa Aesar Chemicals and p-coumaric acid from Honeywell Fluka™ 

Chemicals (both Thermo Scientific Chemicals, Thermo Fisher Scientific Inc., MA, USA). 

All chemicals and HPLC-grade solvents (water, methanol, formic acid, and acetonitrile) 

and reagents were purchased from VWR International (Radnor, PA, USA). 

 

Raw material and bacterial strains  

Okara was provided by Sojasun company, from the plant located in Fidenza (Parma, 

Italy). It was stored at -20°C and finally sterilised at 121°C for 20 minutes before 

fermentation. 

Based on the reported microbial enzymatic activity involved in isoflavone metabolism 

(Lee et al. 2018), different species were selected. Four strains belonging to 

Lacticaseibacillus rhamnosus (UPCC 1473) isolated from Parmigiano Reggiano cheese, 

Lacticaseibacillus paracasei (UPCC 6227) isolated from Pecorino Toscano cheese, 

Pediococcus pentosaceus (UPCC 6268) isolated from tomato and Bacillus subtilis (UPCC 

5002) isolated from rice, were used to carry out the fermentation process. 

All the strains belonged to the University of Parma Culture Collection (UPCC). The 

bacterial cultures were maintained in frozen stocks at −80 °C in De Man Rogosa and 
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Sharpe (MRS) broth (Oxoid, Basingstoke, UK) (L. rhamnosus, L. paracasei, P. pentosaceus) 

or Nutrient broth (VWR, Radnor, Pennsylvania, USA) (B. subtilis) and added with 12.5% 

glycerol (v/v) until their use. 

 

Okara Fermentation  

Before fermentation process all the strains were revitalized twice in MRS broth (Oxoid, 

Basingstoke, UK) (L. rhamnosus, L. paracasei, P. pentosaceus) or Nutrient broth (VWR, 

Radnor, Pennsylvania, USA) (B. subtilis) and let grow overnight at the optimal growth 

temperature, i.e. 37°C for L. rhamnosus and L. paracasei, 30° C for P. pentosaceus and 

25° C for B. subtilis. The cells were harvested by centrifugation (10000 g for 10 min at 4 

°C) and resuspended in Ringer's solution (Oxoid, Milan, Italy) to obtain the microbial load 

of 9 Log CFU/mL.  

Each strain was initially inoculated as monoculture into okara to reach a concentration 

of 3 or 7 Log CFU/g and incubated at 25 °C or 42 °C for 48 or 96 h, as defined in the 

Design of Experiment (DoE). After fermentation, the fermented okara samples were 

stored at -20 °C until they were analysed to evaluate the (poly)phenolic profile.  

To investigate the synergic effect of several strains on the (poly)phenolic profile of okara, 

five co-cultures were prepared by mixing three strains at a time (B. subtilis 5002 + L. 

rhamnosus 1473 + L. paracasei 6227, B. subtilis 5002 + L. rhamnosus 1473 + P. 

pentosaceus 6268, L. rhamnosus 1473 + L. paracasei 6227 + P. pentosaceus 6268, B. 

subtilis 5002 + L. paracasei 6227 + P. pentosaceus 6268) in a ratio of 1:1:1 and all the four 

strains together at a time (B. subtilis 5002 + L. rhamnosus 1473 + L. paracasei 6227 + P. 

pentosaceus 6268) in a ratio of 1:1:1:1. The fermentations with the five co-cultures were 
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conducted by adding an inoculum of 3 Log CFU/g, at 25°C for 96 hours. 

All experiments were performed in duplicate. The initial and final microbial 

concentrations were verified by plate counts of viable cells on the optimal agar medium 

for each strain and incubated for 48 hours at optimal temperature. The pH variation after 

fermentation, starting from okara, was determined using a pH meter (Mettler Toledo, 

Columbus, Ohio, US).  

 

Design of Experiment  

An experimental design (MODDE Pro 13.1 software, MKS Umetrics, Sweden) was set up 

to determine the factors influencing the growth of the strains in monoculture, as well as 

to determine the factors influencing the catabolism of the characteristic (poly)phenols 

of okara.  

The model was developed around four factors, one qualitative (multilevel), the strains 

used as starters and three quantitative, among the factors affecting cell density is the 

concentration of the inoculum (ranging between 3 and 7 Log CFU/g), the incubation 

temperature (ranging between 25° and 42° C) and the incubation time (ranging between 

48 and 96 hours). The responses measured were strain/s growth, expressed as delta (Δ) 

of growth for each fermentation condition and concentration of characteristic 

(poly)phenols of okara after fermentation. A D-optimal linear design was set up to 

evaluate the effect of each factor. The model with the highest G-efficiency (74.50) and 

the lowest condition number (2.97) was selected. A list of 11 experiments (Table 1) was 

generated and each experiment was replicated twice. The data were expressed as mean 

± standard deviation and the raw data were analysed using MODDE 13.1 software.  
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Table 1. Fermentation conditions 

Strains 
Initial inoculum  

(Log CFU/g) 

Fermentation 
temperature 

(°C) 

Fermentation time 
(h) 

L. rhamnosus 1473 7 25 48 

L. rhamnosus 1473 3 42 48 

L. rhamnosus 1473 3 25 96 

L. rhamnosus 1473 7 42 96 

P. pentosaceus 6268 7 42 48 

P. pentosaceus 6268 3 25 96 

L. paracasei 6227 3 25 48 

L. paracasei 6227 7 25 96 

L. paracasei 6227 3 42 96 

B. subtilis 5002 7 42 48 

B. subtilis 5002 3 25 96 

 

Qualitat ive and Quantitative Analys is of Phenolic Compounds  

For the extraction of phenolic compounds from okara, 300 mg of the sample were 

accurately weighed and added with 2 mL of a methanol, water, and formic acid solution 

(79.9/20/0.1; v/v/v). The mixture was vortexed for 1 minute, followed by sonication for 

25 minutes while carefully controlling the temperature to prevent overheating. After 

sonication, the mixture was vortexed again for 30 seconds and then centrifuged at 4000 

rpm for 15 minutes (Centrisart A-14C Refrigerated Micro-Centrifuge and Rotor YCSR-

A1C, Sartorius Lab Instruments GmbH and Co. KG, Göttingen, Germany). The 

supernatant was collected, and 1 mL of the solvent mixture was added to the remaining 

pellet. The extraction procedure was repeated twice to ensure maximum extraction of 

phenolic compounds and supernatants pooled. The combined supernatant was finally 

centrifuged at 12000 rpm for 10 minutes, transferred to a vial, and stored at -18°C until 

further analysis. Samples were analyzed through UHPLC DIONEX Ultimate 3000 fitted 
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with a TSQ Vantage triple quadrupole mass spectrometer, equipped with a heated-

electrospray ionization (H-ESI-II) source (Thermo Fisher Scientifc Inc., San Jose, CA, USA). 

Chromatographic and ionization parameters were set following the method previously 

described by Brindani et al., with some modifications (Brindani et al. 2017). Briefly, 

separations were performed with a Kinetex EVO C18 (100 × 2.1 mm), 2.6 µm particle size 

(Phenomenex, Torrance, CA, USA), installed with a pre-column (Phenomenex). For 

UHPLC, mobile phase A was 0.01% formic acid in water and mobile phase B was 

acetonitrile containing 0.01% formic acid. The gradient started with 5% B, keeping 

isocratic conditions for 0.5 min, reaching 95% B at 7 min, followed by 1 min at 95% B and 

then 4 min at the start conditions to re-equilibrate the column. The flow rate was set at 

0.4 mL/min, the injection volume was 5 µL, and the column temperature was 40 °C. The 

MS worked in negative ionization mode with capillary temperature at 270 °C, while the 

source was at 300 °C. The sheath gas flow was 60 units, while auxiliary gas pressure was 

set to 10 units. The source voltage was 3 kV. Ultra-high-purity argon gas was used for 

collision-induced dissociation (CID).  

 

Statistical analysis  

All samples were extracted in triplicate and the LC-MS analyses were performed for each 

sample extraction. Quantitative data are reported as mean ± standard deviation (SD). An 

analysis of variance (ANOVA) and Duncan’s multiple range tests were carried out to 

compare samples. Statistical analysis was carried out using the IBM SPSS Statistics 23.0 

software package (IBM, Chicago, IL, USA). The level of statistical significance was set at p 

< 0.05. 
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Predictive model  

Using the data obtained from the growth of microorganisms in monocultures and 

(poly)phenol biotransformation in monoculture fermented okara, predictive models will 

be employed to identify the key factors influencing fermentation and (poly)phenols in 

fermented okara. 

The model's accuracy was evaluated using four statistical parameters: R2, Q2, model 

validity, and reproducibility. R2 represents how well the model fits the data, with values 

below 0.5 indicating a poor fit. Q2 pertains to predictive precision and reflects the quality 

of the prediction, where values above 0.5 signify a good model and values exceeding 0.9 

indicate an excellent model. Model validity measures the overall appropriateness of the 

model, with values greater than 0.25 suggesting a useful model. Model validity measures 

the overall appropriateness of the model, with values greater than 0.25 suggesting a 

useful model. Outliers or issues with data transformation often cause low model validity, 

but a negative value can sometimes arise from extremely low replicate errors due to high 

reproducibility (John et al. 2020; Eriksson et al. 2013; Moldovan et al. 2016). 

Reproducibility reflects the degree to which replicate error is minimal compared to the 

overall variability in the design. A high reproducibility value (> 0.5) indicates results that 

are both biologically and technically consistent (Eriksson et al. 2013).  
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Results  

Monoculture fermentation  

To identify the optimal fermentation condition of okara, eleven experiments using 

monocultures were carried out as reported in Table 1. The bacterial growth and the pH 

reached after fermentation for each sample are listed in Table 2. 
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Table 2. Fermentation condition, microbial growth and pH values. The growth is expressed as ∆ Log CFU/g.  

Mean and standard deviation were evaluated on two biological replicates. 

Fermentation parameters Fermentation process 

LAB 
Fermentation 
temperature 

(°C) 

Incubation 
time (h) 

Inoculum 
(Log 

CFU/g) 

T0  
(Log CFU/g) 

T48/T96  
(Log CFU/g) 

LAB growth  
(∆ Log CFU/g) 

pH value after 
incubation 

L. rhamnosus 1473 25°C 48h 7 6.95 ± 0.02 9.34 ± 0.01 2.40 ± 0.01 4.68 ± 0.05 

L. rhamnosus 1473 42°C 48h 3 2.67 ± 0.14 7.76 ± 0.40 5.08 ± 0.54 6.00 ± 0.15 

L. rhamnosus 1473 25°C 96h 3 3.00 ± 0.00 9.08 ± 0.05 6.08 ± 0.05 4.64 ± 0.02 

L. rhamnosus 1473 42°C 96h 7 7.26 ± 0.00 5.46 ± 0.65 -1.80 ± 0.65 4.97 ± 0.20 

P. pentosaceus 6268 42°C 48h 7 7.52 ± 0.01 7.77 ± 0.22 0.26 ± 0.24 4.56 ± 0.04 

P. pentosaceus 6268 25°C 96h 3 3.30 ± 0.17 9.01 ± 0.03 5.71 ± 0.15 4.62 ± 0.02 

L. paracasei 6227 25°C 48h 3 3.62 ± 0.13 7.58 ± 0.17 3.96 ± 0.30 5.82 ± 0.13 

L. paracasei 6227 25°C 96h 7 7.45 ± 0.03 8.81 ± 0.02 1.36 ± 0.05 4.39 ± 0.01 

L. paracasei 6227 42°C 96h 3 3.62 ± 0.09 1.99 ± 0.00 -1.63 ± 0.09 6.28 ± 0.01 

B. subtilis 5002 42°C 48h 7 6.85 ± 0.14 6.22 ± 0.06 -0.63 ± 0.08 5.84 ± 0.00 

B. subtilis 5002 25°C 96h 3 2.38 ± 0.07 6.69 ± 0.21 4.30 ± 0.13 5.93 ± 0.02 
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Various factors were evaluated to determine their impact on okara's fermentation 

process. However, not all of these factors significantly affect microbial growth. Indeed, 

the factors influencing the growth were the ones whose error bars did not cross the zero 

line (Figure 1). The increase in cell density (expressed as ∆ Log CFU/mL) is influenced by 

the initial cell quantity inoculated in the raw okara, the fermentation temperature, and 

the microorganisms employed in the fermentation process (Figure 1), but not by the 

incubation time. Notably, a higher inoculum and higher fermentation temperature led 

to a lower ∆ Log. In fact, all samples incubated at 25°C showed an increase in microbial 

load, with the Δ Log between 1.36 and 6.08 Log CFU/g. On the other hand, all the 

samples incubated at 42°C showed a microbial load with a negative or nearly to 0 Δ Log 

CFU/g, except in the case of L. rhamnosus 1473 (initial inoculum 3 Log CFU/g) incubated 

at 42°C for 48 hours (Δ Log CFU/g equal to 5.08 ± 0.54) (Table 2). The different strains 

exhibit varying growth capacities in okara, with L. rhamnosus demonstrating the highest 

adaptability to this matrix.  

 

 

Figure 1. Factors significantly affecting the growth of microorganisms in okara 
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The goodness of the model is supported by high R2 (0.98), Q2 (0.93), model validity 

(0.74), and reproducibility (0.97) (Figure 2).  

 

 

Figure 2. Summary of Fit growth 

 

This model can reliably predict okara fermentability within the studied range of 

conditions and strains employed (Figure 3). 

 

 

Figure 3. Growth surface of L. rhamnosus 
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The analysis of the response surface (Figure 3), predicted the more appropriate 

condition for okara fermentation. In summary, according to the model prediction, the 

matrix supports the growth of all the strains evaluated but the best condition, that better 

support the growth, was reached with the lowest initial inoculum (3 Log CFU/g) and the 

lowest temperature of incubation (25°C).  

 

Phenol ic character izat ion of okara material  

As the bacteria were selected on the basis of enzyme expression similarities reported for 

bacteria capable of isoflavone degradation, a total of 37 m/z were monitored, (Table S1 

of the Supplementary Material) representing a total of 63 possible metabolites. The 

analysis of the fermented and non-fermented okara material allowed the identification 

of 32 (poly)phenol compounds (Table 3), mainly belonging to isoflavones and, to a lesser 

extent, to phenolic acids. 

 

Table 3. Chromatographic and mass spectrometry characteristics of (poly)phenol compounds detected in 

okara samples. 

Compound 
Retention 
time (min) 

Parent ion 
[M-H] - 
(m/z) 

Quantifier 
Product ion 

(m/z) 

Qualifier 
Product ion 

(m/z) 

3-(4ʹ-Hydroxyphenyl)lactic acid 1.84 181 119 137, 121, 113 

4-Hydroxybenzoic acid 2.35 137 93 92 

4-Hydroxybenzaldehyde 3.30 121 92 91 

4-Hydroxy-3-methoxybenzoic acid  
(Vanillic acid) 

3.45 167 152 108, 123 

Equol methyl 4.27 255 240  

3-(Phenyl)lactic acid 4.38 165 119 121, 150 

Genistein-hexoside (Genistin) isomer I 4.44 431 269 133, 159, 135 

4'-Hydroxycinnamic acid  
(p-Coumaric acid) 

4.48 163 119 93 

Daidzein-hexoside (Daidzin) isomer I 4.50 415 253 223, 91 
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Glycitein-hexoside (Glycitin) 4.58 445 283 268 

3'-Hydroxycinnamic acid  
(m-Coumaric acid) 

4.60 163 119 93 

2’Hydroxygenistein-7-O-glucoside 4.62 447 285 133, 151 

Hydroxy-methoxycinnamic acid  
((Iso)Ferulic acid) 

4.72 193 134  

Daidzein-hexoside (Daidzin) isomer II 4.73 415 253 223, 91 

Genistein-hexoside (Genistin) isomer II 4.86 431 269 133, 159, 135 

Genistein-acetylhexoside isomer I 4.88 473 269 133, 159, 135 

Daidzein-acetylhexoside isomer I 4.97 457 253 223, 91 

Genistein-acetylhexoside isomer II 5.02 473 269 133, 159, 135 

Daidzein-acetylhexoside isomer II 5.11 457 253 223, 91 

Glycitein-acetylhexoside isomer I 5.15 487 283 268, 113 

Daidzein-acetylhexoside isomer III 5.22 457 253 223, 91 

Genistein-acetylhexoside isomer III 5.31 473 269 133, 159, 135 

Genistein-acetylhexoside isomer IV 5.42 473 269 133, 159, 135 

Daidzein 5.44 253 223 91 

Glycitein-acetylhexoside isomer II 5.47 487 283 268, 113 

Glycitein 5.52 283 268 240 

Dihydrogenistein 5.76 271 165 137 

Naringenin 5.85 271 165 137 

Genistein  5.90 269 133 159, 135 

Compounds in bold were identified and quantified using authentic standards. Genistein derivates were 
quantified using genistein-glucuronide. Daidzein derivates were quantified using daidzdein-glucuronide. 
Glycitein derivates were quantified using glycitein. Equol methyl was quantified with equol-glucuronide. 
4-Hydroxybenzoic acid. 4-Hydroxybenzaldehyde. 3'-Hydroxycinnamic acid (m-Coumaric acid). 

 

The most representative compounds were daidzein (52-64% of the total concentration), 

glycitein (11-24% of the total concentration) and genistein (9-12% of the total 

concentration) independently of the bacteria and the fermentation conditions, in terms 

of concentration. 
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Phenol ic profi le comparison of  non -fermented and monoculture fermented 

okara  

The phenolic profile of okara fermented under different conditions with various 

monocultures showed significant variations in the presence and concentration of specific 

phenolic metabolites, particularly isoflavones such as genistein, daidzein, and glycitein 

derivatives (Table S2 of the Supplementary Material). 

The results show a consistent trend across the different fermentation treatments, where 

the fermentation process leads to the degradation of isoflavone glycosides and an 

increase in aglycone concentrations compared to the control. This pattern is observed 

across most microbial cultures, except for B. subtilis, which not only degrades the 

glycosylated forms but also leads to a marked reduction in the aglycones (Table 4). 
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Table 4. Concentration of single isoflavone’s derivatives and their aglycones after fermentations. 

Mean and standard deviation were evaluated on two biological replicates. 

Culture 

Sum of Derivates (mg/100g) Aglycones (mg/100g) 

Genistein Daidzein Glycitein Genistein Daidzein Glycitein 

Control 11.02 ± 1.64a 1.42 ± 0.30a 1.68 ± 0.57a 9.17 ± 1.80e 56.99 ± 10.46c 24.07 ± 6.22b 

42°C/48h - P. pentosaceus 9.34 ± 1.76b 1.20 ± 0.28ab 1.57 ± 0.39a 10.85 ± 1.90cde 67.11 ± 11.61bc 28.33 ± 6.49ab 

25°C/96h - P. pentosaceus 3.90 ± 1.08d 0.47 ± 0.14 0.97 ± 0.37b 15.03 ± 2.87a 88.14 ± 20.75a 34.42 ± 10.58a 

25°C/48h - P. paracasei 9.06 ± 1.16b 1.12 ± 0.20bc 1.44 ± 0.24a 10.24 ± 1.31de 64.70 ± 8.22bc 29.15 ± 5.25ab 

25°C/96h - P. paracasei 6.98 ± 1.70c 0.96 ± 0.26cd 1.51 ± 0.40a 14.05 ± 3.11ab 76.91 ± 15.72ab 35.28 ± 11.02a 

42°C/96h - P. paracasei 10.27 ± 1.55ab 1.35 ± 0.24ab 1.66 ± 0.44a 11.78 ± 1.50bcd 70.99 ± 11.36bc 32.69 ± 5.91ab 

42°C/48h - B. subtilis 6.09 ± 0.61c 0.55 ± 0.08ef 0.80 ± 0.19bc 5.78 ± 0.62f 29.43 ± 4.12d 5.18 ± 0.60c 

25°C/96h - B. subtilis 4.45 ± 0.46d 0.43 ± 0.10f 0.64 ± 0.24bc 6.50 ± 1.00f 35.57 ± 4.20d 7.50 ± 1.66c 

25°C/48h - L. rhamnosus 3.65 ± 1.41d 0.34 ± 0.10f 0.45 ± 0.13c 11.57 ± 1.24cde 62.70 ± 5.69bc 27.29 ± 4.20ab 

42°C/48h - L. rhamnosus 6.80 ± 1.39c 0.80 ± 0.20d 1.00 ± 0.31a 11.96 ± 1.01bcd 67.60 ± 4.00bc 27.91 ± 2.64ab 

25°C/96h - L. rhamnosus 4.47 ± 0.50d 0.47 ± 0.05f 0.78 ± 0.14bc 13.20 ± 0.60abc 77.10 ± 4.12ab 32.41 ± 1.87ab 

42°C/96h - L. rhamnosus 6.35 ± 1.66c 0.73 ± 0.13de 0.91 ± 0.23b 11.00 ± 1.27cde 64.92 ± 9.27bc 24.84 ± 5.00b 
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The most efficient microorganisms in converting glycosides into aglycones were P. 

pentosaceus and L. paracasei. Notably, the fermentations at 25°C for 96 hours with these 

strains showed the greatest reduction in glycosylated forms of genistein, daidzein, and 

glycitein, accompanied by a significant increase in the respective aglycones.  

Specifically, P. pentosaceus achieved a total glycoside concentration of 5.34 mg/100g, 

representing a 62.17% decrease compared to the control, while the total aglycone 

concentration reached 137.59 mg/100g, corresponding to a 52.48% increase. Similarly, 

L. rhamnosus under the same conditions exhibited a significant conversion, yielding 

122.71 mg/100g of aglycones, which is a 50.69% increase compared to the control. 

Additionally, L. paracasei at 25°C for 96 hours demonstrated effective glycoside 

degradation, resulting in an aglycone yield of 126.24 mg/100g, indicating a 46.64% 

increase relative to the control. In contrast, B. subtilis displayed an atypical degradation 

pattern, showing a reduction in both glycosylated derivatives and aglycones. Under the 

conditions of 25°C for 96 hours, glycosides decreased to 5.52 mg/100g, reflecting a 

60.91% decrease, while aglycones were reduced to 49.57 mg/100g, marking a 45.07% 

decrease compared to the control. 

Moreover, regarding the phenolic profiles of fermented okara, P. pentosaceus and L. 

rhamnosus enhanced the production of phenolic acids such as ferulic acid and p-

hydroxybenzoic acid compared to the non-fermented control, demonstrating a higher 

efficacy in increasing phenolic acid content. In the case of L. paracasei, this strain also 

promoted the accumulation of phenyl lactic acid. However, although B. subtilis led to a 

significant reduction in most phenolic compounds, this microorganism produced a 

unique set of metabolites such as p-coumaric acid and hydroxybenzoic acid, which may 
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result from the degradation of isoflavones. 

The total phenolic content (TPC) for each fermentation condition is illustrated in Figure 

4. The sterilized control sample presented a baseline TPC of 106.55 ± 20.89 mg/100g. 

 

 

Figure 4. Comparison of total phenolic content from control and the different cultures and conditions. 

Mean and standard deviation were evaluated on two biological replicates. 

 

P. pentosaceus also significantly enhanced TPC, particularly at 25ºC for 96 hours, where 

a 38% increase over the control was observed, being the highest among all tested 

conditions. When fermented at 42ºC for 48 hours, TPC increased by approximately 14%. 

Similarly, L. paracasei led to significant TPC enhancements, with the most substantial 

increase of around 37% occurring at 25ºC for 96 hours. This strain also caused a 24% rise 

at 42ºC for 96 hours, while a shorter fermentation at 25ºC for 48 hours yielded a smaller 

12% increase. 

In contrast, B. subtilis led to a significant decrease in TPC. For example, fermentation at 

42ºC for 48 hours led to a 54% decrease, and at 25ºC for 96 hours, TPC dropped by 48%, 

indicating that this microorganism may either degrade phenolic compounds or inhibit 
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their synthesis during okara fermentation. 

L. rhamnosus showed moderate but significant effects on TPC, with the most notable 

increase, around 27%, observed at 25ºC for 96 hours. Shorter fermentation periods and 

higher temperatures generally resulted in smaller increases, with the lowest, around 

14%, occurring at 42ºC for 48 hours. 

In the non-fermented okara, no 3-(phenyl)lactic and 3-(4ʹ-hydroxyphenyl)lactic acids 

were detected. The highest production of these compounds was observed with L. 

paracasei at 25ºC for 96 hours, yielding 4.51% of the total phenolic compounds. 

Similarly, L. rhamnosus at 25ºC resulted in a 3% increase, on average for both times, and 

at 42ºC in 2% on average for both times. In contrast, B. subtilis showed minimal 

production of these acids across all conditions. 

These findings demonstrate that both the microorganism used, and the specific 

fermentation conditions significantly influence the TPC of fermented okara. Specifically, 

P. pentosaceus and L. paracasei at 25ºC for extended periods showed the greatest 

potential for enhancing the phenolic content, while Bacillus subtilis was associated with 

a marked reduction in these bioactive compounds. 

 

Inf luence of fermentation parameters on (poly)phenol biotransformation  

Various factors were evaluated to study the overall influence of the fermentation 

parameters on the (poly)phenol biotransformation in monocultures fermented okara. 

The model's accuracy was evaluated using four statistical parameters: R2, Q2, model 

validity, and reproducibility and the results are shown in Supplementary material, Figure 

S1. 
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However, not all of these factors significantly affect fermented okara's (poly)phenol 

profile. Significant factors in the model can be identified from the coefficient plot, where 

error bars that do not cross zero correspond to a p-value of less than 0.05 (Eriksson et 

al. 2013). 

The production of phenyllactic acids (3-(4ʹ-hydroxyphenyl)lactic and 3-(phenyl)lactic 

acids) was particularly observed after lactic acid fermentation. All the variables studied 

influenced 3-(4ʹ-hydroxyphenyl)lactic acid production, whereas only incubation 

temperature and the microorganisms affected 3-(phenyl)lactic acid production. Lower 

fermentation temperatures resulted in higher 3-(phenyl)lactic acid production, due to 

microorganism metabolism while a higher inoculum and longer fermentation time 

enhanced 3-(4ʹ-hydroxyphenyl)lactic acid production. Among the strains, L. rhamnosus 

displayed the greatest capacity to produce these compounds (Figure 5 A and B). 

The concentrations of genistin and daidzin were influenced by the microorganisms used, 

with L. rhamnosus leading to the highest conversions, likely due to β-glucosidase activity. 

Fermentation temperature also played a crucial role, with lower temperatures leading 

to the decrease of genistin and daidzin levels in fermented okara (Figure 5 C, D, K and H). 

In contrast, depending on the specific isomer studied, daidzein-acetylhexoside and 

genistein-acetylhexoside concentrations were impacted by the starter microorganisms, 

initial inoculum load, fermentation temperature, and fermentation time (Figure 5 E, F, G, 

I and L). Biotransformation of genistin and daidzin leads to the release of their 

corresponding aglycones (genistein and daidzein). Their concentrations in fermented 

okara are influenced by the microorganisms employed in the fermentation and the 

incubation time. Extended fermentation periods resulted in higher genistein and 

daidzein levels, likely due to the enzymatic activity of LAB strains (Figure 5 J and M).  
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Glycitin concentration was affected by the microorganisms employed, particularly L. 

rhamnosus and B. subtilis, which achieved the highest conversion rates. Fermentation 

temperature and time also contributed to glycitin reduction (Figure 5 N). Conversely, 

glycitein-acetylhexoside catabolism was influenced by the initial inoculum load. 

Glycitein, the aglycone form of glycitin, was present in the fermented matrix as a result 

of microbial metabolic activity. However, fermentation with B. subtilis yields the lowest 

glycitein concentration, suggesting further catabolism by this strain. 

Similarly, the concentration of 4-hydroxybenzoic acid in fermented okara was affected 

by the strains employed and the fermentation time (Figure 5 O). 

Also, the total (poly)phenolic content was influenced by the strains employed and the 

fermentation time. In particular, the higher amount was related to the fermentation with 

LAB strains while the lower to the presence of B. subtilis. Instead, longer fermentation 

periods correspond to a higher total (poly)phenolic content (Figure 5 P). 

Overall various factors involved in the fermentation process have an impact on the 

(poly)phenols biotransformation. However, not all (poly)phenolic compounds are 

affected by the same fermentation conditions, indicating that by adjusting the 

fermentation parameters different amounts of specific (poly)phenols in the fermented 

okara could be obtained. 
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Figure 5. Coefficient plot and response surface related to the (poly)phenol biotransformation after okara fermentation. A) phenyllactic acid, B) Hydroxyphenyllactic acid, C) 

Genistin 1, D) Genistin 2, E) Genistein acetylhexoside 1, F) Genistein acetylhexoside 3, G) Genistein acetylhexoside 4, J) Genistein, K) Daidzin 1, H) Daidzin 2, I) Daidzein 

acetylhexoside 1, L) Daidzein acetylhexoside 2, M) Daidzein, N) Glycitin, O) 4-Hydroxybenzoic acid, P) Total (poly)phenol content.
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Co-culture fermentation  

Based on the results obtained from the DoE, to explore the potential synergic effect of 

strains growing together, it was decided to carry out fermentations with co-culture. Five 

experiments were performed: four of them were realised combining the bacterial strains 

three at a time while in last one all of the bacteria were co-cultured together. The 

fermentation conditions used were 3 Log CFU/g as the initial inoculum and 25°C as the 

incubation temperature, resulted significantly influencing the growth in monoculture, 

while the incubation time chosen was 96 hours. 

As for the monocultures, the microbial growth was evaluated by microbial plate counts, 

on MRS agar for the LAB strains and on Nutrient agar for B. subtilis. Results are reported 

in Table 5. 

All the bacteria combinations demonstrated to be able to ferment the matrix, increasing 

their concentration with a Δ Log of ~6 CFU/g for the lactic acid bacteria and Δ Log of ~3 

CFU/g for B. subtilis 5002 in four out of five co-cultures (Table 5, co-cultures X2, X3, X4 

and X5). The combination with B. subtilis 5002, L. rhamnosus 1473 and L. paracasei 6227 

growing together (Table 5, co-culture X1), resulted instead in a different growth, with 

LAB strains reaching a lower Δ Log of ~4 Log CFU/g and B. subtilis 5002 reaching a higher 

Δ Log of ~7 Log CFU/g. This last condition was the only one in which B. subtilis 5002 and 

P. pentosaceus 6268 were not coexisting, suggesting P. pentosaceus 6268 as a possible 

B. subtilis 5002 competitor for matrix resources. In fact, the growth of B. subtilis 5002 is 

lower in all the conditions in which P. pentosaceus 6268 is present, specifically co-

cultures X2, X3, X4 and X5 in Table 5.  Moreover, in the absence of P. pentosaceus 6268 

(Table 5, co-culture X1), B. subtilis 5002 reached a higher concentration and seemed to 
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interfere with the growth of L. rhamnosus 1473 and L. paracasei 6227, since they grew 

less only in this particular condition.  

At the same time, the initial pH of okara, corresponding to 6.35 ± 0.06, became 

particularly low (4.85 ± 0.05) in samples where P. pentosaceus 6268 was present (Table 

5, co-cultures X2, X3, X4 and X5), while it was higher (8.05 ± 0.21) in the fermentation 

with the highest B. subtilis 5002 growth (Table 5, co-culture X1). 
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Table 5. Microbial growth results of co-cultures. All the samples were incubated at 25°C for 96 hours and the growth is reported as ∆ Log CFU/g.  

Mean and standard deviation were evaluated on two biological replicates. 

   Fermentation process 

Sample 
  

Co-cultures 

LAB B. subtilis 

pH value after 
incubation T0 (Log CFU/g) 

T48/T96 (Log 
CFU/g) 

LAB growth (∆ 
Log CFU/g) 

T0 

(Log CFU/g) 
T96 

(Log CFU/g) 

B. subtilis 
growth (∆ Log 

CFU/g) 

X1 
B. subtilis 5002 + L. rhamnosus 1473 + L. 
paracasei 6227 

3.02 ± 0.08 7.29 ± 0.24 4.27 ± 0.16 2.15 ± 0.12 9.28 ± 0.21 7.13 ± 0.33 8.05 ± 0.21 

X2 
B. subtilis 5002 + L. rhamnosus 1473 + P. 
pentosaceus 6268 

2.92 ± 0.02 9.08 ± 0.02 6.16 ± 0.00 1.53 ± 0.38 4.99 ± 0.00 3.46 ± 0.38 4.84 ± 0.04 

X3 
L. rhamnosus 1473 + L. paracasei 6227 + P. 
pentosaceus 6268 

2.89 ± 0.07 9.23 ± 0.27 6.34 ± 0.34   /     /     /   4.91 ± 0.00 

X4 
B. subtilis 5002 + L. paracasei 6227 + P. 
pentosaceus 6268 

3.05 ± 0.05 9.18 ± 0.02 6.12 ± 0.07 1.69 ± 0.06 4.99 ± 0.00 3.30 ± 0.06 4.85 ± 0.05 

X5 
B. subtilis 5002 + L. rhamnosus 1473 + L. 
paracasei 6227 + P. pentosaceus 6268 

2.97 ± 0.04 9.16 ± 0.11 6.19 ± 0.07 1.65 ± 0.07 4.99 ± 0.00 3.34 ± 0.07 4.82 ± 0.07 

 

 



Phenol ic prof i le comparison of non -fermented and co-culture fermented okara  

Based on the results obtained with the mono-culture fermentation, co-cultures were evaluated at 

25ºC for 96 h to assess their effect on phenolic compounds (Table S3 of the Supplementary Material). 

The co-culture fermentations showed a similar general trend to the mono-culture fermentations, 

with degradation of isoflavone glycosides and an increase in aglycones compared to the control 

(Table 6). However, the conversion efficiency and the final concentration of TPC varied between the 

co-cultures. 

 

Table 6. Concentration of single isoflavone’s derivatives and their aglycones after co-culture fermentation.  

Mean and standard deviation were evaluated on two biological replicates. 

Culture 
Sum of Derivates (mg/100g) Aglycones (mg/100g) 

Genistein Daidzein Glycitein Genistein Daidzein Glycitein 

Control 
11.02 ± 1.64a 1.42 ± 0.30a 1.68 ± 0.57a 9.17 ± 1.80b 56.99 ± 10.46b 24.07 ± 6.22a 

Co-culture X1 
2.26 ± 0.45c 0.57 ± 0.21b 0.37 ± 0.04c 0.35 ± 0.11c 3.34 ± 0.52c 0.32 ± 0.14b 

Co-culture X2 
4.17 ± 1.02b 0.45 ± 0.10b 0.64 ± 0.18bc 11.66 ± 0.81a 67.12 ± 4.75a 26.17 ± 2.71a 

Co-culture X3 
3.99 ± 0.72b 0.40 ± 0.09b 0.71 ± 0.21b 10.89 ± 0.45a 65.58 ± 4.78a 25.68 ± 2.33a 

Co-culture X4 
4.58 ± 0.68b 0.50 ± 0.06b 0.86 ± 0.10b 11.79 ± 0.19a 68.32 ± 1.93a 25.36 ± 1.14a 

Co-culture X5 
3.96 ± 0.70b 0.42 ± 0.06b 0.63 ± 0.12bc 11.66 ± 0.43a 69.29 ± 1.65a 27.19 ± 1.57a 

 

The TPC for each co-fermentation is illustrated in Figure 6. 
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Figure 6. Comparison of total phenolic content from control and the different co-cultures at 25ºC for 96 hours 

fermentation. Mean and standard deviation were evaluated on two biological replicates. 

 

The X1 co-culture of B. subtilis, L. rhamnosus and L. paracasei resulted in a dramatic reduction in 

TPC of approximately 88% compared to the control. This significant reduction suggests a strong 

negative interaction, probably due to the presence of B. subtilis. Conversely, the X2 co-culture 

containing B. subtilis, L. rhamnosus and P. pentosaceus maintained TPC close to the control level, 

with a slight increase of 6%. This suggests a balancing effect between the micro-organisms, 

counteracting the usual reduction in TPC associated with B. subtilis. Co-culture X3, composed of L. 

rhamnosus, L. paracasei and P. pentosaceus, resulted in a slight non-significant increase in TPC of 

about 3% compared to the control, suggesting a cooperative interaction between these lactic acid 

bacteria that helps to preserve phenolic compounds. The X4 co-culture, which included B. subtilis, 

L. paracasei and P. pentosaceus, showed a modest non-significant increase in TPC of around 7%. This 

result suggests that in this combination the detrimental effects of B. subtilis were mitigated by the 

other microorganisms. Finally, the X5 co-culture of B. subtilis, L. rhamnosus, L. paracasei and P. 
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pentosaceus confirmed the results obtained with the 3 strains-co-coltures, with a non-significant 

increase of 9% in TPC compared to the control. This suggests a potential synergistic effect that 

mitigated the negative impact of B. subtilis, maintaining the amount of phenolic compounds. 

3-(4ʹ-Hydroxyphenyl)lactic and 3-(phenyl)lactic acid were produced in all the tested co-cultures, 

reaching about 1% of TPC in all combinations, with the exception of co-culture X1, in which the 

percentage of these metabolites reached 33%, whereas most of percentage of the native 

compounds were degraded. Overall, these results highlight the significant influence that specific 

combinations of microorganisms can have on the TPC of fermented okara. While some co-cultures, 

particularly those with B. subtilis, resulted in drastic reductions in TPC, others helped to maintain or 

slightly increase phenolic content compared to the control. 
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Discussion  

Currently, the search for a circular economy in the food industry has become a daily challenge. 

Several strategies have been applied over the years to transform food waste and by-products into 

value-added products. In fact, food waste and by-products are still rich in nutrients and bioactive 

compounds of human interest, such as (poly)phenols, carotenoids, and other phytochemicals, 

vitamins, aromatic compounds, organic acids, pectin, cellulose and other dietary fibres. The 

development of the processes applied in the recovery of these molecules are various including 

drying, SSF, ultrasound, solvent extraction, pressurised liquid extraction, supercritical CO2 

extractions, enzyme and microwave assisted extraction, composting and aerobic digestion (Sarker 

et al. 2024). 

The present work aimed to evaluate the effect of mono- and co-culture fermentation on okara 

(poly)phenols and the possible ability of selected microorganisms to produce new (poly)phenol-

derived metabolites generally detected after isoflavone consumption in humans (Rafii 2015). The 

ability of four microbial strains (B. subtilis, L. rhamnosus, P. pentosaceus and L. paracasei) to modify 

the (poly)phenolic profile of okara, a by-product derived from the soybean during the production of 

tofu and soy-based beverages, was analysed, first in mono-culture and then in co-culture 

fermentation. All the strains were able to ferment the matrix to different extents. Indeed, the 

variation in the growth observed between the microbial strains could be attributed to their specific 

adaptability in okara.  

The best fermentation ability was achieved with L. rhamnosus, confirming previous results (Hadj 

Saadoun et al. 2021; Voss et al. 2018). In addition to fermentation capabilities, these previous studies 

reported the contribution of the metabolism of this species to the modification of the volatile profile 

of okara, highlighting a reduction in those molecules responsible for the unpleasant odour 
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associated with soy-based products, e.g. hexanal, as well as an increase in ketones, associated with 

sweet and creamy notes (Hadj Saadoun et al. 2021; Zhu, Wang, and Zhang 2019; Schindler et al. 

2011; Wang and Cha 2018).  

B. subtilis was able to ferment okara, achieving in the best conditions, 7 Log CFU/mL in mono-culture 

and about 9 Log CFU/mL in co-culture. The fermentation of okara by B. subtilis has previously been 

studied and increased antioxidant activity after fermentation has been demonstrated: the 

proteinases produced by B. subtilis are indeed suitable for the hydrolysis of soybean proteins and 

can give rise to several molecules with antioxidant activity, such as ϒ-polyglutamic acid and bioactive 

peptides (Zhu et al. 2008; Oh et al. 2007). However, in the present work B. subtilis caused a significant 

reduction of TPC by up to 54%, indicating its unsuitability for maximizing phenolic content, although 

further investigations should be undertaken to elucidate the reasons for this reduction and to 

evaluate whether B. subtilis would be able to utilize (poly)phenols as a growth substrate. Recently, 

some authors reported the ability of B. subtilis to phosphorylate specific isoflavones such as 

genistein and daidzein through a novel phosphotransferase, flavonoid phosphate synthetase, which 

is involved in ATP-dependent phosphorylation in B. subtilis (Wang et al. 2024; Ray et al. 2024). These 

authors also reported that genistein phosphorylation serves as a mechanism to limit its growth 

inhibition and increase its water solubility.  

L. paracasei was also able to grow on okara, although to a lesser extent than the other microbial 

strains. Okara fermentation with this LAB was previously associated with a reduction in the amount 

of soluble and insoluble dietary fibre, an increase in the concentration of amino acids due to 

microbial degradation of proteins and peptides, an increase in ferulic acid and a change in the 

volatile profile, with fermented okara being rich in acetic acid, giving a vinegar-like odour (Vong and 

Liu 2019). In addition, the production of β-glucosidase by L. paracasei during fermentation gives this 
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strain the capability to reduce some isoflavone glycosides, namely daidzin, genistin and glycitin, to 

their aglycone forms, namely daidzein, genistein and glycitein, respectively (Ali et al. 2005; Donkor 

and Shah 2008; Vong and Liu 2019). 

Okara fermentation with P. pentosaceus has never been investigated before, but this strain has been 

used to ferment soybean germs, resulting in an increase in dihydrogenistein, probably from the 

transformation of genistein, an equol precursor (Kwon et al. 2018; Lee et al. 2018).  

Apart from the results obtained from the monocultures, a better understanding of the cooperation 

between different bacterial strains in the fermentation of the matrix was obtained from the co-

culture experiments. The observed growth suggested an antagonistic role of P. pentosaceus against 

B. subtilis for the matrix resources while B. subtilis seemed to interfere with the growth of L. 

rhamnosus and L. paracasei. Despite the competition, almost all the combinations of microbial 

strains used demonstrated to maintain their fermentation ability when employed in co-culture. The 

same synergistic effect was observed by Hadj Saadoun et al. (2021), who suggested that the fusion 

of metabolic pathways of different bacteria was more effective in modifying the matrix (Hadj 

Saadoun et al. 2021). 

Interestingly, in the present work co-cultures with B. subtilis generally moderated the extreme TPC 

reductions observed in its monocultures. Co-culturing B. subtilis with L. rhamnosus, L. paracasei, and 

P. pentosaceus, resulted in a modest non-significant increase in TPC of 9%, a marked improvement 

compared to the substantial reduction observed in B. subtilis monocultures. This suggests that the 

presence of multiple microorganisms may buffer the negative effects of B. subtilis on phenolic 

compounds. On the contrary, co-culture with B. subtilis, L. rhamnosus, and L. paracasei resulted in 

an 88% decrease in TPC, worse than any individual fermentation. This highlights the potential for 

antagonistic interactions in certain microorganism combinations, where the presence of B. subtilis 
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dominated, leading to severe phenolic degradation. Therefore, the exclusion or careful balancing of 

B. subtilis may provide a valuable approach to optimising the phenolic content of fermented okara. 

The LAB fermentation of soy products and by-products, such as okara, has garnered substantial 

interest due to its impact on phenolic compound profiles, particularly through bioconversion 

processes that could enhance the bioavailability of bioactive compounds. This transformation is 

largely attributed to the β-glucosidase activity exhibited by various strains of LAB, which catalyze the 

hydrolysis of glycosidic bonds in glycosylated isoflavones, releasing their aglyconic forms. Since the 

aglycones would be more bioavailable, the fermentation process not only modifies the isoflavone 

profile but also potentially increases the nutritional and functional properties of the products 

(Moraes Filho, Busanello, and Garcia 2016; Vong, Hua, and Liu 2018; Hadj Saadoun et al. 2021; 

Queiroz Santos et al. 2018).  

In addition to isoflavone bioconversion, LAB fermentation has been shown to increase the TPC in soy 

and okara products, especially under SSF conditions (Queiroz Santos et al. 2018; Shi et al. 2020; Rui 

et al. 2017). This increase in TPC is thought to be due to microbial release of bound phenolics or the 

synthesis of novel phenolic compounds during fermentation, associated with LAB enzymatic activity. 

In this work, P. pentosaceus and L. paracasei have been shown to possess robust glucosidase activity, 

facilitating the release of phenolic compounds from their glycoside precursors and leading to a 

significant increase in TPC of 38% and 37%, respectively, establishing them as the most effective 

strains for enhancing phenolic content when utilized individually. This increase in phenolic content 

enhances the possible bioactive properties of fermented products, suggesting that such processes 

may be strategically employed to improve the nutritional and functional quality of food products 

made from okara and soy. 

A notable result of the LAB fermentation of okara is the formation of new phenolic acids, including 
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3-(phenyl)lactic and 3-(4ʹ-hydroxyphenyl)lactic acids, and the increase of some low molecular weight 

phenolics, such as hydroxybenzoic acid and hydroxybenzaldehyde derivative (Suppl Table S2 and S3). 

On the contrary, neither O-desmethylangolensin nor equol, nor their derivatives were detected after 

okara fermentation, highlighting the peculiar ability of a few colonic microorganisms and the specific 

environmental characteristics required to produce these isoflavone bioactive metabolites. 

Phenyllactic acid compounds, which are not typically present in non-fermented soy products, are 

produced by specific LAB strains through metabolic pathways activated during fermentation (Hadj 

Saadoun et al. 2021). The results of this work highlight L. paracasei and L. rhamnosus as the more 

efficient strains in their production. Although these acids are primarily derived from amino acid 

pathways, there is growing interest in whether phenolic precursors, such as isoflavones or their 

metabolites, may also contribute to their formation during fermentation (Wu et al. 2023). While 

direct evidence linking isoflavones to 3-(phenyl)lactic or 3-(4ʹ-hydroxyphenyl)lactic acid production 

is still limited, the structural similarities suggest a potential role of deglycosylated phenolics, such as 

aglycones formed by LAB β-glucosidase activity, in similar microbial metabolic pathways. Further 

research is needed to elucidate whether isoflavones may act as substrates or precursors for these 

phenolic acids during fermentation, especially in systems where both amino acid and phenolic acid 

metabolism are activated by specific LAB strains. In addition, phenyllactic acids possess antimicrobial 

properties, while their phenolic structure confers additional antioxidant activity, potentially 

amplifying the bioactive profile and health-promoting properties of the fermented product 

(Rajanikar et al. 2021; Wu et al. 2023). Finally, employing LAB species in fermented products might 

introduce probiotic strains, which have been associated with numerous health benefits, such as 

improved gut health, enhanced immune function, and reduced risk of gastrointestinal infections (Gul 

and Durante-Mangoni 2024). In the case of okara and soy fermentation, the presence of probiotic 
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strains might facilitate the bioconversion of isoflavones introducing beneficial bacterial populations 

to the product. Thereby, regular consumption of probiotic-rich fermented okara may be associated 

with several health benefits, particularly relevant to chronic disease prevention. 

Moreover, based on the obtained data on growth parameters and (poly)phenol biotransformation, 

predictive models were applied to predict the most important factors able to influence okara 

(poly)phenols.   
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Conclusions  

Fermentation of okara with four LAB strains showed to have a marked effect on its phenolic profile, 

resulting in a significant increase in bioactive compounds. This effect can be attributed to the 

metabolic activities of the microbial strains used, which vary widely in their enzymatic capabilities 

and interactions during fermentation, although beside phenyllactic acid derivatives, no human 

microbial metabolites, such as O-desmethylangolensin and equol, were identified. The isoflavone 

content of fermented okara suggests its potential use as a functional food ingredient with health 

benefits.  

  

 

 

 

 

 

“This research was granted by University of Parma through the action Bando di Ateneo 2022 per la 

ricerca co-funded by MUR-Italian Ministry of Universities and Research - D.M. 737/2021 - PNR - 

PNRR - NextGenerationEU”. 

  



69 
 
 

References  

Ali, Ali A., Manuel T. Velasquez, Carl T. Hansen, Ali I. Mohamed, and Sam J. Bhathena. 2005. 

“Modulation of Carbohydrate Metabolism and Peptide Hormones by Soybean Isoflavones and 

Probiotics in Obesity and Diabetes.” Journal of Nutritional Biochemistry 16 (11): 693–99. 

https://doi.org/10.1016/j.jnutbio.2005.03.011. 

Asghar, Aasma, Muhammad Afzaal, Farhan Saeed, Aftab Ahmed, Huda Ateeq, Yasir Abbas Shah, 

Fakhar Islam, Muzzamal Hussain, Noor Akram, and Mohd Asif Shah. 2023. “Valorization and 

Food Applications of Okara (Soybean Residue): A Concurrent Review.” Food Science and 

Nutrition. John Wiley and Sons Inc. https://doi.org/10.1002/fsn3.3363. 

Brindani, Nicoletta, Pedro Mena, Luca Calani, Iris Benzie, Siu Wai Choi, Furio Brighenti, Franca 

Zanardi, Claudio Curti, and Daniele Del Rio. 2017. “Synthetic and Analytical Strategies for the 

Quantification of Phenyl-γ-Valerolactone Conjugated Metabolites in Human Urine.” Molecular 

Nutrition and Food Research 61 (9). https://doi.org/10.1002/mnfr.201700077. 

Donkor, O. N., and N. P. Shah. 2008. “Production of β-Glucosidase and Hydrolysis of Isoflavone 

Phytoestrogens by Lactobacillus Acidophilus, Bifidobacterium Lactis, and Lactobacillus Casei in 

Soymilk.” Journal of Food Science 73 (1). https://doi.org/10.1111/j.1750-3841.2007.00547.x. 

Eriksson, L., T. Byrne, E. Johansson, J. Trygg, and C. Vikström. 2013. “Multi-and Megavariate Data 

Analysis Basic Principles and Applications (Vol. 1).” Umetrics Academy. 

Feng, Jing Yu, Rui Wang, Kiran Thakur, Zhi Jing Ni, Yun Yang Zhu, Fei Hu, Jian Guo Zhang, and Zhao 

Jun Wei. 2021. “Evolution of Okara from Waste to Value Added Food Ingredient: An Account of 

Its Bio-Valorization for Improved Nutritional and Functional Effects.” Trends in Food Science and 

Technology. Elsevier Ltd. https://doi.org/10.1016/j.tifs.2021.08.011. 

Guevara-Cruz, Martha, Einar T. Godinez-Salas, Monica Sanchez-Tapia, Gonzalo Torres-Villalobos, 

Edgar Pichardo-Ontiveros, Rocio Guizar-Heredia, Liliana Arteaga-Sanchez, et al. 2020. 

“Genistein Stimulates Insulin Sensitivity through Gut Microbiota Reshaping and Skeletal Muscle 

AMPK Activation in Obese Subjects.” BMJ Open Diabetes Research and Care 8 (1). 

https://doi.org/10.1136/bmjdrc-2019-000948. 

Guimarães, Rafaiane Macedo, Thamara Evangelista Silva, Ailton Cesar Lemes, Marussa Cássia Favaro 

Boldrin, Marco Antônio Pereira da Silva, Fabiano Guimarães Silva, and Mariana Buranelo Egea. 



70 
 
 

2018. “Okara: A Soybean by-Product as an Alternative to Enrich Vegetable Paste.” LWT 92 

(June):593–99. https://doi.org/10.1016/j.lwt.2018.02.058. 

Gul, Sabiha, and Emanuele Durante-Mangoni. 2024. “Unraveling the Puzzle: Health Benefits of 

Probiotics—A Comprehensive Review.” Journal of Clinical Medicine. Multidisciplinary Digital 

Publishing Institute (MDPI). https://doi.org/10.3390/jcm13051436. 

Hadj Saadoun, Jasmine, Luca Calani, Martina Cirlini, Valentina Bernini, Erasmo Neviani, Daniele Del 

Rio, Gianni Galaverna, and Camilla Lazzi. 2021. “Effect of Fermentation with Single and Co-

Culture of Lactic Acid Bacteria on Okara: Evaluation of Bioactive Compounds and Volatile 

Profiles.” Food and Function 12 (7): 3033–43. https://doi.org/10.1039/d0fo02916e. 

Jannah, Ayik Rochyatul, Faiza Rahma Ebnudesita, Savira Butsainah Dienanta, and Reny I’tishom. 

2020. “The Potential of Soy Isoflavones (Glycine Max) and Magnetic Hydroxyapatite 

Nanoparticles as Osteoporosis Therapy for Menopausal Women.” 

John, Warren A., Nina L. Böttcher, Britta Behrends, Marcello Corno, R. N. D’souza, Nikolai Kuhnert, 

and Matthias S. Ullrich. 2020. “Experimentally Modelling Cocoa Bean Fermentation Reveals Key 

Factors and Their Influences.” Food Chemistry 302 (January). 

https://doi.org/10.1016/j.foodchem.2019.125335. 

Khosravi, Azin, and Seyed Hadi Razavi. 2021. “Therapeutic Effects of Polyphenols in Fermented 

Soybean and Black Soybean Products.” Journal of Functional Foods. Elsevier Ltd. 

https://doi.org/10.1016/j.jff.2021.104467. 

Kim, Il Sup. 2022. “Current Perspectives on the Beneficial Effects of Soybean Isoflavones and Their 

Metabolites on Plants.” Food Science and Biotechnology. The Korean Society of Food Science 

and Technology. https://doi.org/10.1007/s10068-022-01070-7. 

Kim, Il Sup, Cheorl Ho Kim, and Woong Suk Yang. 2021. “Physiologically Active Molecules and 

Functional Properties of Soybeans in Human Health—a Current Perspective.” International 

Journal of Molecular Sciences. MDPI. https://doi.org/10.3390/ijms22084054. 

Kwon, Jeong Eun, Jaewon Lim, Inhye Kim, Donghyuk Kim, and Se Chan Kang. 2018. “Isolation and 

Identification of New Bacterial Stains Producing Equol from Pueraria Lobata Extract 

Fermentation.” PLoS ONE 13 (2). https://doi.org/10.1371/journal.pone.0192490. 

Lee, Pyung Gang, Uk Jae Lee, Hanbit Song, Kwon Young Choi, and Byung Gee Kim. 2018. “Recent 

Advances in the Microbial Hydroxylation and Reduction of Soy Isoflavones.” FEMS Microbiology 

Letters. Oxford University Press. https://doi.org/10.1093/femsle/fny195. 



71 
 
 

Liu, Libo, Xiaoqian Chen, Linlin Hao, Guofang Zhang, Zhao Jin, Chun Li, Yuzhuo Yang, Jiajia Rao, and 

Bingcan Chen. 2022. “Traditional Fermented Soybean Products: Processing, Flavor Formation, 

Nutritional and Biological Activities.” Critical Reviews in Food Science and Nutrition. Taylor and 

Francis Ltd. https://doi.org/10.1080/10408398.2020.1848792. 

Mok, Wai Kit, Yong Xing Tan, Jaslyn Lee, Jaejung Kim, and Wei Ning Chen. 2019. “A Metabolomic 

Approach to Understand the Solid-State Fermentation of Okara Using Bacillus Subtilis WX-17 for 

Enhanced Nutritional Profile.” AMB Express 9 (1). https://doi.org/10.1186/s13568-019-0786-5. 

Moldovan, Radu Cristian, Ede Bodoki, Timea Kacsó, Anne Catherine Servais, Jacques Crommen, Radu 

Oprean, and Marianne Fillet. 2016. “A Micellar Electrokinetic Chromatography–Mass 

Spectrometry Approach Using in-Capillary Diastereomeric Derivatization for Fully Automatized 

Chiral Analysis of Amino Acids.” Journal of Chromatography A 1467 (October):400–408. 

https://doi.org/10.1016/j.chroma.2016.08.035. 

Moraes Filho, M. L., M. Busanello, and S. Garcia. 2016. “Optimization of the Fermentation 

Parameters for the Growth of Lactobacillus in Soymilk with Okara Flour.” LWT 74 

(December):456–64. https://doi.org/10.1016/j.lwt.2016.08.009. 

Oh, S. M., E. K. Jang, J. H. Seo, M. J. Ryu, and S. P. Lee. 2007. “Characterization of γ-Polyglutamic Acid 

Produced from the Solid-State Fermentation of Soybean Milk Cake Using Bacillus Sp.” Food 

Science and Biotechnology. 

Queiroz Santos, Vidiany A., Camila G. Nascimento, Carla A.P. Schimidt, Daniel Mantovani, Robert F.H. 

Dekker, and Mário Antônio A. da Cunha. 2018. “Solid-State Fermentation of Soybean Okara: 

Isoflavones Biotransformation, Antioxidant Activity and Enhancement of Nutritional Quality.” 

LWT 92 (June):509–15. https://doi.org/10.1016/j.lwt.2018.02.067. 

Rafii, Fatemeh. 2015. “The Role of Colonic Bacteria in the Metabolism of the Natural Isoflavone 

Daidzin to Equol.” Metabolites 5 (1): 56–73. https://doi.org/10.3390/metabo5010056. 

Rajanikar, R. V., Basavaprabhu Haranahalli Nataraj, Harshita Naithani, Syed Azmal Ali, Narender Raju 

Panjagari, and Pradip V. Behare. 2021. “Phenyllactic Acid: A Green Compound for Food 

Biopreservation.” Food Control. Elsevier Ltd. https://doi.org/10.1016/j.foodcont.2021.108184. 

Ray, R. C., S. Paramithiotis, A. Thekkangil, V. Nethravathy, A. K. Rai, and J. G. P. Martin. 2024. “Food 

Fermentation and Its Relevance in the Human History.” Trending Topics on Fermented Foods. 

Rui, Xin, Mingjia Wang, Yuqian Zhang, Xiang Chen, Lan Li, Yulin Liu, and Mingsheng Dong. 2017. 

“Optimization of Soy Solid-State Fermentation with Selected Lactic Acid Bacteria and the Effect 



72 
 
 

on the Anti-Nutritional Components.” Journal of Food Processing and Preservation 41 (6). 

https://doi.org/10.1111/jfpp.13290. 

Sarker, Aniruddha, Raju Ahmmed, S M Ahsan, Juwel Rana, Mithun Kumar Ghosh, and Rakhi Nandi. 

2024. “A Comprehensive Review of Food Waste Valorization for the Sustainable Management 

of Global Food Waste.” Sustainable Food Technology. https://doi.org/10.1039/d3fb00156c. 

Schindler, Sabrina, Maximilian Wittig, Kateryna Zelena, Ulrich Krings, Jürgen Bez, Peter Eisner, and 

Ralf G. Berger. 2011. “Lactic Fermentation to Improve the Aroma of Protein Extracts of Sweet 

Lupin (Lupinus Angustifolius).” Food Chemistry 128 (2): 330–37. 

https://doi.org/10.1016/j.foodchem.2011.03.024. 

Shi, Hui, Min Zhang, Weiqin Wang, and Sakamon Devahastin. 2020. “Solid-State Fermentation with 

Probiotics and Mixed Yeast on Properties of Okara.” Food Bioscience 36 (August). 

https://doi.org/10.1016/j.fbio.2020.100610. 

“Soybeans | USDA Foreign Agricultural Service.” 2024. USDA. 2024. 

Vong, Weng Chan, Xin Yi Hua, and Shao Quan Liu. 2018. “Solid-State Fermentation with Rhizopus 

Oligosporus and Yarrowia Lipolytica Improved Nutritional and Flavour Properties of Okara.” LWT 

90 (April):316–22. https://doi.org/10.1016/j.lwt.2017.12.050. 

Vong, Weng Chan, and Shao Quan Liu. 2016. “Biovalorisation of Okara (Soybean Residue) for Food 

and Nutrition.” Trends in Food Science and Technology. Elsevier Ltd. 

https://doi.org/10.1016/j.tifs.2016.04.011. 

Voss, Glenise B., Luísa MP Valente, and Manuela E. Pintado. 2018. “Impact of Fructose and 

Fructooligosaccharides Supplementation upon the Fermentation of Hydrolyzed Okara and Its 

Impact upon Bioactive Components.” SDRP Journal of Food Science & Technology. 

Wang, Che Wei, Hsin Ya Tsai, Chen Hsu, Ching Chun Hsieh, I. Shu Wang, Chi Fon Chang, and Nan Wei 

Su. 2024. “Structure-Specific Metabolism of Flavonol Molecules by Bacillus Subtilis Var. Natto 

BCRC 80517.” Food Chemistry 430 (January). 

https://doi.org/10.1016/j.foodchem.2023.136975. 

Wang, Huixian, Xingqiao He, Juanni Li, Jintao Wu, Shuaiming Jiang, Hui Xue, Jiachao Zhang, Rajesh 

Jha, and Ruimin Wang. 2024. “Lactic Acid Bacteria Fermentation Improves Physicochemical 

Properties, Bioactivity, and Metabolic Profiles of Opuntia Ficus-Indica Fruit Juice.” Food 

Chemistry 453 (September). https://doi.org/10.1016/j.foodchem.2024.139646. 



73 
 
 

Wang, Wenfeng, and Yong Jun Cha. 2018. “Volatile Compounds in Seasoning Sauce Produced from 

Soy Sauce Residue by Reaction Flavor Technology.” Preventive Nutrition and Food Science 23 

(4): 356–63. https://doi.org/10.3746/pnf.2018.23.4.356. 

Wang, Xiaowen, Canqing Yu, Jun Lv, Liming Li, Yonghua Hu, Keyang Liu, Kokoro Shirai, Hiroyasu Iso, 

and Jia Yi Dong. 2021. “Consumption of Soy Products and Cardiovascular Mortality in People 

with and without Cardiovascular Disease: A Prospective Cohort Study of 0.5 Million Individuals.” 

European Journal of Nutrition 60 (8): 4429–38. https://doi.org/10.1007/s00394-021-02602-3. 

Wei, Yuxia, Jun Lv, Yu Guo, Zheng Bian, Meng Gao, Huaidong Du, Ling Yang, et al. 2020. “Soy Intake 

and Breast Cancer Risk: A Prospective Study of 300,000 Chinese Women and a Dose–Response 

Meta-Analysis.” European Journal of Epidemiology 35 (6): 567–78. 

https://doi.org/10.1007/s10654-019-00585-4. 

Wu, H., C. Guang, W. Zhang, and W. Mu. 2023. “Recent Development of Phenyllactic Acid: 

Physicochemical Properties, Biotechnological Production Strategies and Applications.” Critical 

Reviews in Biotechnology. 

Zhu, Y. P., J. F. Fan, Y. Q. Cheng, and L. T. Li. 2008. “Improvement of the Antioxidant Activity of Chinese 

Traditional Fermented Okara (Meitauza) Using Bacillus Subtilis B2.” Food Control 19 (7): 654–

61. https://doi.org/10.1016/j.foodcont.2007.07.009. 

Zhu, Yan, Zimeng Wang, and Li Zhang. 2019. “Optimization of Lactic Acid Fermentation Conditions 

for Fermented Tofu Whey Beverage with High-Isoflavone Aglycones.” LWT 111 (August):211–

17. https://doi.org/10.1016/j.lwt.2019.05.021.



 



75 
 
 

Supplementary materials  

Table S1. Chromatographic and mass spectrometry characteristics of (poly)phenol compounds detected in okara samples. 

Compound 
Retention 

time (min) 

Parent ion 

[M-H] - 

(m/z) 

Quantifier 

Product ion 

(m/z) 

Qualifier 

Product ion 

(m/z) 

Standard (in bold those reference 

compounds used to quantify the 

corresponding metabolite) 

Hydroxyphenyllactic acid  1.84 181  119  
137, 121, 

113  
Hydroxyphenyllactic acid 

4-Hydroxybenzoic acid  2.35 137  93  92   4-Hydroxy-3-methoxybenzoic acid 

4-Hydroxybenzaldehyde  3.30 121  92  91   4-Hydroxy-3-methoxybenzoic acid 

4-Hydroxy-3-methoxybenzoic acid 

(Vanillic acid)  
3.45 167  152  108, 123   4-Hydroxy-3-methoxybenzoic acid 

Equol methyl  4.27 255  240   Equol-7-glucuronide 

Phenyllactic acid  4.38 165  119  121, 150  Phenyllactic acid 

Genistein-hexoside (Genistin) isomer I  4.44 431  269  
133, 159, 

135  
Genistein-7-O-glucuronide 

4'-Hydroxycinnamic acid (p-Coumaric acid)  4.48 163  119  93  4'-Hydroxycinnamic acid 

Daidzein-hexoside (Daidzin) isomer I  4.50 415  253  223, 91  Daidzein-7-glucuronide 

Glycitein-hexoside (Glycitin)  4.58 445  283  268  Glycitein  

3'-Hydroxycinnamic acid 

 (m-Coumaric acid)  
4.60 163  119  93  4'-Hydroxycinnamic acid 

2’Hydroxygenistein-7-O-glucoside  4.62 447  285  133, 151  Daidzein-7-glucuronide 

Hydroxy-methoxycinnamic acid  

((Iso)Ferulic acid)  
4.72 193  134   4′-Hydroxy-3′-methoxycinnamic acid  

Daidzein-hexoside (Daidzin) isomer II  4.73 415  253  223, 91  Daidzein-7-glucuronide 
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Not identified 1 4.79 167 123  3-(3′-Methoxyphenyl)propanoic acid-4′-

glucuronide  

Genistein-hexoside (Genistin) isomer II  4.86 431  269  
133, 159, 

135  
Genistein-7-O-glucuronide 

Genistein-acetylhexoside isomer I  4.88 473  269  
133, 159, 

135  
Genistein-7-O-glucuronide 

Daidzein-acetylhexoside isomer I  4.97 457  253  223, 91  Daidzein-7-glucuronide 

Genistein-acetylhexoside isomer II  5.02 473  269  
133, 159, 

135  
Genistein-7-O-glucuronide 

Daidzein-acetylhexoside isomer II  5.11 457  253  223, 91  Daidzein-7-glucuronide 

Glycitein-acetylhexoside isomer I  5.15 487  283  268, 113  Glycitein  

Daidzein-acetylhexoside isomer III  5.22 457  253  223, 91  Daidzein-7-glucuronide 

Genistein-acetylhexoside isomer III  5.31 473  269  
133, 159, 

135  
Genistein-7-O-glucuronide 

Genistein-acetylhexoside isomer IV  5.42 473  269  
133, 159, 

135  
Genistein-7-O-glucuronide 

Daidzein  5.44 253  223  91  Daidzein 

Dihydrodaidzein  5.45 255  149  91, 135  Dihydrodaidzein 

Glycitein-acetylhexoside isomer II  5.47 487  283  268, 113  Glycitein  

Glycitein  5.52 283  268  240  Glycitein 

Dihydrogenistein  5.76 271  165  137  Dihydrogenistein 

Naringenin  5.85 271  165  137  Dihydrogenistein 

Genistein   5.9 269  133  159, 135  Genistein  

Desmethylangolensin  6.12 257  136  108, 109  Desmethylangolensin 
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Table S2. Quantification of single phenolic compounds for monocultures, Pediococcus pentosaceus, Lacticaseibacillus paracasei, Bacillus subtilis and Lacticaseibacillus 

rhamnosus. Data are indicated as mean ± SD, were evaluated on two biological replicates, and are expressed as mg/100g.  

  

  
Control 

Pediococcus pentosaceus 6268 Lacticaseibacillus paracasei 6227 Bacillus subtilis 5002 Lacticaseibacillus rhamnosus 1473 

42°C/48 25°C/96h 25°C/48h 25°C/96h 42°C/96h 42°C/48h 25°C/96h 25°C/48h 42°C/48h 25°C/96h 42°C/96h 

Genistein-hexoside isomer I  1.40 ± 0.40ab 1.33 ± 0.32ab 0.23 ± 0.08ef 1.20 ± 0.20b 1.50 ± 0.46ab 1.62 ± 0.40a 0.44 ± 0.03de 0.24 ± 0.01ef 0.09 ± 0.03f 0.73 ± 0.26cd 0.33 ± 0.03ef 0.87 ± 0.12c 

Genistein-hexoside isomer II 6.94 ± 0.68a 5.62 ± 0.97bc 1.05 ± 0.33f 5.54 ± 0.60c 3.71 ± 0.72d 6.59 ± 0.82ab 4.14 ± 0.40d 2.46 ± 0.18e 1.59 ± 1.10ef 3.87 ± 0.90d 1.59 ± 0.27ef 4.07 ± 1.23d 

Daidzein-hexoside isomer I  0.83 ± 0.16a 0.69 ± 0.15b 0.10 ± 0.02e 0.65 ± 0.10b 0.63 ± 0.16b 0.84 ± 0.14a 0.31 ± 0.04d 0.16 ± 0.04e 0.11 ± 0.05e 0.44 ± 0.13cd 0.12 ± 0.02e 0.47 ± 0.08c 

Daidzein-hexoside isomer II 0.20 ± 0.05ab 0.17 ± 0.04bc 0.02 ± 0.01g 0.17 ± 0.03cd 0.14 ± 0.03de 0.22 ± 0.04a 0.08 ± 0.01f 0.08 ± 0.01f 0.01 ± 0.00g 0.11 ± 0.03ef 0.03 ± 0.01g 0.10 ± 0.02ef 

2'Hydroxygenistein-7-O-glucoside 0.07 ± 0.02a 0.04 ± 0.02bc 0.01 ± 0.00d 0.06 ± 0.02ab 0.06 ± 0.02ab 0.01 ± 0.00d 0.04 ± 0.00bcd 0.02 ± 0.01cd 0.03 ± 0.00cd 0.02 ± 0.01cd 0.03 ± 0.01cd 0.04 ± 0.01bc 

Glycitein-hexoside  1.29 ± 0.46a 1.22 ± 0.28a 0.55 ± 0.23cd 1.03 ± 0.14ab 1.21 ± 0.32a 1.34 ± 0.33a 0.60 ± 0.14cd 0.39 ± 0.15de 0.10 ± 0.05e 0.67 ± 0.22cd 0.36 ± 0.09de 0.73 ± 0.16bc 

Genistein-acetylhexoside isomer I  0.43 ± 0.14cdef 0.52 ± 0.09bcde 0.87 ± 0.31a 0.49 ± 0.07cde 0.69 ± 0.24b 0.46 ± 0.07cde 0.34 ± 0.04ef 0.38 ± 0.04def 0.68 ± 0.11b 0.60 ± 0.02bc 0.55 ± 0.02bcd 0.24 ± 0.06f 

Genistein-acetylhexoside isomer II 0.27 ± 0.07ab 0.23 ± 0.07bc 0.22 ± 0.06bc 0.23 ± 0.04bc 0.08 ± 0.02e 0.19 ± 0.04cd 0.09 ± 0.00e 0.14 ± 0.03de 0.14 ± 0.04d 0.16 ± 0.01d 0.32 ± 0.01a 0.16 ± 0.02d 

Genistein-acetylhexoside isomer III 0.60 ± 0.15a 0.56 ± 0.10ab 0.57 ± 0.13ab 0.53 ± 0.11abc 0.60 ± 0.15a 0.50 ± 0.09abcd 0.42 ± 0.04cd 0.39 ± 0.06d 0.46 ± 0.05bcd 0.55 ± 0.05abc 0.56 ± 0.05ab 0.37 ± 0.04d 

Genistein-acetylhexoside isomer IV  1.32 ± 0.19a 1.04 ± 0.18bc 0.95 ± 0.18bcd 1.01 ± 0.13bcd 0.34 ± 0.08g 0.90 ± 0.13cd 0.63 ± 0.09f 0.83 ± 0.13de 0.68 ± 0.07ef 0.87 ± 0.14cde 1.10 ± 0.10b 0.60 ± 0.18f 

Daidzein-acetylhexoside isomer I  0.12 ± 0.04abc 0.12 ± 0.03abc 0.15 ± 0.05a 0.11 ± 0.02abcd 0.14 ± 0.04ab 0.11 ± 0.02abcd 0.09 ± 0.02cde 0.07 ± 0.03de 0.10 ± 0.02bcd 0.11 ± 0.01abcd 0.09 ± 0.01bcde 0.06 ± 0.01e 

Daidzein-acetylhexoside isomer II 0.24 ± 0.05a 0.20 ± 0.05ab 0.19 ± 0.05bc 0.19 ± 0.04bc 0.06 ± 0.03f 0.16 ± 0.03bc 0.07 ± 0.01ef 0.10 ± 0.01de 0.12 ± 0.03d 0.14 ± 0.02cd 0.21 ± 0.01ab 0.10 ± 0.02de 

Daidzein-acetylhexoside isomer III 0.03 ± 0.01a 0.02 ± 0.00b 0.02 ± 0.00bc 0.01 ± 0.01bcd 0.00 ± 0.00fg 0.01 ± 0.00cde 0.00 ± 0.00g 0.01 ± 0.00ef 0.01 ± 0.00e 0.01 ± 0.00de 0.01 ± 0.00de 0.01 ± 0.00de 

Glycitein-acetylhexoside isomer I  0.21 ± 0.05ab 0.16 ± 0.06bcd 0.16 ± 0.04bcd 0.20 ± 0.04abc 0.04 ± 0.01h 0.15 ± 0.02cde 0.05 ± 0.02gh 0.11 ± 0.06def 0.09 ± 0.03fg 0.10 ± 0.04efg 0.24 ± 0.03a 0.09 ± 0.03fgh 

Glycitein-acetylhexoside isomer II 0.17 ± 0.05bcd 0.19 ± 0.05abcd 0.26 ± 0.09ab 0.21 ± 0.05abcd 0.26 ± 0.07ab 0.18 ± 0.09abcd 0.15 ± 0.03cde 0.13 ± 0.03de 0.26 ± 0.05a 0.22 ± 0.06abc 0.17 ± 0.02bcd 0.08 ± 0.04e 

Genistein  9.17 ± 1.80e 10.85 ± 1.90cde 15.03 ± 2.87a 10.24 ± 1.31de 14.05 ± 3.11ab 11.78 ± 1.50bcd 5.78 ± 0.62f 6.50 ± 1.00f 11.57 ± 1.24cde 11.96 ± 1.01bcd 13.20 ± 0.60abc 11.00 ± 1.27cde 

Daidzein 56.99 ± 10.46c 67.11 ± 11.61bc 88.14 ± 20.75a 64.70 ± 8.22bc 76.91 ± 15.72ab 70.99 ± 11.36bc 29.43 ± 4.12d 35.57 ± 4.20d 62.70 ± 5.69bc 67.60 ± 4.00bc 77.10 ± 4.12ab 64.92 ± 9.27bc 

Glycitein 24.07 ± 6.22b 28.33 ± 6.49ab 34.42 ± 10.58a 29.15 ± 5.25ab 35.28 ± 11.02a 32.69 ± 5.91ab 5.18 ± 0.60c 7.50 ± 1.66c 27.29 ± 4.20ab 27.91 ± 2.64ab 32.41 ± 1.87ab 24.84 ± 5.00b 



78 
 
 

Dihydrogenistein 0.01 ± 0.00ab 0.00 ± 0.00ab 0.01 ± 0.01a 0.01 ± 0.00a 0.01 ± 0.00ab 0.01 ± 0.00ab 0.00 ± 0.00b 0.00 ± 0.00b 0.00 ± 0.00ab 0.00 ± 0.00ab 0.00 ± 0.00ab 0.00 ± 0.00ab 

Equol methyl 0.01 ± 0.00a 0.00 ± 0.00c 0.00 ± 0.00c 0.01 ± 0.00a 0.00 ± 0.00c 0.01 ± 0.01a 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.01 ± 0.00b 0.00 ± 0.00c 0.00 ± 0.00c 

3-(4ʹ-hydroxyphenyl)lactic acid 0.00 ± 0.00e 0.05 ± 0.05e 0.17 ± 0.10e 0.09 ± 0.03e 3.01 ± 1.00a 0.03 ± 0.00e 0.00 ± 0.00e 0.00 ± 0.00e 1.26 ± 0.10bc 1.01 ± 0.39cd 1.55 ± 0.09b 0.73 ± 0.27d 

3-(phenyl)lactic acid 0.00 ± 0.00e 0.12 ± 0.04e 0.29 ± 0.11e 0.42 ± 0.12e 3.57 ± 1.09a 0.04 ± 0.01e 0.04 ± 0.01e 0.03 ± 0.02e 2.14 ± 0.29bc 1.69 ± 0.59cd 2.51 ± 0.11b 1.29 ± 0.43d 

Hydroxy-methoxycinnamic acid 0.01 ± 0.00ab 0.01 ± 0.00a 0.01 ± 0.00ab 0.00 ± 0.00ab 0.01 ± 0.00ab 0.00 ± 0.00b 0.00 ± 0.00ab 0.00 ± 0.00ab 0.01 ± 0.00ab 0.00 ± 0.00ab 0.01 ± 0.00a 0.01 ± 0.00a 

4'-Hydroxycinnamic acid 0.06 ± 0.01ab 0.06 ± 0.01ab 0.07 ± 0.03a 0.05 ± 0.01ab 0.07 ± 0.02ab 0.06 ± 0.01ab 0.00 ± 0.00c 0.00 ± 0.00c 0.05 ± 0.01b 0.05 ± 0.01b 0.07 ± 0.01ab 0.06 ± 0.01ab 

3'-Hydroxycinnamic acid 0.01 ± 0.00b 0.01 ± 0.01ab 0.01 ± 0.01a 0.01 ± 0.00ab 0.01 ± 0.00ab 0.01 ± 0.00ab 0.00 ± 0.00c 0.00 ± 0.00c 0.01 ± 0.00ab 0.01 ± 0.00ab 0.01 ± 0.00ab 0.01 ± 0.00ab 

4-Hydroxy-3-methoxybenzoic acid 0.01 ± 0.00c 0.02 ± 0.00ab 0.03 ± 0.02a 0.01 ± 0.00c 0.01 ± 0.00c 0.02 ± 0.01ab 0.00 ± 0.00c 0.00 ± 0.00c 0.02 ± 0.00b 0.01 ± 0.01b 0.02 ± 0.01ab 0.02 ± 0.00b 

4-Hydroxybenzoic acid 0.61 ± 0.26c 0.89 ± 0.33bc 1.44 ± 0.58a 0.74 ± 0.22bc 1.18 ± 0.48ab 1.13 ± 0.31ab 0.83 ± 0.32bc 0.63 ± 0.28c 0.66 ± 0.11c 0.76 ± 0.10bc 0.85 ± 0.15bc 0.78 ± 0.18bc 

4-Hydroxybenzaldehyde 1.48 ± 0.49bcd 2.17 ± 0.79ab 2.36 ± 0.91a 1.85 ± 0.33abc 2.24 ± 0.80a 2.36 ± 0.48a 0.00 ± 0.00e 0.00 ± 0.00e 0.97 ± 0.19d 1.43 ± 0.28cd 1.49 ± 0.22bcd 1.26 ± 0.23cd 

Total phenolic content 106.55 ± 20.89b 121.73 ± 23.26ab 
147.37 ± 

37.04a 

118.93 ± 

16.74ab 

145.81 ± 

34.97a 

132.41 ± 

21.52ab 
48.73 ± 6.46c 55.76 ± 7.35c 

111.16 ± 

10.97b 
121.07 ± 7.74ab 135.03 ± 5.74ab 

112.93 ± 

15.19b 
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Table S3. Quantification of single phenolic compounds for co-cocultures X1, X2, X3, X4 and X5.  

Data are indicated as mean ± SD, were evaluated on two biological replicates, and are expressed as mg/100g. 

  Control 

X1 X2 X3 X4 X5 

C.C 5002+1473+6227 C.C 5002+1473+6268 C.C 1473+6227+6268 C.C 5002+6227+6268 C.C 5002+1473+6227+6268 

25°C/96h 

Genistein-hexoside isomer I  1.40 ± 0.40a 0.17 ± 0.04b 0.21 ± 0.08b 0.24 ± 0.07b 0.24 ± 0.04b 0.21 ± 0.06b 

Genistein-hexoside isomer II 6.94 ± 0.68a 1.56 ± 0.32b 1.45 ± 0.59b 1.60 ± 0.42b 1.84 ± 0.44b 1.48 ± 0.39b 

Daidzein-hexoside isomer I  0.83 ± 0.16a 0.17 ± 0.03b 0.11 ± 0.04b 0.12 ± 0.03b 0.13 ± 0.02b 0.12 ± 0.02b 

Daidzein-hexoside isomer II 0.20 ± 0.05b 0.35 ± 0.17a 0.04 ± 0.01c 0.03 ± 0.01c 0.03 ± 0.01c 0.04 ± 0.01c 

2'Hydroxygenistein-7-O-glucoside 0.07 ± 0.02a 0.00 ± 0.00c 0.01 ± 0.01bc 0.01 ± 0.00c 0.02 ± 0.01b 0.01 ± 0.00bc 

Glycitein-hexoside  1.29 ± 0.46a 0.32 ± 0.03b 0.30 ± 0.09b 0.37 ± 0.12b 0.46 ± 0.04b 0.32 ± 0.04b 

Genistein-acetylhexoside isomer I  0.43 ± 0.14c 0.28 ± 0.06d 0.78 ± 0.06a 0.71 ± 0.03a 0.58 ± 0.03b 0.72 ± 0.06a 

Genistein-acetylhexoside isomer II 0.27 ± 0.07a 0.00 ± 0.00c 0.19 ± 0.05b 0.15 ± 0.03b 0.26 ± 0.02a 0.19 ± 0.01b 

Genistein-acetylhexoside isomer III 0.60 ± 0.15a 0.13 ± 0.01c 0.55 ± 0.05ab 0.50 ± 0.06b 0.53 ± 0.03ab 0.51 ± 0.08ab 

Genistein-acetylhexoside isomer IV  1.32 ± 0.19a 0.13 ± 0.02e 0.98 ± 0.19bc 0.79 ± 0.10d 1.11 ± 0.10b 0.85 ± 0.10cd 

Daidzein-acetylhexoside isomer I  0.12 ± 0.04a 0.05 ± 0.01b 0.12 ± 0.02a 0.10 ± 0.02a 0.11 ± 0.01a 0.10 ± 0.01a 

Daidzein-acetylhexoside isomer II 0.24 ± 0.05a 0.00 ± 0.00d 0.17 ± 0.02b 0.13 ± 0.04c 0.21 ± 0.02a 0.15 ± 0.02bc 

Daidzein-acetylhexoside isomer III 0.03 ± 0.01a 0.00 ± 0.00d 0.02 ± 0.00bc 0.01 ± 0.01c 0.02 ± 0.00ab 0.01 ± 0.00c 

Glycitein-acetylhexoside isomer I  0.21 ± 0.05a 0.00 ± 0.00d 0.15 ± 0.03bc 0.11 ± 0.05c 0.19 ± 0.03ab 0.12 ± 0.04c 

Glycitein-acetylhexoside isomer II 0.17 ± 0.05a 0.05 ± 0.02b 0.20 ± 0.06a 0.22 ± 0.05a 0.21 ± 0.03a 0.19 ± 0.04a 

Genistein  9.17 ± 1.80b 0.35 ± 0.11c 11.66 ± 0.81a 10.89 ± 0.45a 11.79 ± 0.19a 11.66 ± 0.43a 

Daidzein 56.99 ± 10.46b 3.34 ± 0.52c 67.12 ± 4.75a 65.58 ± 4.78a 68.32 ± 1.93a 69.29 ± 1.65a 
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Glycitein 24.07 ± 6.22a 0.32 ± 0.14b 26.17 ± 2.71a 25.68 ± 2.33a 25.36 ± 1.14a 27.19 ± 1.57a 

Dihydrogenistein 0.01 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.01 ± 0.01a 0.00 ± 0.00a 0.01 ± 0.00a 

Equol methyl 0.01 ± 0.00b 0.02 ± 0.01a 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 

3-(4ʹ-hydroxyphenyl)lactic acid 0.00 ± 0.00c 1.95 ± 0.37a 0.42 ± 0.06b 0.32 ± 0.03b 0.34 ± 0.04b 0.47 ± 0.02b 

3-(phenyl)lactic acid 0.00 ± 0.00c 2.23 ± 0.28a 0.49 ± 0.08b 0.38 ± 0.05b 0.35 ± 0.02b 0.55 ± 0.04b 

Hydroxy-methoxycinnamic acid 0.01 ± 0.00a 0.00 ± 0.00b 0.01 ± 0.00a 0.01 ± 0.00ab 0.01 ± 0.00a 0.01 ± 0.00ab 

4'-Hydroxycinnamic acid 0.06 ± 0.01a 0.00 ± 0.00c 0.04 ± 0.00b 0.05 ± 0.01b 0.05 ± 0.00b 0.04 ± 0.00b 

3'-Hydroxycinnamic acid 0.01 ± 0.00a 0.00 ± 0.00b 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 

4-Hydroxy-3-methoxybenzoic acid 0.01 ± 0.00b 0.00 ± 0.00b 0.03 ± 0.01a 0.02 ± 0.01a 0.03 ± 0.01a 0.02 ± 0.01a 

4-Hydroxybenzoic acid 0.61 ± 0.26b 0.96 ± 0.20a 0.69 ± 0.15b 0.76 ± 0.16b 0.70 ± 0.07b 0.73 ± 0.07b 

4-Hydroxybenzaldehyde 1.48 ± 0.49a 0.42 ± 0.07c 0.90 ± 0.11b 1.03 ± 0.16b 1.11 ± 0.03b 0.99 ± 0.05b 

Total phenolic content 106.55 ± 20.89a 12.79 ± 1.35b 112.85 ± 8.88a 109.88 ± 8.67a 114.06 ± 3.02a 116.04 ± 1.99a 
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Figure S1. R2, Q2, model validity, and reproducibility representing the (poly)phenol biotransformation after okara fermentation. Capital letters correspond to: A phenyllactic acid, 

B Hydroxyphenyllactic acid, C Genistin 1, D Genistin 2, E Genistein acetylhexoside 1, F Genistein acetylhexoside 3, G Genistein acetylhexoside 4, J Genistein, K Daidzin 1, H Daidzin 

2, I Daidzein acetylhexoside 1, L Daidzein acetylhexoside 2, M Daidzein, N Glycitin, O 4-Hydroxybenzoic acid, P Total (poly)phenol.
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Abstract  

Global climate change necessitates the sustainable use of dryland systems, with the prickly pear 

cactus (Opuntia Ficus-indica L.) presenting a valuable resource for mitigating environmental 

degradation. While the fruits of this plant are widely utilized, its cladodes remain an underutilized 

biomass with potential for bioactive compound recovery. This study explores the fermentability of 

cladodes by seven strains of lactic acid bacteria (LAB) and investigates the impact of fermentation 

on antioxidant activity and polyphenolic content. A design of experiments (DoE) approach was 

employed to evaluate the effects of incubation time, temperature, and microbial strains on these 

parameters. Fermentation led to enhanced antioxidant activity and significant changes in 

polyphenolic content, particularly under specific co-culture conditions. Statistical modeling provided 

insights into optimal fermentation settings, suggesting that LAB fermentation could unlock the 

cladodes' potential as a source of functional ingredients. This work supports the valorization of 

prickly pear cladodes through microbial fermentation, contributing to waste reduction and 

sustainable agricultural practices. 
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Introduction  

The need for more efficient use of dryland systems is driven by global warming, climate change and 

increasing human and livestock populations (Jorge et al. 2023). Adapted perennial crops with higher 

productivity per unit area are needed to protect natural rangeland systems from degradation, and 

among these, cactus species are of relevant interest (Acharya et al. 2019). Opuntia species have been 

able to withstand prolonged periods of drought, high temperatures and erosion from wind and 

water (Jorge et al. 2023). These features, together with its wide range of uses as fruit and fodder, 

make it ideal for the agricultural development in areas affected by desertification and climate change 

(Nefzaoui et al. 2010).  Prickly pear (Opuntia Ficus Indica L.) is a native plant of the American 

continent, that belongs to the Cactaceae family (Fernández-López et al. 2010).   

Among all the producer countries, approximately 96% of world production is covered by Mexico, 

Italy and South African (Stavi 2022; Mondragón-Jacobo et al. 2001). Regarding Italy, Sicily produces 

96% of the total Italian cactus pear harvest, covering a production area of 8300 ha and leading to a 

production of about 87000 tonnes every year (Mondragón-Jacobo et al. 2001; Timpanaro et al. 

2015).  

The prickly pear fruits, also called “tuna”, are generally consumed fresh or processed as jam, juice 

or ice cream (Yamina and Dalila 2021). Cladodes, the flattened fleshy stems, commonly called 

“nopal”, are usually discarded during pruning operations causing high costs for farmers and a 

problem for disposal (Procacci et al. 2021; De Kock 2001). Although their main end use in livestock 

feed, in some countries, especially in South America, they are also used for human consumption 

(Hernández-Becerra et al. 2022).  

Like other vegetables, cladodes contain a high-water content (88-95%), carbohydrates (3-7%) and 

fibres (1%). Some authors reported the presence of starch but relevant is the presence of mucilage 
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polysaccharide polymers, that helps plant to regulate the water available during dry periods (Ayadi 

et al. 2009; Medina-Torres et al. 2000; Quinzio et al. 2018). 

Comparing to other costituents, protein, lipids and organic acid are present to a lesser extent 

(Stintzing and Carle 2005; Guevara-Figueroa et al. 2010; Figueroa-Pérez et al. 2018). Moreover, 

cladodes are also sources of phytochemicals such as vitamins, pigments (carotenoids and betalins), 

and polyphenolic compounds that could exert antioxidant and anti-inflammatory properties (Mena 

et al. 2018; Mondragón-Jacobo et al. 2001). Different contents of polyphenols can be found in 

cladodes depending on the age of plant and the varieties (Mena et al. 2018).  

The complex composition of cladode makes these parts, which are generally discarded, attractive 

for bioactive recovery, making prickly pear a multipurpose plant (Stintzing and Carle 2005). 

All parts of the plant should be recovered and valorised and to achieve this purpose, an interesting 

method the fermentation process to obtain different molecules and products (Filannino et al. 2016; 

Quines-Lagmay et al. 2020; López-Domínguez et al. 2019). Lactic acid fermentation, driven by lactic 

acid bacteria (LAB), is an ancient process widely used in fermented foods. Nowadays, fermentation 

of plant material is a promising tool for improving nutritional and functional features of food or to 

develop innovative fermented products. The fermentation leads to an intense acidification with a 

correlated improvement in the release of bioactive compounds, increasing their bioaccessibility and 

bioavailability (Pontonio et al. 2019). 

Although several studies have shown an increase in the polyphenol profile following lactic 

fermentation of plant matrices, few of these have involved pricky pear, particularly cladodes (De 

Montijo-Prieto et al. 2023; Filannino et al. 2016; Ozturk et al. 2024). 

Considering that conversion abilities are strain- and species-specific, in this study we want to 

investigate the fermentability of prickly pear by different LAB and the effect of fermentation on the 

polyphenolic profile and the antioxidant activity. This goal was achieved by building an experimental 
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design (DoE) in which different factors, such as incubation time, fermentation temperature and 

microbial strains, were evaluated.  The identification of the key factors influencing the process and 

the possibility of using a prediction tool to find the optimal condition for increasing the polyphenolic 

profile and antioxidant activity is a useful step to exploit cladodes with a view to developing a new 

ingredient. 
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Materials and methods  

Strains  

To explore the cladodes fermentability seven lactic acid bacteria (LAB) differing in metabolism and 

belonging to the University of Parma Culture Collection (UPCCO) were used. Levilactobacillus brevis 

4867 (Lb), Leuconostoc mesenteroides 6089 (Lm), Lacticaseibacillus rhamnosus 2310 (Lr), 

Lactiplantibacillus plantarum 4932 (Lpl), Lactobacillus delbruecki 1865 (Ld), Streptococcus 

thermophilus 4734 (St), Lactobacillus helveticus 5519 (Lh). L. brevis was isolated from sourdough, 

while all others were isolated from dairy sources. The bacterial stock cultures were maintained as 

frozen at −80°C in M17 broth (Merk, Germany) for S. thermophilus 4734 and in Man Rogosa and 

Sharpe (MRS) broth (Oxoid, UK) for the other LAB, added with 12.5% glycerol (v/v). The strains were 

revitalized three times with 3% (v/v) inoculum in the medium and incubated at their optimal 

temperature, 30°C for L. plantarum 4932, L. brevis 4867, L. mesenteroides 6089, 37°C for L. 

rhamnosus 2310, S. thermophilus 4734, L. helveticus 5519 and at 42°C for L. delbruecki 1865. 

 

Prickly pear  cladodes and Design of Experiment (DoE)  

The cladodes used in this study were collected in a local farm in Puglia (Italy) and were chopped with 

a through laboratory blenders (Knife Mill Grindomix GM 200, Retsch GmbH, Haan, Germany). 

Samples were aliquoted (45 g) into glass jars and sterilised at 121°C for 20 minutes before use. 

Experiments were designed according to a mathematical model using MODDE Pro v12.0.1 software 

(MKS Umetrics, Sweden), and a total of 19 experiments were performed in duplicate for a total of 

38 experiments. 

The model was designed with the strains as a qualitative factor and two quantitative factors: time 
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and temperature of incubation. A minimum and maximum value was set for each quantitative factor, 

with the addition of two center points referred to average values. Fermentation temperature ranged 

between 25 and 37°C, incubation time from 28 to 72h. 

Each strain was used to ferment the substrate under the conditions defined by DoE. Co-cultures 

were obtained by mixing single revitalized strains in equal volume and each culture/co-culture was 

inoculated into cladodes puree to reach 6 Log CFU/mL, except for the central points where the 

inoculum was 3 Log CFU/mL. Samples were incubated at the DoE condition and the concentration 

of the strains was checked just after inoculum (T0), and at the end of fermentation (T1) by plate count 

on MRS agar. After the fermentation process, all samples were stored at -20°C and dried with a 

freeze-dryer (Lio 5P, Milano, Italy). 

The responses measured were the antioxidant activity (expressed as µmol TEAC/g dw extract) of 

each sample measured by the ORAC assay (Section Oxygen radical absorbance capacity (ORAC)) and 

the total polyphenolic compounds (TPC, expressed as mgGAE/g dw of extract) by HPLC-DAD (Section 

Total phenolic content by HPLC-DAD). 

The results expressed as the concentration of Trolox equivalent antioxidant activity at the end of 

incubation time (µmol TEAC/g dw extract) were elaborated using MODDE Pro v 13.00.1. 

A subsequent analysis was added to analyse the data with the prediction tool to obtain the best 

fermentation condition.  

 

Chemical analys is  

Reagent  

Ethanol, Methanol, gallic acid, 2ʹ,2ʹ-azobis (2-amidinopropane) dihydrochloride (AAPH), 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and phosphate buffer solution (PBS) were 
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purchased from Sigma–Aldrich (St. Quentin Fallavier, France). Disodium fluorescein (FL) was 

obtained from TCI Europe (Antwerp, Belgium). 

 

Extract preparation  

The extraction of all the samples was carried out in triplicate for one hour in an ultrasonic bath with 

1.5 mL of ethanol/water (50:50, v/v) in 100 mg of dry samples (Mazari and Portillo 2021). After the 

extraction, the supernatant was separated by centrifugation (10,000 rpm for 10 min at room 

temperature) and evaporated to dryness under vacuum. 

The dried extract was resuspended in 2 mL of methanol/water (50:50, v/v) and filtered first with a 

25mm PVDF Hydrophilic Syringe Filter 0.45 µm (Labfil, China) and then with 13 mm PTFE Syringe 

Filter 0.2 μm (Cytiva Whatman, USA). 

 

Oxygen radical absorbance capacity (ORAC)  

The antioxidant capacity of the extracts was evaluated through the ORAC assay. It allows to evaluate 

the ability of the antioxidant compounds to inhibit the oxidation of FL catalysed by peroxyl radicals 

generated from AAPH. 

This assay was carried out following the method described by Serra et al. (2011). The analysis was 

performed using 96-well microplates, in which 25 μL of extract and 150 μL of FL were placed and 

incubated for 10 min at 37 °C. Subsequently, 25 μL of AAPH was added and the microplate was 

shaken for 30 seconds.  

PBS was used as a blank and a calibration curve was obtained from 5, 10, 20, 30 and 40 μM Trolox 

solutions. The extracts were diluted 1:1000 and 1:1500 in PBS and each dilution was analyzed in 
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triplicate. The fluorescence emitted by the reduced form of FL was recorded for 40 min every 1 

minute at 37 °C with the FLx800 microplate fluorescent reader (Bio-Tek, USA). The emission and 

excitation wavelengths were 530 ± 25 nm and 485 ± 20 nm, respectively. 

All data were expressed as micromoles of Trolox Equivalent Antioxidant Capacity per gramme of dry 

weight of extract (µmol TEAC/g dw extract). 

 

Total phenolic content by HPLC -DAD  

The extracts were also quantified with HPLC-DAD for the total phenolic content (mg GAE/g extract). 

The LC system used was a Vanquish (Thermo Fischer, USA) equipped with an autosampler, a 

Photodiode Array detector and an electrochemical detector. Chromatographic separation was 

carried out on a Luna C18 100A column (250 × 4 mm, particle size 5 mm, Phenomenex®). The 

Photodiode array detector scanned between 190 and 680 nm, the detection was monitored using 

280, 320 and 360 nm channels and the auto sampler’s temperature was set at 12 °C. The mobile 

phase consisted of eluent B with acetonitrile–water-formic acid (90%:9.5%:0.5%) and eluent A with 

water-formic acid (99.5%:0.5%) at a flow rate of 0.60 mL/min and injection volume of 10 µL. The 

system was run with the following gradient program: 0–15 min from 94.4 to 80% A; 15–32 min from 

80 to 60% A; 45-55 min at 0% A; 55-65 min from 0 to 94.4% A.  

The data acquisition system was Chromeleon version 7.0 (Waltham, MA, USA). 

 

Statistical analysis  

All conditions were performed with two biological replicates and for chemical analysis each sample 

was extracted and analysed in triplicate. Quantitative data are reported as mean ± standard 

deviation (SD). The T-test was performed to compare all samples with the unfermented sample 
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(control). Statistical analysis was carried out using the IBM SPSS Statistics 23.0 software package 

(IBM, Chicago, IL, USA). The level of statistical significance was set at p < 0.05. 
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Results and Discussion  

Evaluation of microbial growth in Cladodes  

An experimental design with 19 different conditions was set up to study the fermentability and 

chemical changes of the cladodes. A temperature range of 25°C to 37°C, an incubation time range 

of 24 h to 72 h, and different inoculum of lactic acid bacteria were applied, some in monoculture 

and some in co-culture. All experiments were performed with biological replicates (Table 1).  

The fermentation of prickly pear has been evaluated by other authors who have investigated either 

the use of different microorganisms such as yeasts or the use of different lactic acid bacteria but 

isolated from plant matrices (Navarrete-Bolaños et al. 2013; Filannino et al. 2016). M. Carpena et al. 

(2023), reported that this technique can be an efficient method for the recovery of high-value 

molecules or for the production of new products from waste or different parts of Opuntia plants. 

In this study, it observed that the cladodes are a matrix that favours the growth of the lactic acid 

bacteria isolated from different niches. In fact, starting from an inoculum of 6 log CFU/g, growth is 

observed in many samples at the end of fermentation (Figure 1). Samples inoculated with Lr 2310, 

Lb 4867, Lh 5519 and Lpl 4932, both mono and coculture, showed a higher microbial load after 

incubation regardless of process conditions. Conversely, there are strains that are not able to grow 

in this substrate in specific condition. This is the case of Ld 1865 and St 4734, which did not show an 

increase in microbial load when inoculated in monoculture, even within their optimal temperature 

range. However, the samples inoculated with their coculture exhibited a high microbial load.  
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Figure 1. Growth ability of all conditions used to ferment prickly pear cladodes. 

The results were reported as mean value ± standard deviation and were evaluated on two biological replicates. 

 

The ability of L. brevis and L. plantarum to grow in plant matrices and also in cladodes has been 

reported (Filannino et al. 2016), while it is the first time that other strains and cocultures have been 

used. It has been observed that some strains grow better in coculture than when inoculated 

individually. This ability could be due to the synergistic action of the metabolic pathways of the 

strains involved, which leads for example to greater degradation of the substrates (Hadj Saadoun et 

al. 2021).
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Table 1. Results of growth, pH, antioxidant activity (ORAC) and total phenolic compounds (HPLC-DAD) of all conditions.  

Mean and standard deviation were evaluated on two biological replicates for antioxidant activity (ORAC) and HPLC – DAD analysis each sample was extracted and analysed in 

triplicate. 

Incubation 
Strains Samples Abb. 

LAB growth 
pH 

ORAC  HPLC - DAD  

Time Temp. (∆ Log CFU/g) 
(µmol TEAC/g 

extract) 
(mgGAE/g 

extract) 

  C Unfermented 0.00 ± 0.00 4.52 ± 0.01 571.50 ± 121.07 15.19 ± 0.42 

24h 25°C 

Lactobacillus delbruecki 1865 9 & 32 Ld 1865 4.09 ± 0.06 4.63 ± 0.04 560.10 ± 73.48 12.49 ± 1.43 

Streptococcus thermophilus 4734 11 & 34 St 4734 4.99 ± 0.00 4.66 ± 0.02 766.50 ± 99.87 14.35 ± 1.27 

Leuconostoc mesenteroides 6089 12 & 35 Lm 6089 7.78 ± 0.31 4.45 ± 0.01 858.32 ± 74.72 13.90 ± 1.08 

Levilactobacillus brevis 4867 16 & 39 Lb 4867 8.27 ± 0.16 4.49 ± 0.07 779.22 ± 96.17 17.60 ± 1.47 

Lacticaseibacillus rhamnosus 2310 + Lactobacillus helveticus 5519 20 & 43 Lr 2310 + Lh 5519 8.26 ± 0.20 4.37 ± 0.03 726.82 ± 60.00 13.38 ± 0.55 

24h 37°C 

Levilactobacillus brevis 4867 + Lactobacillus delbruecki 1865 3 & 26 Lb 4867 + Ld 1865 8.02 ± 0.20 4.55 ± 0.06 684.85 ± 61.86 10.99 ± 0.72 

Lacticaseibacillus rhamnosus 2310 6 & 29 Lr 2310 9.18 ± 0.79 4.21 ± 0.03 770.16 ± 130.45 14.79 ± 0.78 

Streptococcus thermophilus 4734 13 & 36 St 4734 4.99 ± 0.00 4.65 ± 0.02 645.08 ± 93.38 12.11 ± 0.71 

72h 25°C 

Levilactobacillus brevis 4867 + Lactobacillus delbruecki 1865 2 & 25 Lb 4867 + Ld 1865 8.56 ± 0.05 3.95 ± 0.03 635.34 ± 83.92 11.44 ± 0.18 

Lactiplantibacillus plantarum 4932 8 & 31 Lp 4932 8.22 ± 0.08 3.76 ± 0.01 734.67 ± 83.12 12.28 ± 2.20 

Lactobacillus helveticus 5519 18 & 41 Lh 5519 7.66 ± 0.78 4.00 ± 0.08 577.47 ± 39.01 16.74 ± 1.52 

72h 37°C 

Leuconostoc mesenteroides 6089 + Lactobacillus delbruecki 1865 5 & 28 
Lm 6089 + Ld 

1865 
4.99 ± 0.00 3.96 ± 0.03 639.33 ± 34.51 13.82 ± 0.54 

Lactobacillus delbruecki 1865 7 & 30 Ld 1865 4.99 ± 0.00 4.53 ± 0.01 585.92 ± 41.43 10.79 ± 0.99 

Levilactobacillus brevis 4867 10 & 33 Lb 4867 7.14 ± 0.07 3.98 ± 0.04 638.36 ± 67.92 15.21 ± 1.20 

Lactiplantibacillus plantarum 4932 + Streptococcus thermophilus 
4734 

15 & 38 Lp 4932 + St 4734 7.62 ± 0.06 3.45 ± 0.00 804.05 ± 103.58 16.72 ± 1.85 

Lactobacillus helveticus 5519 17 & 40 Lh 5519 8.74 ± 0.39 3.71 ± 0.23 616.46 ± 52.66 17.33 ± 1.52 

Lacticaseibacillus rhamnosus 2310 19 & 42 Lr 2310 7.82 ± 0.15 3.95 ± 0.05 689.14 ± 67.55 16.77 ± 1.17 

48h 31°C Lactiplantibacillus plantarum 4932 + Lactobacillus helveticus 5519 
22 & 45 

Lp 4932 +Lh 5519 
8.43 ± 0.03 4.58 ± 0.04 788.65 ± 81.70 14.33 ± 1.65 

23 & 46 8.39 ± 0.02 4.55 ± 0.13 798.78 ± 66.25 13.33 ± 0.74 



The pH parameter shows a different trend as it is depicted in Figure 2. In general, in cases where the 

strains have not been able to grow, the values do not decrease. The values only decrease during 

certain fermentations and depend on the conditions under which the strains were able to grow. The 

fermentation with Lpl 4932 in monoculture, which showed an increase of 2 Log CFU/g, resulted in a 

lower pH compared to the unfermented sample. Conversely, the same strains, when in coculture 

with Lh 5519, showed a growth ability but no decrease of pH was observed. The different pH 

variations could be related to the metabolites produced during fermentation under different 

conditions, which could modulate the pH of the substrates differently. 

 

 

Figure 2. pH trend for all conditions used to ferment prickly pear cladodes. Results were reported as mean ± standard 

deviation of two biological replicates and measured in triplicate. The stars indicate the conditions with a significant 

difference (P<0.05) compared to the unfermented sample, highlighted with a T-test. 

 



100 
 

Maximizing Antioxidant Activity and Polyphenol Content through predictive model  

Fermentation has a significant impact on the antioxidant capacity of products, increasing the release 

of flavonoids from plant foods, inducing the synthesis of various bioactive compounds or increasing 

total phenolic compounds (Hur et al. 2014). In this study antioxidant activity was evaluated using 

DoE to understand which factors of fermentation process could improve the release of bioactive 

compounds. The antioxidant activity was evaluated by the ORAC assay. Figure 3 shows the mean 

values of the biological replicates for each DoE condition and the first bar, in yellow, shows the value 

of the starting matrix (unfermented).  

 

 

Figure 3. The antioxidant activity was measured for all conditions obtained after fermentation of prickly pear cladodes. 

Results were reported as mean ± standard deviation of two biological replicates each extracted and analysed in 

triplicate. The stars indicate the conditions with a significant difference (P<0.05) compared to the unfermented sample, 

highlighted with a T-test. 
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An increase in antioxidant activity was detected in different samples in which bacterial grow. In 

detail, samples that showed significantly different values compared to the unfermented control, 

were Lm, Lb and Lr + Lh incubated at 25° C for 24 h and Lpl + Lh incubated at 31° C for 48 h, Lpl 

incubated at 25°C for 72h and Lpl + St incubated at 37°C for 72h.  

On the other hand, only replicates inoculated with St, incubated at 25°C for 24 h show a high 

antioxidant activity among the samples without growth. The increase in antioxidant activity may be 

due to the enzymatic activity of the microorganisms, such as β-galactosidase activity, which degrades 

the high molecular weight phenolic compounds and releases the free phenolics from the bound 

sugars (Lee et al. 2008). This activity can also be provided by enzymes released into the matrix as 

cells lyse, as in the case of St, where a decrease of almost 2 Log CFU/g from the initial inoculum was 

observed (Liu et al. 2021). 

Data of the antioxidant activity were collected, and the data analysis was performed using MODDE 

to verify which factors affected the response (Figure 4). The coefficient plot (Figure 4) was analysed 

to understand how different factors influenced the response. The model parameters showed a good 

fit (R2=0.91), indicating strong significance (John et al. 2020).  

 

 

Figure 4. Factors significantly affecting antioxidant activity in fermented cladodes of prickly pear 
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The prediction accuracy (Q2) was 0.79, indicating good predictive ability (Consonni et al. 2010).  

Factors are considered significant if their error bars do not cross zero, corresponding to a p-value of 

less than 0.05. Differently from incubation temperature, the quantitative factor incubation time 

influenced the antioxidant activity. Indeed, the shorter fermentation process of cladodes, the 

greater the antioxidant activity. Considering the strains inoculated in the sample, it was observed 

that only three inoculum condition affect the response: Lm, Lpl + St and Lpl + Lh. Conversely when 

Lpl grow in monoculture did not affect the concentration of antioxidant activity. These data are in 

agreement with the study of Hashemi et al. (2020) who observed a greater increase during the 

fermentation of bergamot juice when L. plantarum was inoculated in coculture.   

To evaluate the total polyphenol content of each fermented cladodes the analysis with HPLC-DAD 

was performed. In Figure 5 are depicted the results respect to the unfermented sample in which was 

detected a concentration of 15 mg GAE/g extract.  

A significant increase in concentration was observed in samples fermented with Lb for 24 h at 25°C, 

while in several conditions the total phenolic content significantly decrease. Fermentation can lead 

to a reduction in polyphenol content, primarily due to oxidation and condensation reactions that 

transform polyphenols into different compounds.  
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Figure 5. Total phenolic compounds were measured for all conditions obtained after fermentation of prickly pear 

cladodes. Results were reported as mean ± standard deviation of two biological replicates each extracted and analysed 

in triplicate. The stars indicate the conditions with a significant difference (P<0.05) compared to the unfermented 

sample, highlighted with a T-test. 

 

This decrease arises from various processes, including the rearrangement of phenolic structures, the 

cleavage of phenolic compounds, the binding of phenolics with other molecules, and a decrease in 

their extractability (Adebo et al. 2018). 

As for the antioxidant activity, HPLC-DAD data were analysed also with Modde software to obtain 

information about factors that influence the total phenol content during fermentation (Figure 6). 

Also, in this case the model has significant statistical parameters (R2=0.89 and Q2=0.77) and it is 

possible to perform the analysis of coefficient.  

Temperature in this case seems to influence the response; when the cladodes were fermented at 

low temperature a higher concentration of phenolic compounds were reached.  



104 
 

 

Figure 6. Factors significantly affecting the total phenolic content in fermented cladodes of prickly pear. 

 

The coculture with Lpl and St confirm a positive correlation as for the antioxidant activity. Further, 

also Lr, Lb and Lh grown in monoculture have a positive effect on the total phenolic content. As 

reported by Pontonio et al. (2019) fermentation of plant materials leads to an increase in total 

phenolic compounds mainly due to microbial hydrolysis reactions and biochemical changes in the 

products. 

All data were analysed to find out other conditions, beyond the observed one, that can give a greater 

response in terms of polyphenol content and antioxidant activity. Using the prediction function of 

MODDE software, it allows to make predictions based on the factors that were considered more 

relevant. In our case we have chosen all the factors that have a significant effect depicted in the 

coefficient plot of antioxidant activity (incubation time, Lpl + St) and total phenol content (incubation 

temperature, Lpl + St, Lh, Lr and Lb). Table 2 reported the four predicted conditions that can boost 

both the response with the lower and upper level 95% confidence intervals calculated. Among the 

conditions indicated by the software as the most efficient, there is the coculture condition, in line 

with what was previously reported.  However, in contrast to previous observations, the software 

suggests other process conditions that can enhance antioxidant activity and polyphenol content.  
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Table 2. Data from the MODDE Pro v 13.00.1 software prediction tool and experimental validation of the condition. For 

the different fermentation conditions, the minimum, average and maximum concentration values were reported  

 Prediction Validation 

Strains 
Antioxidant  

(µmol TEAC/g extract)  
min - med - max 

Total phenol content 
 (mg GAE/g extract)  

min - med - max     

Antioxidant activity 
(µmol TEAC/g extract) 

Total phenol content  
(mg GAE/g extract) 

Lpl 4932 + St 4374 781 - 834 - 887 16.20 - 17.74 - 19.28 1041.42 ± 154.88 16.82 ± 0.66 

Lh 5519 588 - 627 - 667 16.54 - 17.54 - 18.54 910.02 ± 173.96 15.56 ± 0.94 

Lb 4867 673 - 708 - 744 15.91 - 16.91 - 17.92 979.36 ± 167.77 16.29 ± 1.39 

Lr 2310 694 - 729 - 764 15.56 - 16.80 - 18.04 1031.37 ± 169.18 16.90 ± 0.57 

 

For example, incubating at 25°C for 48 hours may lead to a higher response. These conditions were 

tested to validate them and to ensure a good predictive model. As shown in Table 2, all the 

conditions tested had a positive effect on total polyphenol content and antioxidant activity in line 

what was previously predict by the software. 
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Conclusion  

This study highlights the potential of lactic acid fermentation to valorize prickly pear cladodes by 

enhancing their antioxidant activity and polyphenolic content. Through an experimental design 

approach, key factors such as incubation time, temperature, and microbial strains were identified as 

critical determinants influencing fermentation outcomes. 

The results demonstrate that certain strains and co-cultures, particularly involving Lactiplantibacillus 

plantarum and Streptococcus thermophilus, are highly effective in maximizing antioxidant activity 

and phenolic content. Additionally, predictive modeling using MODDE software validated 

fermentation conditions that optimize these responses, underscoring the utility of fermentation as 

a sustainable method for bioactive recovery from agricultural by-products. 

These findings suggest that fermentation not only improves the nutritional and functional properties 

of prickly pear cladodes but also offers a viable pathway for developing innovative food ingredients 

and reducing agricultural waste. 
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Abstract  

Opuntia ficus indica (OFI) cladodes have garnered significant attention due to their rich content of 

bioactive compounds, which hold promise for diverse applications across various fields. Despite this 

potential, limited research has examined the effects of cladodes fermentation. Notably, lactic acid 

fermentation is known to enhance aromatic profiles and modify bioactive compounds, offering a 

transformative approach to improving sensory and functional properties. 

This study delves into the lacto-fermentation of OFI cladodes using various strains and conditions to 

assess its impact on antimicrobial activity and volatile compound profiles. Both fermented and 

unfermented OFI extracts demonstrated a relevant antimicrobial activity, particularly against Bacillus 

coagulans, as well as partial inhibition of Rhodotorula mucilaginosa, Zygosaccharomyces bailii, and 

Leuconostoc mesenteroides. Intriguingly, fermentation induced significant changes in the volatile 

composition, with certain compounds such as ethanol, 2-hexen-1-ol, 2-furanmethanol, p-mentha-

1,8-dien-7-ol, 2-octenal, acetoin, and acetic acid ethenyl ester detected exclusively in the fermented 

matrices. 

This study underscores the potential of lactic acid fermentation as a strategy to refine the aromatic 

profile of OFI cladodes while preserving their antimicrobial properties. By generating a unique 

mixture of volatile compounds, fermentation paves the way for the application of OFI extracts as 

natural additives in industries such as food, feed, or perfumery. These findings lay the groundwork 

for utilizing fermented OFI cladodes as multifunctional ingredients of natural origin. 
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Introduction  

Opuntia ficus indica (OFI), a member of the Cactaceae family, originates from Mexico, where it is 

valued for its culinary and medicinal uses. The plant is also widely distributed in Africa, India, 

Australia and some countries of the Mediterranean area since it grows preferably in arid or semi-

arid environments as most tropical and sub-tropical plants (Pimienta-Barrios 1994; Stintzing and 

Carle 2005; Maiuolo et al. 2024). Its capability to grow in hostile environments is due to the 

photosynthetic mechanism of the cladodes, known as Crassulacean acid metabolism (CAM), which 

is an adjustment of the photosynthesis to a low presence of water or CO2 (Cushman and Bohnert 

1999). 

The entire plant is composed of flowers, fruits also called prickly pear, cladodes, roots and leaves, 

visible only on the tender cladodes (Martins et al. 2023). Each part find applications in several fields, 

as cosmetic, nutraceutic, pharmaceutic, food industry, and also as alternative fuels, fount of nectar 

for bees, preserve fauna and control of soil erosion (Nharingo and Moyo 2016; Ventura-Aguilar et 

al. 2017; Alves et al. 2008; Inglese et al. 2017; Stintzing et al. 2005b; Martins et al. 2023). One of the 

fields of most interest regards human health. To name some of the applications of the single 

constituents of the plant, flowers have an anti-hemorrhoid effect, fruits are administered as 

antiulcerative and antidiarrheal agents, while syrup obtained from cladodes is effective in the 

whooping cough treatment (El-Hawary et al. 2021). Recently, cladodes obtained attention because 

of the presence of bioactive compounds, which could be easily extracted and find applications in 

different fields. Cladodes are, in fact, rich in malic acid, pectin, mucilage, vitamins, minerals, and 

carotenoids. One of the main component that make them interesting is polyphenolic fraction, whose 

content change based on the plant stage (Valentini et al. 2018; Rocchetti et al. 2018; De Santiago et 

al. 2018; Maiuolo et al. 2024).  

Polyphenolic compounds present in vegetal foods are widely investigated for their capability to 
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inhibit the growth of microorganisms such as foodborne pathogens; it was demonstrated in several 

studies that vegetal extracts negatively affect the growth of different pathogenic bacteria, as 

Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa (Brambilla et al. 2017; Nostro et 

al. 2016), Lysteria monocytogenes, Bacillus cereus and Pseudomonas spp. (Ricci et al. 2021a).  

Specifically, methanolic cladode extracts have demonstrated to cause membrane damage and 

reduction of ATP levels in Vibrio colerae (Sánchez et al. 2010) and to be toxic for Salmonella 

typhimurium, Enterobacter aerogenes, and Enterococcus faecalis. On the other hand, aqueous 

extracts have shown to interfere with the development of Klebsiella pneumoniae and Pseudomonas 

aeruginosa (Nawas 2018; Barba et al. 2022). Both of methanolic and aqueous extracts can inhibit 

the growth of Staphylococcus aureus and Escherichia coli (Nawas 2018; Blando et al. 2019; Barba et 

al. 2022). 

Even if the fermentation of Opuntia spp. residues have been gaining attention in the last years, only 

few studies have explored the impact of lactic acid fermentation on cladodes (Carpena et al. 2023; 

Filannino et al. 2016; Barba et al. 2022). Lactic fermentation has an impact on the volatile 

components, which can be leveraged to obtain ingredients of interest in the food industry. Indeed, 

the fermentation can enhance aromatic notes or diminish undesirable off-flavours in different 

products. The modifications of the aromatic profile are the result of the bacterial metabolism, which 

can generate various catabolites depending on the available nutritional compounds. These 

catabolites include both aromatic compounds and aroma precursors, each contributing distinct 

sensory characteristics (Hadj Saadoun et al. 2021). 

Considering the potential of the fermentation process and the lack of studies on Opuntia, this work 

wants to investigate the lacto-fermentation of Opuntia cladodes exploiting different LAB species, in 

mono and co-colture. In particular, the effect of bacterial metabolism on the antimicrobial activity 

and the volatile profile was evaluated. This work open up the perspective to use cladodes as a 
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starting substrate to produce fermented biomasses with distinctive blend of volatiles that could be 

used as ingredients in food formulations, as well as antimicrobial extracts that could serve as 

preservatives to inhibit the growth of spoilage microorganisms. 

  



117 
 

Materials and Methods  

Sample collection and fermentation  

Opuntia f icus indica  preparation  

OFI cladodes were collected on a farm located in Apulia (Italy) in April 2023. 

Before fermentation, they were chopped using a commercial blender (Kenwood, China), sterilized at 

121°C for 20 minutes in glass jars (45 g) and stored at -20 °C until their use. 

 

Cladodes fermentation  

Five lactic acid bacteria (LAB), Leuconostoc mesenteroides 6089, Levilactobacillus brevis 4867, 

Lactobacillus delbruecki 1865, Lacticaseibacillus rhamnosus 2310 and Lactobacillus helveticus 5519, 

belonging to the University of Parma Culture Collection (UPCC), were used as starters in the OFI 

cladodes fermentation. Bacterial strains were used as mono and co-cultures to steer the 

fermentation process. All the strains were maintained at −80 °C in Man Rogosa and Sharpe (MRS) 

broth (Oxoid, UK) and added with 12.5% glycerol (v/v). Before their use, LAB were revitalized three 

times with 3% (v/v) inoculum in the MRS broth and incubated at their optimal temperature for 24 

h, 30°C for L. brevis 4867, L. mesenteroides 6089, 37°C for L. rhamnosus 2310, L. helveticus 5519 and 

42°C for L. delbrueckii 1865.  

Before fermentation the strains were cultivated in MRS broth overnight to reach the microbial load 

of ca. 9 Log CFU/mL. Cell cultures were then centrifuged (10 minutes, 10.000 rpm, 4 °C) (Centrifuge 

5810R, Eppendorf SRL), washed in Ringer’s solution three times and eventually resuspended in 

water. The matrix was inoculated with an initial microbial load of 6 Log CFU/g with single cultures (L. 

delbruecki, L. mesenteroides and L. brevis) or with co-culture obtained by mixing the strains in equal 
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concentration (L. rhamnosus and L. helveticus). All samples were incubated for 24 h at 25°C as well 

as the control unfermented samples (sterilised but not inoculated). LAB load was checked after 

inoculation (T0) and at the end of fermentation (T24) by microbial plate count on MRS agar. The pH 

(Beckman, CA, USA) was measured for each sample before and after fermentation. The 

fermentations were carried out in duplicate and the results reported as the mean values of the data 

± standard deviation. 

 

Antimicrobial activity  

Samples preparation and extract ion  

After the fermentation process, all the samples were stored at -20°C and freeze-dried (Lio 5P, Milano, 

Italy). The samples extraction was carried out using the accelerated solvent extractor (ASE) system 

(Thermo Fisher, Italy). 0.2 g of sample powder was mixed with diatomaceous earth and placed in 5 

mL stainless steel reaction cells containing a filter at the bottom. Ethanol/water 50/50 v/v was used 

as solvent and the extraction was conducted at 65°C for 5 minutes. Extracts were put in a 

concentrator (Eppendorf, Italy) until solvent evaporation and re-suspended in water to a 

concentration of 300 mg/mL. 

 

Microbial strains tested  

In order to test the antimicrobial activity of the extracts obtained from fermented cladodes, four 

strains were chosen for their capability to induce food spoilage:  Rodotorula mucilaginosa DSM 

70403, Zygosaccharomyces bailii ATCC 8766, Bacillus coagulans LMG 17451 and Leuconostoc 

mesenteroides UPCC 4258. R. mucilaginosa DSM 70403, Z. bailii ATCC 8766 were kept at -80 °C in 
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Sabouraud broth (Oxoid, Milano), B. coagulans in Tryptic Soy Broth (Oxoid, Milano) and L. 

mesenteroides in Man Rogosa Sharp broth (WVR Chemicals) added with 12.5% glycerol (v/v). Each 

strain was cultured twice in the above mentioned media at their optimal temperature growth, 25° C 

for yeast and 37° C for bacteria, before the analyses. 

 

Agar wel l  dif fusion assay  

The antimicrobial activity was primarily carried out employing the agar well diffusion assay. The 

strains tested were diluted until they reached the concentration of 8 Log CFU/mL. A sterile cotton 

swab was dipped into the obtained suspension, and it was spread on Tryptic Soy Agar (TSA), 

Sabouraud agar and MRS agar (respectively for B. coagulans, R. mucilaginosa, Z. bailii and L. 

mesenteroides). Wells with a diameter of 7 mm were created in the agar and filled with 30 μL of 

extract (300 mg/mL). The antimicrobial activity was evaluated for extracts obtained from fermented 

and unfermented matrix subjected to sterilization process. Plates were incubated at 25 °C for yeast 

and 37 °C for bacteria in aerobic conditions and the antimicrobial activity was evaluated by 

measuring the total inhibition zone diameter (mm) observable after 24 and 48 h of incubation. 

Analyses were performed in triplicate and average values ± standard deviations were reported. 

 

Evaluation of the  antimicrobial effect of extracts on microbial growth  

The antimicrobial activity of the extracts was also studied by using the Tecan microplate reader 

(Infinite® 200Pro, Tecan Group Ltd.). The analysis was carried out in 96-well microplates (VWR). In 

each well, 100 μL of medium broth (Sabouraud broth for yeast strains, TSB for B. coagulans and MRS 

broth for L. mesenteroides), and 5 μL of each fermented extract at the concentration of 300 mg/mL 

were added to reach the concentration of 15 mg/mL. Each strain was then inoculated (5 µL) to reach 
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a concentration of 2 Log CFU/mL. The instrument was set to take a spectrophotometric 

measurement (Abs 600 nm) every 10 minutes for 48 hours. 

 

HS-SPME/GC-MS technique applied for VOCs determination  

Volatile organic compounds (VOCs) profile was obtained by the application of head space solid phase 

micro-extraction (HS-SPME) coupled with GC-MS technique, following the indications given by Ricci 

et al. (2018a). In particular, 2 g of sample were extracted and analysed applying the same conditions 

reported by Ricci et al. (2018a), in terms of sampling time and temperature, SPME fiber type, GC 

separation, and MS detection. All the detected compounds were identified on the basis of their 

registered mass spectra compared with those listed in the instrument library (NIST14). At the same 

time, VOCs concentration was calculated on the basis of a reference compound (Toluene) added in 

proper quantity to each sample prior to the analysis, that was repeated twice. 

 

Statistical analysis  

All conditions were performed with two biological replicates. For antimicrobial activity and for VOCs 

determination each sample was analysed in duplicate. Quantitative data are reported as mean ± 

standard deviation (SD).  

Using the IBM SPSS Statistics 29 software, the data obtained from the antimicrobial activity were 

subjected to the T-test, and stars were used to indicate the conditions with a significant difference 

(p<0.05) compared to the unfermented sample. 

VOCs data obtained were subjected to one-way Analysis of Variance, through R version 4.2.2, with 

mean separation conducted using Tukey’s test (p ≤ 0.05). Significant differences were evaluated for 

the same compound among the different samples obtained from the fermented and unfermented 
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matrices. 

The obtained data were statistically elaborated by means of SIMCA 17 (Sartorius, Gottingen, 

Germany) used to perform principal component analysis (PCA), and MetaboAnalyst 6.0 that was 

used to build heat map. 
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Results and discussions  

Cladodes fermentation  

OFI cladodes were fermented with different strains: L. mesenteroides 6089, L. brevis 4867, L. 

delbruecki 1865 and, for a co-culture approach, with L. rhamnosus 2310 and L. helveticus 5519. All 

the samples were incubated at 25°C for 24 hours. After 24 h of fermentation, all the strains and co-

culture grown in the matrix (ca. 2 ∆ Log CFU/g) except for L. delbruecki as reported in Table 1. To the 

best of our knowledge, only one study available in literature reported a growth for L. brevis and the 

absence of growth for L. mesenteroides, in line with our results (Filannino et al. 2016). On the other 

hand, no known studies have previously used L. delbruecki for fermentations of OFI cladodes.  

 

Table 1. Growth ability of all strains used for the fermentation of OFI cladodes, all the samples were incubated at 25°C 

for 24 h. For each sample was mensurated the pH at the end of the fermentation process, the results were reported as 

mean ± standard deviation of two biological replicates  

Strains Sample T0 (Log CFU/g) T24 (Log CFU/g) 
LAB growth (∆ 

Log CFU/g) 
Initial pH T0 Final pH T24 

L. delbruecki L.d. 4.30 ± 0.00 4.09 ± 0.06 -0.21 ± 0.06 4.58 ± 0.01 4.63 ± 0.04 

L. mesenteroides L.m. 5.78 ± 0.01 7.78 ± 0.31 2.00 ± 0.33 4.54 ± 0.02 4.45 ± 0.01 

L. brevis L.b. 6.00 ± 0.03 8.27 ± 0.16 2.26 ± 0.12 4.57 ± 0.04 4.49 ± 0.07 

L. rhamnosus + L. helveticus L.r. L.h. 5.98 ± 0.01 8.26 ± 0.20 2.27 ± 0.21 4.57 ± 0.00 4.37 ± 0.03 

 

Nowadays, lactic acid fermentation applied on vegetal matrices is gaining particular relevance and 

species and strains selection represent an essential aspect to valorize these substrates better 

(Filannino, et al. 2018). The essential condition for the selection is the microbial growth in an 

environment characterised by low pH and high polyphenols content, as a vegetal matrix could be. 

Cladodes pH, in particular, is not excessively low (mean value 4.60 ± 0.03), reason for which all the 
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strains succeeded in growing, except for L. delbruecki, even if pH modifications were not observed 

(Table 1). 

 

Antimicrobial activity evaluation  

Traditional food preservation strategies have long been employed to control microbial spoilage, 

contamination and spoilage by microorganisms remain still challenges that are not fully resolved. 

Plants, with their diverse array of constituents, are valuable sources of novel, potentially biologically 

active molecules with antimicrobial properties (Negi 2012). 

In this study, those microorganisms that can cause spoilage in food products were considered. In 

particular, the attention was focused on those food products where the addition of the cladode-

based antimicrobial extract would be feasible. Products such as fruit and vegetable juices can be 

spoiled by lactic acid bacteria and yeasts, while in canned vegetables, Bacillaceae are among the 

main spoilage agents. These are the reasons why in this work the antimicrobial activity was 

evaluated against L. mesenteroides, Z. bailii, R. mucilaginosa and B. coagulans. All the extracts have 

shown antimicrobial activity against B. coagulans (Figure 1) in a preliminary evaluation through agar 

well diffusion assay. Nevertheless, the antimicrobial activity observed was comparable to the activity 

detected for unfermented samples. Instead, no activity was observed against L. mesenteroides, R. 

mucilaginosa and Z. bailii.  

Among spoilage microrganisms, lactic acid bacteria, such as Lactobacillus and Leuconostoc, may be 

regarded as spoilage agents in various foodstuffs such as juice and vegetable affecting the texture 

and colour (Aneja et al. 2014). Moreover, the production of diacetyl and acetoin metabolites affects 

the flavour of fruit juices.  

Similar to bacteria, yeast can also cause food spoilage and Z. bailli is a yeast that can spoil acid food 
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with an high sugar content with a particular resistant to common preservatives (Snyder 2024; Aneja 

et al. 2014; Bento de Carvalho et al. 2024). As Z. bailli, R. mucilaginosa is also capable of surviving in 

juices leading to alterations in quality and volatile organic compound profiles (Fikri et al. 2024; Fikri 

et al., 2023). 

 

 

Figure 1. Antimicrobial activity of fermented and not fermented cladodes OFI extracts after 24 and 48 h against B. 

coagulans. Orange bar: unfermented extract, grey bar: extract obtain after L. delbruecki 1865 fermentation, yellow bar: 

extract obtain after L. mesenteroides 6089 fermentation, light blue bar: extract obtain after L. brevis 4867 

fermentation, green bar: extract obtain after co-culture (L. rhamnosus 2310 and L. helveticus 5519) 

fermentation.  Inhibition zone is reported in mm as mean values ± standard deviation of two biological replicates. 

 

Some Bacillaceae, as B. coagulans, are responsible for the spoilage of canned food (André et al. 

2017), where fermentation is undesired. B. coagulans is capable of growth at low pH (approximately 

4) and exhibits resistance to heat treatment through sporulation (Palop et al. 1999; André et al. 

2017). These species does not produce gas but causes an increase in lactic acid, which, in addition 

to acidifying the product, can also result in sensory changes (André et al. 2017).  
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The antimicrobial activity of OFI cladodes has been the topic of several studies (Blando et al. 2019a; 

Lamia et al. 2022; Nam et al. 2023; Welegerima et al. 2018) but no one has previously investigated 

the effect on the spoilage microbial target considered in our study. 

In the study conducted by Lamia et al. (2022), the OFI cladode extracts were examined for their 

antimicrobial activity against a range of bacterial species, including Escherichia coli, Staphylococcus 

aureus, Enterococcus faecalis, Bacillus subtilis and Pseudomonas aeruginosa. The findings indicated 

that the extracts exhibited a broad inhibitory effect against Gram-positive bacteria and a slightly 

reduced efficacy against Gram-negative bacterial strains (Lamia et al. 2022). It is frequently observed 

that the antimicrobial activity of plant extracts is carried out by phenolic compounds, which are 

involved in membrane damage, protein and cell wall binding and enzyme inactivation. Furthermore, 

these compounds can act as pro-oxidants, leading to damage of DNA, lipids and other biological 

molecules (Blando et al. 2019a). The OFI cladodes extracts contained a range of phenolic substances, 

including tannins, glycosides, alkaloids, flavonoids, saponins, steroids, alkaloids and amino acids 

(Welegerima et al. 2018). In the study conducted by Blando et al. (2019a), the antimicrobial activity 

of OFI cladodes is linked in particular to isorhamnetin. However, other compounds, such as saponins, 

seems to inhibit the growth of microorganisms (Nam et al. 2023). 

For the strains that have not shown inhibition through the agar well diffusion assay (L. 

mesenteroides, R. mucilaginosa and Z. bailii) the extract's activity was also evaluated in a liquid 

medium. Differently to agar well diffusion assay, in this test an initial lower artificial contamination 

(2 Log CFU/ml) was taken into account.  

As reported in Figure 2, L. mesenteroides, R. mucilaginosa and Z. bailii showed a different growth 

curve in presence or absence of the extracts. 

An extended Lag phase was observed for L. mesenteroides in the presence of all the extracts 

(fermented and unfermented). In the case of the extract obtained after fermenting the matrix with 
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L. mesenteroides (Figure 2, yellow line), the growth after the Log Phase was basically absent. The 

same results were observed for the extract obtained after fermenting the matrix with L. brevis 

(Figure 2, light blue line). Taken together, the results suggest that the antimicrobial activity observed 

may be partially attributed to bioactive compounds present in Opuntia ficus-indica cladodes, 

including phenolic compounds and other secondary metabolites such as flavonoids and saponins. 

Several studies have shown that lactic fermentation of plant matrices can enhance the concentration 

and/or bioavailability of such compounds (Hur et al. 2014; Filannino et al. 2018). During 

fermentation, hydrolytic enzymes produced by LAB may release bound phenolics from the plant cell 

wall matrix or convert them into more active forms, increasing their antimicrobial potential. 

 In particular, the strong inhibition of L. mesenteroides growth observed in the presence of the 

extracts fermented with L. mesenteroides and L. brevis might be related to the production of specific 

phenolic acids, indeed, different authors have reported that the fermentation process leads to the 

production of 2-hydroxyisocaproic acid and ferulic acid, both of which possess antimicrobial 

properties as well as, 3-phenylactic acid, 4-hydroxyphenylactic acid, and 2-hydroxyisocaproic acid 

(Vougiouklaki et al. 2022; Sakko 2012; Axel et al. 2016). 

While some inhibition was also seen with unfermented extracts, the enhanced or distinct activity in 

specific fermented samples suggests a role of fermentation in modulating the antimicrobial profile. 

Although a direct chemical correlation between individual phenolic compounds and antimicrobial 

activity was not established in this study, the concomitant presence of inhibitory effects and the 

known antimicrobial potential of phenolic-enriched extracts support this hypothesis. 

Eventually, R. mucilaginosa and Z. bailii showed growth inhibition when the extracts were added 

without appreciable differences between extracts obtained after fermentation or from the 

unfermented matrix. In detail, the Lag Phase in the presence of the extracts was not extended but 

the growth rate of Log Phase was reduced.  
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Figure 2. Evaluation of the antimicrobial effect of extracts on microbial growth. Graph A shows the growth of L. 

mesenteroides, B of R. mucilaginosa and C of Z. bailii in the presence or absence of the extracts. The unfermented 

extract was reported in the first line (in orange), L. delbruecki 1865 in the grey line, L. mesenteroides 6089 in the yellow 

line, L. brevis 4867 in the light blue line, in the green line with a co-culture used L. rhamnosus 2310 and L. hehelveticus 

5519, and in the blue line the positive control. Results were reported as mean of two biological replicates. 

 

Therefore, the antimicrobial activity against yeasts could be attributable to the composition of the 

matrix, probably due to the presence of phenolic compounds, rather than to lactic fermentation. 
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Volatile prof i le of fermented cladodes  

The volatile organic compounds (VOCs) profile was characterised by applying headspace solid phase 

micro-extraction (HS-SPME) coupled with the GC-MS technique. A total of 38 compounds for each 

sample, belonging to the classes of aldehydes, alcohols, ketones, acids, ester, terpenic and phenolic 

compounds, were quantified and reported in Table 2. 

Alcohols and aldehydes are the predominant VOCs observed. Within these classes, great differences 

in concentrations between the fermented and control samples are evident. After fermentation, an 

increase in alcohols is observed with heterofermentative LAB (for L. mesenteroides 72.62 ± 6.16 

µg/mL, for L. brevis 77.98 ± 12.40 µg/mL compared to unfermented sample 64.23 ± 8.78) while a 

reduction is evident in the samples fermented with L. delbruecki (51.14 ± 14.35 µg/mL) and the co-

culture L. rhamnosus and L. helveticus (45.22 ± 15.94 µg/mL). 

The alcohol 2-hexenol, already present in the raw matrix at a concentration of 53.24 ± 6.16 µg/mL, 

is characterised by fresh green notes. This compound was already reported in previous paper after 

lactic acid fermentation of plant substrates (Ricci et al., 2018). Heterofementative fermentation with 

L. mesenteroides and L. brevis, lead to a concentration of 61.28 ± 5.03 and 62.40 ± 10.79 µg/mL, 

respectively. Conversely, in samples inoculated with L. delbruecki or L. rhamnosus and L. helveticus 

co-culture, the concentration of 2-hexenol showed a decrease (41.21 ± 12.41 and 35.51 ± 12.48 

µg/mL, respectively.  



Table 2. Concentrations (μg/mL) of volatile compounds identified in OFI cladodes (not fermented) and OFI cladodes fermented obtained after L. delbruecki 1865 fermentation, 

after L. mesenteroides 6089 fermentation, after L. brevis 4867 fermentation and after co-culture with L. rhamnosus 2310 and L. helveticus 5519 fermentation.  

For each compound, a specific variable number (VOC), used in statistical and graphical analyses, was assigned.   

Values are reported as mean ± standard deviation of two biological replicates.  n.d., not detected in the adopted conditions. 

Molecules Flavour note VOC Not fermented L.  mesenteroides  L. brevis  L. delbruecki  
L. rhamnosus + L. 

helveticus 
Reference 

Alcohol        
  

   
  

   
  

   
  

   
  

 

Ethanol 
strong, 

alcoholic 
VOC1 n.d. 

  

n.d. 

  

3.86 ± 0.10 

  

n.d. 

  

n.d. 

  

(Ricci (b) et al. 
2018) 

1-Pentanol fermented  VOC7 0.32 ± 0.05 

c 

0.80 ± 0.07 

a 

0.62 ± 0.13 

b 

n.d. 

  

0.57 ± 0.08 

b 
(Ricci (a) et al. 
2018) 

2-Hexen-1-ol 
fruity, green, 

leafy 
VOC11 n.d. 

  

0.47 ± 0.07 

a 

0.48 ± 0.22 

a 

n.d. 

  

n.d. 

  
(Ricci (b) et al. 
2018) 

1-Hexanol herbal VOC13 4.61 ± 1.81 

a 

5.84 ± 1.00 

a 

6.01 ± 1.27 

a 

3.37 ± 1.56 

a 

3.81 ± 2.37 

a 

(Cirlini et al. 2012) 

2-Hexenol 
fresh green 

note 
VOC16 53.24 ± 6.16 

ab 

61.28 ± 5.03 

a 

62.40 ± 10.79 

a 

41.21 ± 12.41 

b 

35.51 ± 12.48 

b 
(Ricci (a) et al. 
2018) 

1-Octanol 
fresh green 

note 
VOC24 1.23 ± 0.04 

a 

1.02 ± 0.14 

b 

0.84 ± 0.11 

b 

0.37 ± 0.07 

c 

0.88 ± 0.16 

b 
(Ricci (a) et al. 
2018) 

2-Octen-1-ol 
citrus, green, 

plastic, soap 
VOC25 0.78 ± 0.00 

a 

0.61 ± 0.02 

b 

0.42 ± 0.02 

c 

0.70 ± 0.13 

ab 

0.81 ± 0.01 

a 

(Jung et al. 2023) 

2-

Furanmethanol 

alcoholic, 

chemical, 

caramellic, 

bready 

VOC29 n.d. 

  

0.93 ± 0.13 

a 

0.81 ± 0.20 

ab 

0.61 ± 0.08 

b 

0.31 ± 0.03 

c 

(Ricci (b) et al. 
2018) 

Benzyl alcohol floral VOC35 0.39 ± 0.02 

b 

0.38 ± 0.03 

bc 

0.75 ± 0.08 

a 

0.31 ± 0.01 

cd 

0.24 ± 0.02 

d 

(Yao et al. 2021) 

3-Hexen-1-ol green, leafy VOC14 1.63 ± 1.81 

ab 

1.29 ± 0.01 

ab 

1.80 ± 0.31 

ab 

2.66 ± 0.74 

a 

0.85 ± 0.16 

b 
(Ricci (b) et al. 
2018) 

1-Octen-3-ol earthy VOC20 2.02 ± 1.10 

a 

n.d. 

  

n.d. 

  

1.91 ± 0.23 

a 

2.25 ± 0.76 

a 
(Ricci (b) et al. 
2018) 

Total     64.23 ± 8.78 

abc 

72.6161 ± 6.16 

ab 

77.9788 ± 12.40 

a 

51.1399 ± 14.354 

bc 

45.22 ± 15.94 

c 
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Aldehyde 
    

   
  

   
  

   
  

   
  

   
  

 

Pentanal - VOC3 2.54 ± 0.30 

b 

1.27 ± 0.05 

c 

2.16 ± 0.16 

bc 

1.56 ± 0.01 

c 

8.49 ± 1.04 

a 

- 

Hexanal 
fresh green 

note 
VOC4 1.38 ± 0.44 

a 

0.08 ± 0.01 

b 

0.09 ± 0.01 

b 

0.12 ± 0.00 

b 

0.06 ± 0.01 

b 
(Ricci (a) et al. 
2018) 

2-Hexenal 
fresh green 

note 
VOC5 3.91 ± 0.26 

a 

1.25 ± 0.01 

b 

1.20 ± 0.11 

b 

3.61 ± 1.08 

a 

2.78 ± 1.17 

a 
(Ricci (a) et al. 
2018) 

Octanal lemon, citrus VOC6 0.50 ± 0.07 

a 

0.27 ± 0.06 

b 

0.21 ± 0.03 

b 

0.26 ± 0.01 

b 

0.16 ± 0.23 

b 
(Ramírez-Rodrigues 
et al. 2011) 

2-Heptenal fatty, fruity VOC10 3.36 ± 0.51 

a 

2.23 ± 0.23 

b 

1.84 ± 0.13 

b 

3.22 ± 0.55 

a 

3.16 ± 0.71 

a 

(X. Feng et al. 2020) 

Nonanal fatty, rose VOC15 3.06 ± 1.02 

a 

0.81 ± 0.37 

b 

0.17 ± 0.24 

b 

n.d. 

  

0.86 ± 0.02 

b 

(Yao et al. 2021) 

2-Octenal green VOC17 n.d. 

  

1.62 ± 0.08 

a 

n.d. 

  

0.82 ± 0.02 

b 

n.d. 

  

(Cirlini et al. 2012) 

Furfural bready VOC21 10.80 ± 3.61 

a 

n.d. 

  

n.d. 

  

7.72 ± 2.05 

ab 

4.15 ± 0.94 

b 

(Cirlini et al. 2012) 

Benzaldehyde bitter almond VOC23 2.33 ± 0.03 

a 

1.56 ± 0.18 

b 

1.03 ± 0.29 

cd 

1.39 ± 0.05 

bc 

0.86 ± 0.31 

d 
(Hadj Saadoun et 
al. 2021) 

2-Decenal waxy VOC27 1.48 ± 0.20 

a 

0.67 ± 0.08 

c 

0.50 ± 0.14 

c 

0.96 ± 0.15 

b 

0.95 ± 0.03 

b 

(Cirlini et al. 2012) 

2-Undecenal plasticky VOC32 0.73 ± 0.17 

a 

0.64 ± 0.23 

ab 

0.42 ± 0.13 

b 

0.61 ± 0.01 

ab 

0.44 ± 0.02 

b 

(Osawa et al. 2013) 

Total     30.09 ± 2.76 

a 

10.42 ± 0.71 

c 

7.61 ± 0.76 

c 

20.29 ± 1.76 

b 

21.93 ± 0.06 

b 

 

Ketone        
  

   
  

   
  

   
  

   
  

 

1-Octen-3-one 
metallic 

mushroom 
VOC8 1.11 ± 0.05 

a 

0.80 ± 0.16 

c 

0.45 ± 0.02 

d 

0.99 ± 0.03 

ab 

0.90 ± 0.11 

bc 

(Lubran et al. 2005) 

Acetoin 

sweet, 

buttery, 

creamy, dairy 

VOC9 n.d. 

  

n.d. 

  

n.d. 

  

n.d. 

  

2.36 ± 1.29 

  

(Rajendran et al. 
2023) 

6-Methyl-5-

heptene-2-one 
fruity VOC12 0.82 ± 0.29 

a 

0.60 ± 0.19 

ab 

0.36 ± 0.15 

b 

0.66 ± 0.11 

ab 

0.90 ± 0.07 

a 

(Zhou et al. 2022) 
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Acetophenone 
sweet, 

pungent 
VOC28 1.16 ± 0.08 

b 

0.77 ± 0.09 

c 

0.30 ± 0.02 

e 

1.47 ± 0.04 

a 

0.55 ± 0.15 

d 

(Yao et al. 2021) 

Benzyl methyl 

ketone 
- VOC31 0.91 ± 0.16 

a 

0.82 ± 0.00 

ab 

0.72 ± 0.07 

b 

0.79 ± 0.06 

ab 

0.53 ± 0.01 

c 

- 

Total     3.99 ± 0.26 

b 

2.99 ± 0.43 

b 

1.82 ± 0.21 

c 

3.91 ± 0.23 

b 

5.24 ± 1.12 

a 

 

Acid 
    

   
  

   
  

   
  

   
  

   
  

 

Acetic acid 

sharp, 

pungent, 

vinegar 

VOC19 1.27 ± 1.79 

c 

113.91 ± 0.83 

a 

34.79 ± 2.93 

b 

1.58 ± 0.62 

c 

1.13 ± 0.89 

c 

(Ricci (b) et al. 
2018) 

Butanoic acid rancid, sweat VOC26 0.31 ± 0.24 

b 

0.58 ± 0.11 

a 

0.18 ± 0.01 

b 

0.15 ± 0.04 

b 

0.26 ± 0.08 

b 

(T. Li et al. 2023) 

Hexanoic acid sour, fatty VOC34 1.67 ± 0.01 

b 

0.92 ± 0.05 

c 

3.35 ± 0.30 

a 

0.95 ± 0.04 

c 

0.59 ± 0.06 

d 

(Yao et al. 2021) 

2-Hexenoic 

acid 

fruity, sweet, 

warm, herba 
VOC36 2.59 ± 0.34 

a 

2.28 ± 0.43 

a 

1.56 ± 0.24 

b 

0.93 ± 0.10 

c 

0.61 ± 0.04 

c 
(Ricci (b) et al. 
2018) 

Nonanoic acid 

(Pelargic acid) 
waxy, cheese VOC38 0.58 ± 0.11 

ab 

0.99 ± 0.59 

a 

0.58 ± 0.05 

ab 

0.49 ± 0.03 

ab 

0.34 ± 0.01 

b 

(Yao et al. 2021) 

Total     6.42 ± 1.99 

c 

118.68 ± 0.25 

a 

40.47 ± 3.53 

b 

4.10 ± 0.49 

c 

2.93 ± 1.06 

c 

 

Ester        
  

   
  

   
  

   
  

   
  

 

Acetic acid 

ethenyl ester 

(Ethenyl 

acetate) sweet, fruity 

VOC2 n.d. 

  

n.d. 

  

n.d. 

  

n.d. 

  

5.01 ± 0.81 

a 

(Luttrell 2013) 

Methyl 

salicylate 

(Betula oil) 

wintergreen 

mint  
VOC33 2.90 ± 0.77 

b 

1.23 ± 0.24 

c 

18.21 ± 0.54 

a 

2.97 ± 0.25 

b 

1.44 ± 0.26 

c 

(Ricci (b) et al. 
2018) 

Total     2.90 ± 0.77 

c 

1.23 ± 0.24 

d 

18.21 ± 0.54 

a 

2.97 ± 0.25 

c 

6.45 ± 0.55 

b 

 

Terpene 

derivative 
       

  
   

  
   

  
   

  
   

  
 

Linalool oxide  earthy, floral VOC18 2.30 ± 0.29 

ab 

1.33 ± 0.44 

c 

2.40 ± 0.46 

a 

1.65 ± 0.10 

bc 

1.52 ± 0.10 

bc 

(Yao et al. 2021) 
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L-α-Terpineol 
aged lemon 

and citrus 
VOC30 0.75 ± 0.21 

b 

0.63 ± 0.02 

bc 

1.03 ± 0.12 

a 

0.48 ± 0.03 

c 

0.51 ± 0.10 

c 
(Chigo-Hernandez 
et al. 2022) 

p-Mentha-1,8-

dien-7-ol 
- VOC37 n.d. 

  

0.37 ± 0.04 

b 

0.65 ± 0.11 

a 

0.42 ± 0.05 

b 

0.25 ± 0.05 

c 

- 

Total     3.05 ± 0.64 

b 

2.33 ± 0.64 

b 

4.08 ± 0.66 

a 

2.55 ± 0.30 

b 

2.28 ± 0.08 

b 

 

Phenolic 
    

   
  

   
  

   
  

   
  

   
  

 

2-Methoxy-4-

vinylphenol 
woody, green VOC39 2.91 ± 1.02 

a 

1.90 ± 0.01 

ab 

2.60 ± 0.44 

a 

2.28 ± 0.69 

ab 

1.19 ± 0.19 

b 

(Yao et al. 2021) 

 

 

 



After the fermentation process, there was a notable reduction in the total aldehyde concentration, 

from 30.09 ± 2.76 µg/mL in the control sample to a minimum of 7.61 ± 0.76 µg/mL in the fermented 

L. brevis sample. The initial matrix exhibited 10.80 ± 3.61 µg/mL of furfural, indicative of bready-

toasted notes (Cirlini et al. 2012), which was reduced in all fermented samples. Especially after the 

fermentation with L. mesenteroides and L. brevis, the furfural concentration observed was below 

the limit of detection. 

The total ketones were recorded at 3.99 ± 0.26 µg/mL in the control sample and have been reduced 

by using L. mesenteroides and L. brevis, at 2.99 ± 0.43 and 1.82 ± 0.21 µg/mL, respectively. There 

was no change in the sample treated with L. delbruecki, while an increase was observed in the 

sample fermented with the co-culture, reaching 5.24 ± 1.12 µg/mL total ketones. Among the ketone 

compounds, only the sample fermented with the co-culture exhibited the presence of acetoin (2.36 

± 1.29 µg/mL). This compound imparts a creamy or buttery note, and its origin can be attributed to 

the conversion of citrate, through the activity of citrate permease and citrate lyase of LAB, or through 

the conversion of diacetyl by diacetyl acetoin reductase (Rajendran et al. 2023). 

The total acids in the control sample are 6.42 ± 1.99 µg/mL. A notable increase was observed in the 

sample containing L. mesenteroides (118.68 ± 0.25 µg/mL). However, a decrease is evident in the 

samples containing homofermenting strains. Considering acetic acid, this compound reached the 

concentration of 113.91 ± 0.83 and 34.79 ± 2.93 μg/mL with L. mesenteroides and L. brevis, 

respectively. This acid was produced during fermentation through the consumption of sugars or citric 

acid (Liu et al. 2023; Ricci et al. 2018a). 

The total esters in the control sample are 2.90 ± 0.77 µg/mL, which subsequently decrease to 1.23 

± 0.24 µg/mL following fermentation with L. mesenteroides. Indeed, in the other samples, increases 

were observed, reaching 18.21 ± 0.54 µg/mL, 2.97 ± 0.25 µg/mL, and 6.45 ± 0.55 µg/mL in the 

samples fermented with L. brevis, L. delbruecki, and the co-culture L. rhamnosus and L. helveticus, 
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respectively. 

In particular, an important increase in methyl salicylate was observed in the sample fermented with 

L. brevis, reaching a concentration of 18.21 ± 0.54 μg/mL compared to the control sample (2.90 ± 

0.77 μg/mL). 

In the last two classes, terpene compounds and phenols, the only few detected were found: linalool 

oxide, L-α-Terpineol, p-Mentha-1,8-dien-7-ol, and 2-methoxy-4-vinylphenol, respectively. These are 

compounds that have previously been identified by Ammar et al. (2012) in OFI flowers at different 

stages of flowering and also in cladodes (Wright and Setzer 2014). During fermentation, they 

remained unchanged or exhibited slight reductions. A previous study on OFI demonstrated that 

linalool oxide and 2-methoxy-4-vinylphenol are VOCs that protect the plant from pests and have a 

role in the communication (Rodríguez-Leyva et al. 2024). Finally, p-Mentha-1,8-dien-7-ol was 

exclusively present in samples undergoing fermentation, with its highest concentration (0.65 ± 0.11 

µg/mL) observed after fermentation with L. brevis. This result is consistent with previous studies 

reporting the appearance or increased levels of this compound only after fermentation with LAB 

strains in various matrices (Hadj Saadoun et al. 2021; Liu et al. 2023). 

In order to elucidate the distinctions between the samples, a principal component analysis (PCA) 

was conducted using VOCs concentrations as variables (Figure 3). PC1 explains 37.5% of the total 

variance, while PC2 accounts for a further 22.2%. Collectively, the two components account for 

approximately 59.7% of the total variance. 

It can be observed that the VOCs are divided into three distinct groups, designated as A, B and C 

groups. In the upper right-hand quadrant (A), the compounds that characterise the control 

(unfermented) can be observed. In the lower right-hand quadrant (B), the samples obtained from 

fermentation with the homofermentatative L. delbruecki and the co-culture L. rhamnosus and L. 

helveticus (the former heterofermentative and the latter homofermentative) are shown. Finally, C 
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contains the VOCs characterising the samples fermented with heterofermentative strains (L. 

mesenteroides and L. brevis). This distinction between the samples highlights that the VOCs indicate 

the different bacterial metabolisms that define the distinct aroma profiles observed in the post-

fermented product.  

 

 

Figure 3. Bi-plot of PC1 vs. PC2, obtained using the concentrations of the volatile compounds found in the fermented 

and unfermented cladode samples. 

 

The VOCs that characterise the control sample (group A) are predominantly aldehydes (hexanal, 2-

hexenal, octanal, 2-heptenal, nonanal, furfural, benzaldehyde, 2-decenal, 2-undecenal) and ketones 

(1-octen-3-one, acetophenone, benzyl methyl ketone). These compounds tended to decrease 

following fermentation.  

In the group C, containing samples with heterofermentative LAB (L. mesenteroides and L. brevis), an 

increase in the concentration of specific alcohols (2-hexen-1-ol, 1-hexanol, 2-hexenol, 2-

furanmethanol) and some acids (acetic acid, butanoic acid, hexanoic acid, 2-hexenoic acid, nonanoic 

acid), was observed. 

Samples containing L. delbruecki and the co-culture L. rhamnosus and L. helveticus (group B) 

exhibited a reduced number of VOCs, with the presence of 3 alcohol (2-octen-1-ol, 3-hexen-1-ol, 1-
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octen-3-ol), an aldehyde (pentanal) and a ketone (6-methyl-5-heptene-2-one). 

A heat map based on the concentration of VOCs was generated to further elucidate the similarities 

or the differences between the samples (Figure 4).  

 

 

Figure 4. Heat-map visualization of the volatile profiles of the OFI cladodes fermented with L. delbruecki 1865 (fuxia 

bar), L. mesenteroides 6089 (purple bar), L.brevis 4867 (orange bar), co-culture L. rhamnosus 2310 and L. helveticus 

5519 (dark green bar) and the control unfermented samples (green bar). The color scale represents the scaled 

abundance of each variable with red indicating high abundance and blue indicating low abundance. Samples are 

reported with the strains abbreviation LD, LM, LB, LR_LH and C for the non-fermented control sample, and the letters a, 

b or c refer to the biological replicates. The aromatic compounds indicated here with VOC from 1 to 39, correspond to 

the compounds reported in the Table2. 
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It can be observed that the control sample exhibits a high degree of similarity to the sample in which 

L. delbruecki was inoculated and that no growth was observed after 24 hours. 

The VOCs profile of fermented co-culture constituted by L. rhamnosus and L. helveticus was similar 

to the previous group however some differences can be underline. Indeed, the presence of 

homofermentative strains, which produce almost exclusively lactic acid during fermentation, 

resulted in an increase in acetoin and acetic acid ethenyl ester. 

A distinct cluster is formed by fermentations with L. mesenteroides and L. brevis, both of which are 

heterofermentative. In these samples, higher concentrations of p-mentha-1,8-dien-7-ol, 2-

furanmethanol, and 2-octenal were recorded, while benzaldehyde and 2-heptenal were reduced. 

Additionally, an increase in methyl salicylate and hexanal was observed in the fermented sample 

with L. brevis. 

Although the use of co-cultures has demonstrated an increase in the production of bioactive 

compounds for beneficial effects, volatile flavour compounds, and sensory scores in various matrices 

(Hadj Saadoun et al. 2021; Chen 2024), studies on the development of co-cultures in OFI cladodes 

remain limited, until this study. 

To the best of the authors' knowledge, this study is the first that investigates the effect of lactic acid 

fermentation on OFI cladodes. Previous research has primarily focused on the aromatic profile of 

fermented Opuntia species, employing yeasts such as Kluyveromyces marxianus, Pichia fermentans, 

and Saccharomyces cerevisiae, as well as bacteria like Oenococcus oeni (Medeiros et al. 2000; 

Rodríguez-Lerma et al. 2011; Navarrete-Bolaños et al. 2013). For instance, Medeiros et al. (2000) 

studied the fermentation of OFI with K. marxianus, aiming to produce aromatic compounds from 

this substrate. The fermentation resulted in the production of fruity aroma compounds, including 

alcohols, esters, and aldehydes, with ethanol and acetaldehyde identified as the dominant volatiles. 

Other researchers have focused on fermenting OFI fruit juice rather than cladodes, using alcoholic 
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and lactic acid fermentation methods (Wang et al. 2024; Navarrete-Bolaños et al. 2013; Rodríguez-

Lerma et al. 2011). Alcoholic fermentation followed by malolactic fermentation has been shown to 

produce a variety of aromatic compounds, resulting in fruity notes (Rodríguez-Lerma et al. 2011; 

Navarrete-Bolaños et al. 2013). In contrast, lactic acid fermentation, carried out by 

Lactiplanctibacillus plantarum, Lacticaseibacillus paracasei, and Limosilactobacillus fermentum, led 

to the production of acid compounds such as nonanoic acid and butanoic acid (Wang et al. 2024). 

The present study also detected these compounds in both control and fermented samples. 

Moreover, fermentation with L. plantarum up-regulated certain esters associated with fruity and 

floral flavours, enhancing the sensory properties of the substrate by modifying its flavour profile 

(Wang et al. 2024). 
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Conclusion  

This study shows how lactic fermentation can be a valid strategy for the valorisation of Opuntia 

cladodes. Through this innovative approach, it is possible to obtain biomasses and extracts 

characterised by a specific blend of volatile compounds that preserve the antimicrobial properties 

already present in the starting material, which can be used as multifunctional ingredients with 

prospects for use in various sectors, from food to cosmetics and animal feed. 
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Abstract  

The food industry's growing need for sustainable sanitization solutions has increased interest 

in nature-based antimicrobials. Thanks to innovative approaches for the valorisation of agri-

food waste and by-products, we can now rely on antimicrobial molecules obtained via such 

sustainable processes. This study explores the potential of natural antimicrobials (NA) sourced 

from tomato production waste for use in cooling water during the canning process. 

Additionally, it compares the activity to a common antimicrobial molecule, sodium 

hypochlorite (NaClO), and investigates the interaction between the latter and the NA, focusing 

on their combined ability to target key microbial contaminants in tomato processing 

environments. 

To evaluate their antimicrobial effects, isolates representing Enterobacteriaceae, Bacillaceae, 

and Lactobacillaceae were isolated from a tomato processing plant and exposed to NA and 

NaClO individually and in combination. The impact of these treatments on microbial cells was 

measured using qPCR coupled with PMA dye to assess membrane damage, while plates 

counts were used to confirm bactericidal activity. Experiments included spiked water samples 

simulating real-world conditions with a mixed population of 9 environmental isolates. 

The findings demonstrate that NA and NaClO, when applied together, deliver a broad-

spectrum bactericidal effect even at lower concentrations and reduced exposure times. This 

approach not only enhances microbial inactivation but also reduces reliance on traditional 

chemical sanitizers. By addressing the interactions between microbial communities and 

antimicrobial agents in realistic scenarios, this study highlights the promise of combining 

natural and conventional antimicrobials for safer and more sustainable food processing 

practices.  



154 
 

Introduction  

Canned fruits and vegetables are made from different raw fruit and vegetables that are 

processed and packed into airtight cans, then subjected to thermal treatment to ensure long-

term preservation. This process typically involves two main stages: a heating cycle followed 

by a cooling cycle. During the heating phase, condensing steam is commonly used. In the 

cooling phase, the process is completed either by spraying water, immersing the cans in water, 

or using a combination of both methods. By this way, canned foods reach the sterility level 

required to assure food safety maintaining the quality (Mohamed 2007). Canned tomatoes 

are the most popular canned vegetable all over the world being widely used as food 

ingredients. In 2022, their global market amounted to 2.86 million tonnes of finished products 

and generated sales of EUR 3.57 billion (“Tomato News”). Although these products, due to 

acidity, do not pose a safety problem, they can still be substrates for the growth of spoilage 

microorganisms. Their microbiological stability is determined by three different factors, i.e.: 

the effectiveness of the heat treatment applied, the hermeticity of the container, and the 

storage temperature (Squitieri et al. 2023). During thermal treatment, conducted at 

temperatures below 100°C, heat-resistant microorganisms, like spore-forming species 

Clostridium butyricum, Clostridium pasteurianum, Bacillus coagulans or Alyciclobacillus 

acidocaldarius may survive and grow in the product. On the other hand, lactic acid bacteria 

and enterobacteria, the main spoilage agents in the asporogenic group, along with yeasts and 

molds, are inactivated by heat. However, it is possible to find these microorganisms in the 

finished product, and when this occurs, it indicates post-processing contamination that took 

place during the cooling phase. In fact, defects in the container manufacturing can lead to 

contamination of the product due to contact with the cooling water, which often harbors 
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these microorganisms (Squitieri et al. 2023).  Maintaining the quality of the process water is 

therefore very important as it could be a source of cross-contamination. For this reason, 

process water, including cooling water, undergoes sanitisation treatments to reduce the 

microbial load and keep the water free of contamination (Gil et al. 2009). Chlorine is one of 

the most widely used sanitizers used in food industry, especially added to water in the form 

of sodium or calcium hypochlorite. 

Its activity against bacteria, molds and yeast is related to the release of hypochlorous acid and 

hypochlorite ions which exert antimicrobial activity by destroying cell proteins (Chinchkar et 

al. 2022). The effectiveness of chlorine relies on its concentration and is affected by different 

factors, such as contact time, pH and temperature. Although chlorine has many advantages, 

including broad antimicrobial activity, ease of use and low cost, it is toxic and corrosive in high 

concentrations. For this reason, alternative nature-based substances are being explored to 

maintain hygiene in food processing plants, according to the Sustainable Development Goal 6 

of UN 2030 Agenda, “Clean water and sanitation” (Chakraborty and Dutta 2022). 

To the best of our knowledge, no studies are considering the use of antimicrobials derived 

from agrifood waste as sanitizers in water. Therefore, this study aims to assess the efficacy of 

natural antimicrobials derived from tomato production waste for potential use in cooling 

water during the canning process. Additionally, the study evaluates the synergistic effects of 

the NA and chlorinated products on the inactivation efficacy of microbial targets relevant to 

the tomato industry. 
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Material and methods  

Antimicrobials  

Two antimicrobials, sodium hypochlorite (Carini Chem Srl, Italy) and fermented tomato extract 

(NA), were used against microbial targets isolated from the tomato industry. The NA was 

obtained after the lactic acid fermentation of tomato by-products (mainly peels and seeds) 

obtained after the industrial process of tomato canning as reported by Ricci et al. (2019; 2021).  

  

Isolation and identif icat ion of strains  

 During two tomato harvest campaigns in 2022 and 2023, extensive sampling was carried out 

in a tomato processing company at various stages of the process to monitor the presence of 

microbial spoilage targets of interest. 

In details, microorganisms were isolated from tomato washing water, non-compliant sauce 

tomato cans and industrial plant where cans were cooled, at 30° C, using different agar 

mediums by culturing on the following media:  

Tryptic Soy Agar (TSA) (Merck, Germany), Nutrient agar (Scharlau, Spain), Reinforced 

Clostridial Medium Agar (RCM), containing the following: Yeast extract 3g, Beef extract 10g, 

Peptone 10g, Glucose 5g, Soluble starch 1g, Sodium chloride 5g, Sodium acetate 3g, Cysteine 

hydrochloride 0.5g, Agar 15g, pH 6.8 adjusted with 10 N NaOH, 0001 Agar (containing the 

following: ‘Lab-Lemco’ beef extract 1g, Yeast extract 2g, Peptone 5g, Sodium chloride 5g, Agar 

15g, pH 7.4). 

Colonies grown on the agar plates, were isolated through four purification steps on the same 

media and purity was assessed by BX51 optical microscope (Olympus, Waltham, MA) 
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observation. Purified strains were grown in Man Rogosa and Sharpe (MRS) broth (Oxoid, UK) 

for Lactobacillaceae, Tryptic Soy Broth (TSB, Merck, Germany) for Enterobacteriaceae strains 

and Nutrient broth for Bacillaceae strains and the broth cultures were stored in cryovials with 

20% (v/v) glycerol solution at -80°C. 

Bacterial genomic DNA was extracted following the PureFood Pathogen Kit protocol, using the 

automated extractor Maxwell® Rapid Sample Concentrator (Promega Corporation, Madison, 

WI, USA). The DNA extraction was checked on agarose gel with Tris-acetate-EDTA 1× running 

buffer (1%, w/v). 

Subsequently, 16S rRNA gene was amplified and sequenced. The primers used were 46Fw 5ʹ-

GCYTAACACATGCAAGTCGA-3’ and 536Rv 5ʹ-GTATTACCGCGGCTGCTGG-3’ (Marchesi et al. 

1998). Each PCR mixture contained 1 μL of each primer at concentration [10 μM], 10 μL of 2X 

GoTaq Master Mix (Promega, Madison, WI, USA), 7 μL of sterile Milli-Q water, and 1 μL of DNA 

(final volume, 20 μL). The PCR reaction conditions are as follows: initial denaturation at 98°C 

for 2 min, followed by 35 cycles of annealing beginning at 65°C and ending at 55°C for 15 s 

(−1°C/cycle), and a final extension at 68°C for 30 s. PCR products were checked on 1.5% w/v 

agarose gel in 1 × TAE buffer at 90 V/cm for 20 min and visualized on a GelDoc Go gel imaging 

system (BioRad, Milan, Italy). PCR products were sequenced by BMR genomics (Padova, Italy), 

and the sequences were compared with reference sequences using the Basic Local Alignment 

Search Tool (BLAST®, https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the 16S ribosomal RNA 

sequences database. 
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In vitro evaluation of antimicrobial act ivity  

Determination of minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC)  

The 29 isolated microorganisms, belonging to Enterobacteriaceae, Bacillaceae and 

Lactobacillaceae genera kept at -80°C were cultured twice in their growth media at optimal 

temperature. The antimicrobial activity of sodium hypochlorite and NA obtained from 

fermented tomato byproduct was evaluated against the 29 isolates as previously reported by 

Ricci et al. (2019). The Minimum bactericidal concentration was determined as follows. Briefly 

the 96-well microplates were filled with IsoSensitest medium (Liofilchem, Italy), for 

Lactobacillaceae strains, TSB for Enterobacteriaceae strains and Nutrient broth for Bacillaceae 

strains. Different concentrations of sodium hypochlorite (starting from 25 mg/mL to 0.02 

mg/mL) or NA (starting from 200 mg/mL to 0.20 mg/mL) were added. Finally, all the microbial 

cultures were diluted until 4 Log CFU/mL and inoculated in the microplates.  Plates were then 

incubated at the optimal growth temperature of each bacterial strain for 24 h. After the 

incubation the Minimum Inhibitory Concentration (MIC) was not detected due to the turbidity 

of high concentration of extracts. Instead to determine the Minimum Bactericidal 

Concentration (MBC)10 μL from each well were spotted on agar plates and incubated at the 

optimal temperature for 24 h.  

From the results obtained, 9 isolates (3 Lactobacillaceae, 3 Enterobacteriaceae and 3 

Bacillaceae) showing the highest MBC values were selected and the MIC and MBC values were 

determined by inoculating 2 Log CFU/mL of the microbial cultures, as previously described. 
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Evaluation of microbial growth inhibition in the presence of sub - inhibitory 

concentration of sodium hypochlorite and NA  

The growth capacity of the 9 microbial strains previously selected was evaluated in 96-wells 

microplates, using the Tecan microplate reader (Infinite® 200Pro, Tecan Group Ltd.) in the 

presence of the sub-inhibitory concentrations of sodium hypochlorite and NA. In each well, 

broth medium was added and each microbial culture was inoculated to reach a concentration 

of 2 Log CFU/mL. The effect of ½ MIC concentrations of sodium hypochlorite/NA was 

evaluated by measuring the optical density at the wavelength of 600 nm every 10 minutes for 

24 hours. The data obtained were normalised by subtracting the uninoculated medium's 

optical density from the inoculated samples measured optical density. All the experiments 

were carried out at least in triplicate and the data were reported as mean values. 

 

Evaluation of antimicrobial activity in water  

Design of experiment  and mock microbial community setup  

An experimental design was created to study how the antimicrobials affect microbial viability. 

Ten experiments, with biological replicates, were performed considering different factors: 

antimicrobial agents, different concentrations and the contact time (Table 1). 

To experimentally create a simplified microbial community, 9 strains which resulted to be 

more resistant to both antimicrobials, according to the experiment reported in paragraph 

2.3.1, were combined 3 at a time for each family.  

The following strains were selected: Enterobacter sp (7), Enterobacter sp (9), Enterobacter 

cloacae (14), Bacillus sp (20), Bacillus sp (21), Bacillus licheniformis (22), Levilactobacillus 
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brevis (23), Pediococcus pentosaceus (25), Pediococcus pentosaceus (28).  

 

Table 1. Summary of the experimental design created with different factors: two antimicrobial agents (NaClO 

and NA) with three different concentrations (mg/mL) and contact time (minutes) 

Exp 
Name 

NA 
(mg /mL) 

NaClO 
(mg /mL) 

Time 
(min) 

N1 0 0 10 

N2 100 0 10 

N3 0 0.002 10 

N4 100 0.002 10 

N5 0 0 60 

N6 100 0 60 

N7 0 0.002 60 

N8 100 0.002 60 

N9 – N10 50 0.001 35 

 

Each of the cultured species was mixed and used to inoculate bidistilled sterile water reaching 

a final concentration of about 4 Log CFU/mL in the water samples, followed by exposure at 

the conditions selected for experimental design. To evaluate the responses for all conditions, 

microbial growth was evaluated by plate counting in different agar media (IsoSensitest 

medium for Lactobacillaceae strains, TSB for Enterobacteriaceae strains and Nutrient broth 

for Bacillaceae strains), and the results were expressed as ΔLog CFU/mL. 

 

Microbial groups absolute quantif ication by Real Time qPCR  

The absolute quantification of isolates belonging to the families Bacillaceae, 

Enterobacteriaceae and Lactobacillaceae under the tested conditions was performed by Real 

Time quantitative PCR (qPCR), using specific primers reported in Table 2. Master mix for rplP 

primer pair contained: 10 µL of 2 × PowerUp SYBR Green Master Mix (ThermoFisher Scientific, 
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Milan, Italy), 0.75 μL of premixed forward and reverse primer at a concentration of 18 uM 

each, 2 μL of DNA and 4.75 μL of water to a final volume of 15 μL. The reaction was run using 

a QuantStudio® 3 instrument (Thermo Fisher Scientific, Waltham, Massachusetts, USA), and 

thermal cycle run as follows: a first hold stage of 2 min at 50 °C followed by 10 min at 95 °C, 

40 cycles of 15 s at 95 °C and 1 min at 60 °C, during which fluorescence acquisition took place, 

and a final melting curve stage from 60° to 95 °C with a temperature gradient of 0.1 °C/s. 

 

Table 2. Primers used for the Real Time quantitative PCR (qPCR) 

Primer (Probe) name Sequence (5' --> 3') Ref. 

La-Fw TGGAAACAGATGCTAATACCG 

(Bizhang et al. 2011) La-Rv CGTCCATTGTGGTAGATTCCCT 

La-T FAM-CTGAGACACGGCCCAWACTCCTACGG-BHQ1 

Baci_FW CACGTGTAGCGGTGAAATGC 

This work Baci_RV GTTTACGGCGTGGACTACCA 

Baci_pro CGCTGAGGCGCGAAAGCGTGGGGAGC 

rplP 1F ATG TTA CAA CCA AAG CGT ACA 

(Takahashi et al. 2017) 

rplP 185R TTA CCY TGA CGC TTA ACT GC 

 

For TaqMan assays, PCR reactions were prepared as follows: 10 μL of 2 x TaqMan™ Fast 

Advanced Master Mix (ThermoFisher Scientific, Milan, Italy), 0.75 μL of premixed forward and 

reverse primer at a concentration of 18 uM each and 5 uM of probe, 2 μL of DNA and 4.75 μL 

of water to a final volume of 15 μL. In this case, the following PCR thermal cycle was set up on 

the same instrument: a first hold stage at 95° C for 20 s, followed by 40 cycles of 1 s at 95°C 

and 20 s at 60° C, during which fluorescence acquisition took place.  

All the reactions were performed in duplicate, and no template controls (NTC) were included 

in each experiment.   



162 
 

For absolute quantification, standard curves were constructed using purified genomic DNA of 

Lactiplantibacillus plantarum UPCC 4188, Enterobacter cloacae UPCC 6247, Bacillus coagulans 

LMG 17456, calculating the corresponding copy number. The standard curves were 

constructed from serially 10-fold diluted reference strains DNA at known copy number, 

covering a dilution range of 6 orders of magnitude, then plotting the resulting threshold cycles 

(Cq), against the logarithm of the target copy number. The copy number of target genes of 

each primer pair was calculated in the 20 samples by comparing the Cq of the sample with 

that of the respective standard curve. 

 

PMA treatment for viable cell  assessment trough qPCR  

Following challenge tests, water samples were aliquoted, and one of the two aliquots was 

treated with propidium monoazide (PMAxx) dye (Biotium Inc., Hayward, California) prior to 

DNA extraction, with slight modifications to the manufacturer’s protocol. Briefly, 400 uL of the 

treated water sample were transferred to a clean Eppendorf tube, and 5 uL of 10 uM PMAxx 

dye were added onto the solution. The solution was incubated for 10 minutes at room 

temperature in the dark, followed by exposure to blue light for 15 minutes. Afterwards, the 

cells were pelleted by centrifugation at room temperature for 10 minutes at 5000 g, and DNA 

extraction was performed on PMAxx-treated samples as reported in paragraph “Isolation and 

identification of strains”. Each experimental condition was assayed in duplicate. 
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Results and discussion  

Identif ication of microorganisms isolated  

Twenty-nine microbial isolates deriving from washing water, non-compliant sauce tomato 

cans and cooling industrial plant, recovered on different agar media, were identified by 16S 

rRNA gene sequencing and resulted were reported in Table 3. 

 

Table 3. Microbial isolates deriving from washing water, non-compliant sauce tomato cans and cooling 

industrial plant, were identified by 16S rRNA gene sequencing. 

ID Isolation matrix Family Genus Species 

 

1 non-compliant pulps 

Enterobacteriaceae 

Enterobacter sp  

2 non-compliant pulps Enterobacter sp  

3 non-compliant pulps Enterobacter sp  

4 non-compliant pulps Enterobacter sp  

5 non-compliant pulps Enterobacter sp  

6 non-compliant pulp Enterobacter sp  

7 non-compliant pulps Enterobacter  sp  

8 cooling industrial plant Klebsiella  pneumoniae  

9 cooling industrial plant Enterobacter sp  

10 cooling industrial plant Enterobacter sp  

11 non-compliant pulps Klebsiella  sp  

12 non-compliant pulps Enterobacter  sp  

13 non-compliant pulps Enterobacter  cloacae  

14 non-compliant pulps Enterobacter  cloacae  

15 non-compliant pulps Enterobacter  cloacae  

16 non-compliant pulps Enterobacter  cloacae  

17 non-compliant pulps Phytobacter  ursingii  

18 non-compliant pulps Enterobacter sp  

19 non-compliant pulps Enterobacter  cloacae  

20 non-compliant pulps 
Bacillaceae 

Bacillus sp  

21 non-compliant pulps Bacillus sp  
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22 cooling industrial plant Bacillus  licheniformis  

23 washing water 

Lactobacillaceae 

Levilactobacillus brevis  

24 non-compliant pulps Limosilactobacillus fermentum  

25 non-compliant pulps Pediococcus pentosaceus  

26 non-compliant pulps Limosilactobacillus fermentum  

27 non-compliant pulps Limosilactobacillus fermentum  

28 non-compliant pulps Pediococcus pentosaceus  

29 non-compliant pulps Lacticaseibacillus paracasei  

 

Isolates belonged to different species of the family of Enterobacteriaceae (19 strains, 

numbered from 1 to 19), Lactobacillaceae (7 strains, numbered from 20 to 26) and Bacillaceae 

(3 strains, numbered from 27 to 29).  

Specifically, strains 8, 9, 10 and 22 were isolated from cooling industrial plant; strain 23 from 

washing water; while all the others from non-compliant pulps. These microorganisms are 

known as spoilage target in tomato industries and monitoring their presence is required at 

various stages of the process because if they are not deactivated by heat treatment or in the 

case of post-contamination, they can grow in the product, leading to non-compliance.  

 

Evaluation of antimicrobial activity of sodium hypochlorite and NA  

To explore sustainable and innovative treatments to inactivate spoilage target 

microorganisms, the antimicrobial activity of NA (Ricci et al. 2019) was evaluated, as well as 

the one exploited by sodium hypochlorite (Squitieri et al. 2023; Vannini and Siroli 2025; 

Pahalagedara et al. 2024). Different concentrations of both antimicrobials were tested against 

29 bacterial isolates to determine the MBC values. Sodium hypochlorite is the most common 

compound employed for water sanification in different fields, including food industry, to avoid 

the development of unwanted microorganisms that can be carried by water (Somani et al. 
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2011). NA is already known for its antimicrobial effect against foodborne pathogens (Ricci et 

al. 2019; 2021b).  

 

Table 4. Minimum bactericidal concentration (MBC) values using 4 Log (CFU/mL) as initial inoculum. 

ID Isolation matrix Family Genus Species 
NaClO 

(mg/mL) 
NA 

(mg/mL) 

 

1 non-compliant pulps 

Enterobacteriaceae 

Enterobacter sp 1.56 12.50  

2 non-compliant pulps Enterobacter sp 1.56 25.00  

3 non-compliant pulps Enterobacter sp 0.78 25.00  

4 non-compliant pulps Enterobacter sp 0.39 25.00  

5 non-compliant pulps Enterobacter sp 1.56 12.50  

6 non-compliant pulp Enterobacter sp 1.56 12.50  

7 non-compliant pulps Enterobacter  sp 1.56 50.00  

8 cooling industrial plant Klebsiella  pneumoniae 0.78 12.50  

9 cooling industrial plant Enterobacter sp 0.78 25.00  

10 cooling industrial plant Enterobacter sp 1.56 12.50  

11 non-compliant pulps Klebsiella  sp 1.56 12.50  

12 non-compliant pulps Enterobacter  sp 1.56 25.00  

13 non-compliant pulps Enterobacter  cloacae 1.56 12.50  

14 non-compliant pulps Enterobacter  cloacae 3.13 12.50  

15 non-compliant pulps Enterobacter  cloacae 0.78 25.00  

16 non-compliant pulps Enterobacter  cloacae 0.78 25.00  

17 non-compliant pulps Phytobacter  ursingii 0.78 25.00  

18 non-compliant pulps Enterobacter sp 1.56 12.50  

19 non-compliant pulps Enterobacter  cloacae 1.56 25.00  

20 non-compliant pulps 

Bacillaceae 

Bacillus sp 1.56 12.50  

21 non-compliant pulps Bacillus sp 0.78 12.50  

22 cooling industrial plant Bacillus  licheniformis 0.78 25.00  

23 washing water 

Lactobacillaceae 

Levilactobacillus brevis 1.56 100.00  

24 non-compliant pulps Limosilactobacillus fermentum 1.56 50.00  

25 non-compliant pulps Pediococcus pentosaceus 1.56 100.00  

26 non-compliant pulps Limosilactobacillus fermentum 1.56 25.00  

27 non-compliant pulps Limosilactobacillus fermentum 1.56 25.00  
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28 non-compliant pulps Pediococcus pentosaceus 3.13 100.00  

29 non-compliant pulps Lacticaseibacillus paracasei 0.78 50.00  

 

The major antimicrobial effect evaluated against the target microorganisms at 4 Log CFU/mL 

was obtained with sodium hypochlorite, whose efficacy was detected between 0.39 mg/mL 

and 3.12 mg/mL for Enterobacteriaceae, between 0.78 mg/mL and 1.56 mg/mL for 

Bacillaceae and between 0.78 mg/mL and 3.12 mg/mL for Lactobacillaceae (Table 4). Also, NA 

showed antimicrobial activity, even if at higher concentrations, ranged between 12.5 mg/mL 

and 50 mg/mL for Enterobacteriaceae, between 12.5 mg/mL and 25 mg/mL for Bacillaceae 

and between 25 mg/mL and 100 mg/mL for Lactobacillaceae (Table 4).  

To study the effect of both antimicrobials at lower levels of microbial contamination, three 

isolated strains, from each family, were selected for their higher resistance to one or the other 

compound. MIC and MBC test were thus repeated reducing the initial microbial inoculum to 

2 Log CFU/mL, a microbial load more likely to be found in process water. In particular, strains 

7, 9 and 14, belonging to Enterobacteriaceae, 23, 25 and 28, belonging to Lactobacillaceae 

and all the three strains belonging to Bacillaceae were selected (Table 5).   

Generally, lower MBC values were observed at lower concentration, except for the strains 

belonging to Enterobacteriaceae family. Similarly, the strain 21, belonging to Bacillaceae 

family, showed the same MBC values as the ones detected with the higher microbial inoculum 

when treated with sodium hypochlorite (Table 5). Regarding MIC analysis, MIC values lower 

than the correspondent MBC were observed for all the 9 strains when treated with sodium 

hypochlorite, ranging from 0.39 to 0.05 mg/mL. MIC values detected after the addition of NA 

resulted alike the correspondent MBC for all the strains belonging to Bacillaceae family (strains 

20, 21 and 22) and for the strains 9 and 14 belonging to Enterobacteriaceae family; while MIC 
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values under the MBC were observed for strain 7 belonging to Enterobacter genus and all the 

strains belonging to Lactobacillaceae family (12.5 mg/mL).  

 

Table 5. Minimum inhibitory concentration and minimum bactericidal concentration (MBC) values using 2 Log 

(CFU/mL) as initial inoculum. 

ID Isolation matrix Family Genus Species 

MIC MBC 

NaClO 
(mg/mL) 

NA 
(mg/mL) 

NaClO 
(mg/mL) 

NA 
(mg/mL) 

 

7 non-compliant pulps 

Enterobacteriaceae 

Enterobacter  sp 0.39 6.25 1.56 12.50  

9 cooling industrial plant Enterobacter sp 0.39 6.25 0.78 6.25  

14 non-compliant pulps Enterobacter  cloacae 0.39 6.25 3.13 6.25  

20 non-compliant pulps 

Bacillaceae 

Bacillus sp 0.05 3.13 0.78 3.13  

21 non-compliant pulps Bacillus sp 0.1 3.13 0.78 3.13  

22 cooling industrial plant Bacillus  licheniformis 0.05 3.13 0.78 3.13  

23 washing water 

Lactobacillaceae 

Levilactobacillus brevis 0.39 12.5 0.78 25.00  

25 non-compliant pulps Pediococcus pentosaceus 0.2 12.5 0.78 25.00  

28 non-compliant pulps Pediococcus pentosaceus 0.39 12.5 0.78 25.00  

 

There is substantial evidence supporting the antimicrobial use of sodium hypochlorite, as 

demonstrated by several studies (Gomes et al. 2001; Radcliffe et al. 2004; DeQueiroz and Day 

2007; Sassone et al. 2008; Vianna et al. 2004; Sena et al. 2006; Arias-Moliz et al. 2014). These 

studies examined the contact time between microorganisms and sodium hypochlorite, as well 

as the concentration of the compound required to exert antimicrobial activity. Various 

microorganisms were tested for their response, in term of growth or biofilm production, to 

sodium hypochlorite, including Enterococcus faecalis, Staphylococcus aureus, Candida 

albicans, Escherichia coli, Porphyromonas gingivalis, Porphyromonas endodontalis, Prevotella 

intermedia, Actinomyces israelii, Actinomyces naeslundii, Pseudomonas aeruginosa, and 

Fusobacterium nucleatum.  
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Fermented NA was obtained from lactic acid fermentation of tomato peels and seeds (Ricci et 

al. 2019) and also demonstrated to possess antimicrobial properties both in vitro and in situ 

in food products against foodborne pathogens as Salmonella spp., Listeria monocytogenes, 

Escherichia coli, Staphylococcus aureus, and Bacillus cereus and against spoilage 

microorganisms such as Pseudomonas spp., Alicyclobacillus acidoterrestris and Clostridium 

pasteurianum (Hadj Saadoun et al. 2022; Ricci et al. 2021b). Nevertheless, their effectiveness 

against members of Lactobacillaceae was never tested before. 

 

Evaluation of microbial growth inhibit ion in presence of sub- inhibitory 

concentration of sodium hypochlorite and fermented NA  

The inhibition of microbial growth in presence of sub-inhibitory concentration was evaluated 

against Enterobacteriaceae (7, 9 and 14), Bacillaceae (20, 21 and 22), and Lactobacillaceae 

(23, 25, and 28) by measuring optical density at 600 nm every 10 minutes over 24 hours. 

Sub-inhibitory concentrations of sodium hypochlorite partially inhibited the growth of 

Enterobacteriaceae (Enterobacter spp. and Enterobacter cloacae), extending the lag phase 

and reducing overall the maximum cell density after 24 hours of incubation (Figure 1A). 

Conversely, sub-inhibitory concentrations of fermented NA only slightly affected the lag phase 

extension (Figure 1B). 
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Figure 1. Effect of sub-inhibitory concentrations of sodium hypochlorite and NA (extract) against 

Enterobacteriaceae (A and B), Bacillaceae (C and D), Lactobacillaceae (E and F). 

 

For Bacillaceae (Bacillus spp. and Bacillus licheniformis), both sodium hypochlorite and 

fermented NA visibly influenced the lag phase, prolonging the adaptation period (Figure 1C 

and D). Finally, in Lactobacillaceae (Levilactobacillus brevis and Pediococcus pentosaceus), a 

prolonged lag phase was observed under all tested conditions, including both the presence 

and absence of antimicrobials (Figure 1E and F).  

The effects of sub-inhibitory concentrations have previously been evaluated by other 

researchers using various naturally derived compounds. Sub-inhibitory concentrations of 

plant extracts generally can extend the lag phase and/or reduce the growth rate (Nassar et al. 
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2012). Indeed, Pedreira et al. (2024) reported the sub-inhibitory effect of carvacrol against 

Escherichia coli and Bacillus cereus showing a reduction in maximum cell density and a decline 

in the population growth following the compound concentration increases. Similarly, the 

slowdown effect on Staphylococcus mutans growth was observed with the addition of honey 

(Nassar et al. 2012).   

The same trend was observed by Navarro-Pérez et al. (2021) while studying the effect of sub-

inhibitory concentrations of propolis extract against S. mutans and Staphylococcus sanguinis. 

At 1/2 MIC, both strains displayed an extended lag phase with a delayed onset of growth. 

However, the growth rate declined from the beginning for S. mutans, while it remained similar 

to the control for S. sanguinis. 

 

Evaluation of antimicrobial activity and cel l  damage in water  

To evaluate the effectiveness of antimicrobial treatment on complex microbial communities, 

a design of experiment was set up, considering the following variables: NA concentration, 

NaClO concentration, and time of exposure (minutes) (Table 1). The conditions used were 

applied to a complex microbial bulk, combining the 3 strains belonging to the same family at 

a time. In this way, it is possible to create a “mock” microbial community, albeit simple in 

terms of species composition, that might mimic the complexity observed in environmental 

conditions (Li et al. 2017). Aliquots of the microbial bulk were subjected to the conditions 

reported in Table 1, and at the selected timepoints microbial cell damage was evaluated by 

qPCR after PMAxx treatment. In previous studies, the efficacy of qPCR after PMA treatment 

has been evaluated on a number of different samples, including environmental matrices, 

biofilms and probiotic strains (Guo et al. 2024a; Diarra et al. 2023; Truchado et al. 2016). To 
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evaluate the bactericidal effect in water, plate counts were performed as well. 

As reported in figure 2, the isolates belonging to the family Enterobacteriaceae showed the 

highest sensitivity to all the selected conditions, including control exposure to sterile 

bidistilled water for 10 minutes.  

For this microbial family, it appears that treatment with low concentrations of NaClO or 

antimicrobials alone is more effective, leading to cellular damage in about 94% of the 

population (Figure 2, conditions N2, N6, N12, N16) in the case of antimicrobial, or to 100% 

cellular damage in the case of NaClO treatment alone (Figure 2, conditions N3, N7, N13, N17). 

If the treated microbial cultures are cultivated on agar plates, we observe a recovery only in 

the control samples, that grow at the expected concentration of 4 Log CFU/mL. This indicates 

that the damage observed by qPCR is sublethal, and the cells can recover growth, while in the 

case of exposure to any of the antimicrobials, alone or in combination, no growth is recovered 

on the agar plates. 

In the case of Bacillaceae, 83% of the cells remained viable when exposed to NaClO under the 

specified conditions (Figure 2, N3, N7, N13 and N17), regardless of contact time. In the control 

conditions (Figure 2, N1, N5, N11 and N15) and those in which NA was used, either alone 

(Figure 2, N2, N6, N12 and N16) or in combination with NaClO (Figure 2, N4, N8, N9, N10, N14, 

N18, N19 and N20) resulted in a higher percentage of damaged cells, with observations 

ranging from 89% to 98%. 

When placed on an agarised medium, growth was observed only in the control conditions 

(Figure 2, N1, N5, N11, and N15). In this instance, the exposure time impacted the damaged 

cells concentration detected following a ten-minute and one-hour period.  
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Figure 2 Evaluation of antimicrobial activity in water. On the left are the values measured with Real Time qPCR 

(total concentration) and after PMAxx treatment with the lighter bars (damaged cell concentration), on the 

right are the results of the plate counts. 

 

It may be postulated that the incubation period in water caused the cells to sporulate, 

reducing the antimicrobial effect and, as a consequence, PMA entrance in the cells. 

The discrepancy between the qPCR and count data may also be attributed to the presence of 

"ghost" bacteria, which are metabolically inactive but possess an intact cell wall/membrane. 

This prevents PMA binding, resulting in a discrepancy between the two analytical approaches 

(Truchado et al. 2016). 

In the case of Lactobacillaceae, more than 99% cell damage was observed in the presence of 

NA (Figure 2, N2, N4, N6, N8, N9, N10, N12, N14, N16, N18, N19 and N20), independently of 



173 
 

contact time. In controls (N1, N5, N11 and N15) and samples treated only with NaClO (N3, N7, 

N13 and N17), on the other hand, less cell damage was recorded, which tended to increase 

with time. In fact, in the controls, the number of damaged cells rose from 22% to 50% after 

ten minutes and one hour, and in the NaClO samples from 46% to 54% after ten minutes and 

one hour.  

When cells exposed to these conditions were placed on the agar plates, we observed a 

recovery in the control samples of the initial concentration (4 Log CFU/mL). On the other hand, 

a growth of approximately 1 Log CFU/mL is observed in the samples treated with NA alone 

and no growth is recorded in those with NaClO. In the central points, where the two 

antimicrobials are present at half the concentration of, there is more growth than in the 

samples treated with NA or NaClO alone. This would indicate an inhibition of the antimicrobial 

activity carried out by the two antimicrobials individually. 

It is therefore necessary to consider not only the sublethal damage to some cells, which are 

able to recover growth when placed in an optimal condition, but also the contribution of those 

in a viable but not culturable state (VBNC) (Guo et al. 2024b; Fiore, et al. 2020), as observed 

in conditions N3, N7, N13 and N17. 
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Conclusion  

In light of the increasing need for effective and sustainable sanitization solutions in the food 

industry, this study highlights the potential of NA derived from tomato production waste. By 

focusing on their application in cooling water during the canning process and exploring their 

synergistic effects with chlorine-based products, the findings offer valuable insights into 

improving microbial control while aligning with environmental goals. While the antimicrobial 

effect of NaClO is already well-known, its utilization poses some challenges. In this context, 

the promising results in microbial control achieved through the application of NA are 

noteworthy. Viability assessments indicate that exposure to NaClO at a concentration of 2 

ppm can cause lethal damage to mixed populations of Enterobacteriaceae, Bacillaceae, and 

Lactobacillaceae families. Similarly, high concentrations of NA prove especially effective 

against Enterobacteriaceae and Bacillaceae, though they are less effective against 

Lactobacillaceae. This reduced effectiveness is unsurprising, as NA is produced by 

fermentation by members of this same family, which exhibit increased tolerance to the 

selected conditions. However, the combination of NA and NaClO at lower concentrations 

achieves a bactericidal effect across all three microbial families, even with reduced exposure 

time. These results underscore the importance of evaluating the antimicrobial properties of 

new compounds in complex scenarios, considering the diversity of natural microbial 

communities. Synergistic effects not only provide broad-spectrum decontamination of 

microorganisms but also reduce the quantity of antimicrobial compounds required. 
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Conclusion 

This PhD study demonstrated the potential of lactic acid bacteria (LAB)-mediated fermentation as a 

sustainable method for valorizing vegetable by-products and waste, transforming them into value-

added products and exploring novel applications. Given the sustainable and environmental benefits 

of fermentation, this work aimed to increase knowledge of the microbial conversion of two 

substrates of economic and climate change relevance, the soybean by-product okara and the 

cladodes of Opuntia ficus-indica. Chapter 1 and 2 focused on the production of bioactive 

compounds, highlighted the contribution of LAB metabolism on the polyphenol profile, antioxidant 

and antimicrobial activities, as well as the modifications modulating the aromatic profile of in 

fermented matrices. The biomasses and extract produced by fermentation can be considered as 

multifunctional ingredients with wide prospects for use in various sectors, from food to cosmetics 

and animal feed.  

In chapter 1, the use of Design of Experiments (DoE) was instrumental in optimizing fermentation 

conditions and studying the effects of different parameters on bioactive compound production. For 

okara, optimal conditions (3 Log CFU/g inoculum, 25°C, and 96 hours) were identified, resulting in 

the release of bioavailable phenolic compounds such as daidzein, glycitein, and genistein. Notably, 

LAB strains P. pentosaceus and L. paracasei exhibited robust glucosidase activity, facilitating the 

conversion of isoflavone glycosides into bioavailable aglycones. Furthermore, the formation of novel 

phenolic acids, such as phenyllactic and p-hydroxyphenyllactic acids, was observed, particularly with 

L. paracasei and L. rhamnosus. These findings demonstrate the ability of LAB fermentation to 

enhance the functional properties of okara products, aligning with consumer demand for health-

oriented, bioactive-rich functional foods. 
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Similarly, fermentation of cladodes revealed significant increases in total phenolic content and 

antioxidant activity under specific conditions, such as fermentation with L. brevis at 25°C for 24 

hours. In chapter 2, DoE analysis enabled the identification of conditions to further enhance these 

properties. Additionally, the antimicrobial activity of cladode extracts was investigated, revealing 

varying degrees of efficacy against microbial targets. While L. mesenteroides exhibited extended lag 

phases under all extract conditions, the extract obtained from the fermented with L. brevis and L. 

mesenteroides resulted in complete growth inhibition during the Log phase, highlighting the 

potential of these extracts for microbial control. 

Volatile compound analysis of fermented cladodes revealed significant changes in their aromatic 

profile. While unfermented samples were dominated by aldehydes and ketones responsible for 

green and herbaceous notes, heterofermentative LAB strains, such as L. mesenteroides and L. brevis, 

produced alcohols and acids that contributed fruity and bready notes. These modifications 

underscore the ability of LAB fermentation to enhance sensory properties, broadening its 

applicability in food product development. 

Chapter 3 instead focused on the potential application as a water disinfectant of an antimicrobial 

agent of natural origin recently patented by the University of Parma. The extract (NA) studied is 

derived from a fermentation and extraction process of peels and seeds from the tomato processing 

industry. 

The increasing need for effective and sustainable sanitisation solutions in the food industry and the 

growing interest in natural antimicrobials has led to the study of its application in cooling water 

during the canning process in the tomato industry, with promising results.  

Preliminary monitoring study identified potential spoilage micro-organisms that were selected as 

targets for testing the efficacy of the antimicrobial. Viability assessments indicate that exposure at 
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high concentrations of NA, prove especially effective against Enterobacteriaceae and Bacillaceae, 

similarly to a traditional sanitizer (sodium hypochlorite), though NA are less effective against 

Lactobacillaceae. This reduced effectiveness is unsurprising, as NA is produced by fermentation by 

members of this same family, which exhibit increased tolerance to the selected conditions. When 

combined with sodium hypochlorite, the NA exhibited synergistic effects, achieving broad-spectrum 

microbial control while reducing the required concentrations of each agent. This innovative 

approach aligns with environmental sustainability goals by minimizing chemical usage and 

leveraging naturally derived compounds for industrial applications. 

Overall, the results of this PhD thesis emphasize the versatility and utility of LAB fermentation in 

addressing global challenges related to sustainability, waste management, and functional ingredient 

production. 
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production of bioactive compounds, and highlighted the contribution of LAB metabolism on the 

polyphenol profile, antioxidant and antimicrobial activities, as well as the modifications modulating 
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