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Cryptophytes are a promising source of bioactive compounds that have not been fully explored. This research investigated the antimicrobial activity of total phenolic compounds (TPC) and exopolysaccharides (EPS) extracted from several cryptophytes against a range of harmful foodborne bacteria and fungi. To measure the minimum inhibitory concentration (MIC) value, the broth microdilution method was used. In the antibacterial evaluation of TPC, the MIC ranged between 31.25 and 500 μg/mL, while for the antifungal activity test, it varied from 31.25 to 125 μg/mL. In the antibacterial activity test of EPS, the MIC values ranged from 125 to 1,000 μg/mL, whereas in the antifungal susceptibility test, it ranged between 62.5 and 1,000 μg/mL. The most resistant pathogen against TPC was Escherichia coli, while Campylobacter jejuni was the most susceptible. In the case of EPS, the most resistant pathogen was Salmonella Typhimurium, while Aspergillus versicolor exhibited the highest susceptibility. Overall, in terms of antimicrobial activity, TPC was more effective than EPS. Finally, the tolerance level (TL) for TPC and EPS was ≤4 in all tested samples, indicating their bactericidal/fungicidal mechanism of action. In conclusion, TPC and EPS isolated from cryptophytes demonstrated remarkable antimicrobial properties and ability to fully eradicate pathogens, and could be considered as natural preservatives in the food industry.
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1 Introduction

In recent years, the food industry has faced the challenge of improving food production in sustainable ways. To enhance quality standards, food industries are seeking innovative solutions to produce safe and natural food products with extended shelf-life (Cabral et al., 2021; Taylor et al., 2019). Synthetic preservatives interact with the cellular components of the body, resulting in a range of food-related disruptions and detrimental toxicological and allergic effects on human health (Carocho et al., 2015; Martins et al., 2017; Pinto et al., 2023; Sambu et al., 2022). Common synthetic preservatives include sodium benzoate, potassium sorbate, sulfur dioxide, and calcium propionate, which have potential health risks such as allergies and sensitivities (Gupta and Yadav, 2021). Additionally, when used on an industrial scale, synthetic chemical compounds result in contamination of soils and waters, leading to losses of biodiversity (Pinto et al., 2023). There are some natural preservatives like salt, ascorbic acid, and vitamin E, but their range is limited. Therefore, due to the increasing consumer demand for clean-label natural products and the rapid global spread of multidrug-resistant microorganisms including Escherichia coli, Listeria monocytogenes, Salmonella spp., Staphylococcus aureus, and Pseudomonas aeruginosa, the food industry emphasizes the necessity for natural and environmentally friendly antimicrobial agents (Abrahamian and Goldstein, 2011; Liu et al., 2017).

Effective food preservatives should have a wide range of antimicrobial activities against both gram-negative and gram-positive species. Studies have shown that gram-negative bacteria are generally more resistant to antibacterial agents than gram-positive bacteria due to their distinct cell wall structures (Miller, 2016; Exner et al., 2017). Specifically, gram-negative bacteria possess an additional outer membrane that acts as a protector against harmful substances. Moreover, gram-negative bacteria have porin channels that prevent the entry of toxic chemicals and antibiotics, making them harder to treat (Makridis et al., 2006).

Numerous studies have reported microalgae as a potent source of antimicrobial agents (Schuelter et al., 2019; Dussault et al., 2016; Habibi et al., 2018; Androutsopoulou and Makridis, 2023). For instance, the antibacterial effects of Tetraselmis sp. have been observed against S. aureus (Kellam and Walker, 1989). Similarly, Dunaliella salina has shown antibacterial activity against Bacillus subtilis, S. aureus and E. coli (Ambrico et al., 2020; Herrero et al., 2006). Spirulina platenis has been reported to have antimicrobial activity against S. aureus, E. coli, and Candida albicans (Pratita et al., 2019). Moderate to high antimicrobial activity of Chlorella vulgaris has also been detected against B. subtilis, S. aureus, E. coli, P. aeruginosa, and C. albicans (Mashhadinejad et al., 2016).

The antibacterial potential of microalgae results from their bioactive compounds, including proteins (Fadillah et al., 2023), lipids and fatty acids (Amaro et al., 2011; Smith et al., 2010; Bhattacharjee, 2016; Čermák et al., 2015), phycobiliprotein (Najdenski et al., 2013), exopolysaccharides (Najdenski et al., 2013), and phenolic compounds (Vornoli et al., 2023). The latter two are of particular interest to the food industry due to their diverse functional properties, such as texturizing, stabilizing, antioxidant, and antimicrobial effects.

Phenolic compounds are considered among the most appealing natural compounds for use as food preservatives and bioactive ingredients in food and food packaging (Singh et al., 2022; Farvin and Jacobsen, 2013). The diverse bioactivities of phenolic compounds, including antioxidant and antimicrobial effects, attract interest from the food industry for their potential use as high-quality food additives (Nardini, 2022; Shahidi and Dissanayaka, 2023). Moreover, the antibacterial activity of green microalgae Ettlia pseudoalveolaris against E. coli, S. Typhimurium, S. aureus, and E. faecalis has been mainly attributed to the high content of phenolic compounds (Vornoli et al., 2023).

The precise mechanisms through which phenolic compounds exert antibacterial effects are not fully understood. Nonetheless, these compounds are recognized for targeting diverse cellular sites. It has been proposed that phenolic compounds alter cell membrane permeability or impact intracellular functions by forming hydrogen bonds with enzymes (Lobiuc et al., 2023). Alternatively, they May modify cell wall rigidity, resulting in integrity losses and diverse interactions with the cell membrane. This, in turn, can induce irreversible damage to the cytoplasmic membrane, coagulation of cell content, and even inhibition of intracellular enzymes (Cushnie and Lamb, 2011; Bouarab-Chibane et al., 2019; Lobiuc et al., 2023). Flavonoids can bind to soluble proteins and bacterial cell walls, creating complexes. This results in inhibitory effects on energy metabolism and DNA synthesis, ultimately impacting the synthesis of proteins and RNA (Bouarab-Chibane et al., 2019).

Exopolysaccharides (EPS) are a group of polymeric carbohydrates with major features such as biodegradability, antioxidant and antimicrobial effects, and non-toxicity towards living organisms. These properties give them an advantage in the food industry as biopreservatives (Nešić et al., 2020; Waoo et al., 2023). Recently, polysaccharides have also been investigated as a component of active and intelligent packaging. Their use as primary packaging can potentially replace conventional packaging materials, thus reducing the overall use of synthetic materials (Han, 2014; Nešić et al., 2020).

EPSs are substances that exhibit a wide range of biochemical structures and functions. They come in two primary forms: homopolysaccharides, which are made up of a single repeated monosaccharide, and heteropolysaccharides, composed of two or more distinct sugars. Additionally, they May feature different configurations, such as linearity or branching, and May include various substituents on their backbone, such as methyl or sulfate groups (Delattre et al., 2016). Since they are diverse, they can act through different mechanisms. Despite numerous investigations, the mechanisms underlying the biological effects of EPSs from microalgae remain largely unclear (Laroche, 2022).

EPSs contain different functional groups, such as hydroxyl, phosphate, and carbonyl. These are essential for interactions between microbial EPSs and cell membranes or cell walls of bacterial pathogens, thus contribute to their antimicrobial effects (Riaz Rajoka et al., 2020). For example, antibacterial effects of EPSs can be achieved through the interaction with oligopeptides or acyl-homoserine lactone (quorum sensing signalling molecules) in gram-positive and gram-negative bacteria, respectively (Angelin and Kavitha, 2020). Through this mechanism, EPSs disrupt cell communication and restrain biofilm formation. Thus, microbial EPSs could be effective therapeutic molecules in improving biofilm-related infections (Salimi and Farrokh, 2023). EPSs have a dual function in restraining bacterial pathogens. Firstly, they protect cells from producing a strong host immunological response or act as prebiotics, enhancing the adherence and colonization of beneficial microflora on host cells. This activity prevents the colonization of bacterial pathogens. Secondly, microbial EPSs reduce the autoaggregation of bacterial pathogens, making them more susceptible to host immunological response. EPS-producing probiotics can bind to microbial pathogens, facilitating coaggregation. This, in turn, accelerates antimicrobial functions by obstructing receptors or channels present on the outer membrane of gram-negative pathogenic bacteria (Paynich et al., 2017; Dertli et al., 2015).

Cryptophytes are one of the major primary producers, and play a crucial role in both freshwater and marine food webs (Clay, 2015; Hoef-Emden and Archibald, 2017). They lack strong cell walls of silica or cellulose, making their biomass easily utilizable. Moreover, cryptophyte cells can be easily broken and processed for commercial applications. They contain a wide range of natural bioactive compounds including fatty acids, phycobiliproteins, phenolic compounds, and exopolysaccharides with nutritional value and health-promoting benefits (Peltomaa et al., 2018; Mercier et al., 2022; Abidizadegan et al., 2022; Abidizadegan et al., 2023; Giroldo and Vieira, 2002). Phycobiliproteins, phenolic compounds and exopolysaccharides isolated from cryptophytes have been studied as a promising source of natural antioxidants (Abidizadegan et al., 2022; Abidizadegan et al., 2023). However, from a biotechnological and commercial perspective, research on cryptophytes is still rare, and the potential of cryptophytes requires further comprehensive studies.

To contribute to the ongoing efforts of discovering new natural compounds effective against crucial food pathogens, the main goal of this study was to investigate the antimicrobial effect of total phenolic compounds (TPC) and exopolysaccharides (EPS) isolated from four cryptophyte species.



2 Materials and methods


2.1 Strains and culturing

Three freshwater cryptophytes from the genus Cryptomonas, including C. ozolinii (UTEX LB 2782), C. curvata (CCAP 979/63) C. sp. (Cryptomonas sp.; CPCC 336), and a marine cryptophyte Rhodomonas salina (CCMP 757) were used in this study. Freshwater strains were grown in a modified MWC medium (MWC: CaCl2·2H2O, MgSO4·7H2O, NaHCO3, K2HPO4·3H2O, NaNO3, Na2O3Si·5H2O, combined trace elements, vitamin mix, buffer TES) (Guillard and Lorenzen, 1972). For the marine strain, F/2 medium [NaNO3, NaH2PO4·2H2O, combined trace elements, vitamin mix, sea salt (Dupla Marin Natural Balance, Dohse Aquaristik GmbH & Co. KG, Grafschaft, Germany)] was used (Guillard and Ryther, 1962). The algae were cultivated in 2 L glass bottles in growth cabinets at 20°C under white lights of 100 μmol photons m−2 s−1, and with gentle bubbling using 2% CO2 V/V air. After 10 days, cultures were centrifuged at 4000 × g for 10 min (Heraeus Multifuge 1 S-R, Kendro Laboratory Products, Hamburg, Germany), and the pellets were collected for further experiments.



2.2 Extraction method


2.2.1 Phenolic compounds

Microwave-assisted extraction (MAE) was performed as follows in (CEM MARS 6 Microwave Digestion System, Mattehws, North Carolina, United States). Dried algal biomass was loaded in a double-wall vessel, with an appropriate amount of methanol/water (70:30 v/v, ratio of 1 g/50 mL). Extractions were performed at 1200 W, 50°C for 30 min (Gallo et al., 2010; Georgiopoulou et al., 2022; Dang et al., 2017). After MAE, the mixture was centrifuged at 2000 × g for 10 min. Next, the supernatants were used in nitrogen blowdown process (Techne Dri-Block DB100/3 sample concentrator) at 65°C for around 3 h to evaporate the methanol (Sefiane et al., 2003). Finally, the remaining liquids were stored at −20°C and lyophilized (Christ, Beta 2–8 LSCbasic, Ottobeuren, Germany) for 24 h at −60°C and 0.6 mbar to produce phenolic compounds powder.



2.2.2 Exopolysaccharides

For the preparation of EPS, freeze-dried biomass was dissolved in 5 mL of deionized water and shaken for 20 min. Subsequently, the samples underwent centrifugation at 4000 × g for 15 min, and the resulting pellets were re-suspended in 5 mL of a 0.05% NaCl solution. This mixture was then placed on an overhead shaker (New Brunswick Scientific C25KC, Enfield, CT, United States) at a temperature of 60°C for one hour. The samples were then sonicated (Branson 8,510, Brookfield, CT, United States) at 100 W and 20°C for 10 min, after which the suspensions were centrifuged again at 4000 × g for 15 min (Strieth et al., 2020; Chang et al., 2019). Finally, the supernatants obtained were subjected to a lyophilization process, resulting in the EPS powder.




2.3 Determination of antimicrobial activity

The pathogenic species used in this study included gram-negative bacteria Escherichia coli (HAMBI 862; BM219), Salmonella Typhimurium (HAMBI 224; SH4247), Pseudomonas fluorescens (HAMBI 16; CCEB 488), and Campylobacter jejuni (HAMBI 2992; E1 3825/1/07); gram-positive bacteria Staphylococcus aureus (HAMBI 2319; ATCC 51740) and Listeria monocytogenes (HAMBI 2647, ATCC 19112); and fungi Penicillium roqueforti (HAMBI 846; FBCC 2516), Aspergillus versicolor (HAMBI 3340; FBCC 2548), as well as fungi of the genus Mucor (HAMBI 831; FBCC 2504) (Liu et al., 2023; Elbehiry et al., 2023; Moi et al., 2020; Pouris et al., 2024; Punt et al., 2022). The bacterial and fungal species were sourced from the HAMBI Microbial Culture Collection at the University of Helsinki.1

Each species was cultured under the following conditions: E. coli, S. Typhimurium, and L. monocytogenes were grown on nutrient agar (VWR Chemicals) plates at 37°C. C. jejuni and S. aureus were grown on Mueller Hinton Agar (MHA; VWR Chemicals) plates at 37°C. P. fluorescens was grown on MHA plate at 30°C. P. roqueforti, A. versicolor, and Mucor sp. were grown on Malt Extract Agar (MEA; VWR Chemicals) plates at 25°C, 27°C, and 25°C, respectively.

To determine MIC by the broth microdilution method, we followed the previously described procedure (Aullybux et al., 2019; Čagalj et al., 2022; Stein et al., 2011; Borman et al., 2017). In brief, bacterial and fungal cultures were prepared and grown at required conditions. After growing the strains, one colony from the cultures was transferred into a sterile saline solution (0.9%), and diluted to a concentration of 1 × 106 CFU/mL. The extracts – total phenolic compounds (TPC) and exopolysaccharides (EPS) – were dissolved in 4% DMSO (VWR Chemicals; in distilled water) and sterile deionized water, respectively.

The procedure involved introducing 50 μL of the appropriate medium (depending on the tested microbial strain: Mueller Hinton broth (MHB; VWR Chemicals) for bacteria and RPMI-1640 (VWR Chemicals) for fungi) into every well of a 96-well microplate. Next, 50 μL of TPC or 50 μL EPS were added to the initial well of each column (in triplicate). A series of 8 two-fold dilutions was prepared by moving 50 μL of the previous dilution to the subsequent well. Then, 50 μL of the prepared inoculum was dispensed into the wells, resulting in a final concentration of 5 × 105 CFU/mL per well. The final concentration of the studied compounds ranged from 1000 to 7.81 μg/mL.

The plates were incubated for 18–20 h for bacterial strains, 48 h for A. versicolor and Mucor sp., and 72 h for P. roqueforti under the specific temperatures required for growth of the pathogenic strains. Non-treated control (50 μL of pathogen inoculum and 50 μL of medium), negative control (50 μL of medium and 50 μL of algal extract), and a blank (100 μL of medium) were prepared in each plate. The final DMSO concentration in the wells varied between 1 and 0.008%. The DMSO test was conducted to confirm that the solvent did not have inhibitory effect on its own. The MIC values of the extracts were determined by the absence of visual turbidity. Each test was performed three times.

The minimum bactericidal concentration (MBC) and the minimum fungicidal concentration (MFC) of the extracts was identified as the lowest concentration at which there was no bacterial/fungal growth. This was observed on agar plates by plating 10 μL bacterial/fungal suspensions from wells where the MIC had been determined and from wells containing higher concentrations of the extract (Garofulić et al., 2021).


2.3.1 Tolerance level

The tolerance level for the tested bacterial strains was determined using the following formula:
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3 Results


3.1 Total phenolic compounds

The MIC and MBC/MFC of TPC extracted from four strains of cryptophyte microalgae against common foodborne pathogens are shown in Table 1. Based on previous studies, MICs <100 μg/mL were categorized as highly active antimicrobial agents, MICs between 101 and 500 μg/mL were moderately active; MICs ranging from 501 to 1,000 μg/mL were labeled as having low activity; and MICs >1,000 μg/mL were classified as inactive (Morales et al., 2008).



TABLE 1 Minimum inhibitory concentration (MIC; μg/ml), minimum bactericidal concentration (MBC; μg/ml), minimum fungicidal concentration (MFC; μg/ml), and tolerance level (TL) of the total phenol compounds (TPC) extracted from four different cryptophyte strains, against representative foodborne pathogens.
[image: Table1]

Gram-negative bacteria E. coli and S. Typhimurium were the most resistant to total phenolic compounds of algae, as indicated by high MIC values (250–500 μg/mL). C. jejuni (the other gram-negative bacterium) was the most susceptible to TPC (MIC 31.25 μg/mL). All four extracts were able to inhibit the growth of fungi, with MIC values of 62.5–125 μg/mL against Mucor sp., 125 μg/mL against P. roqueforti, and 31.25–62.5 μg/mL against A. versicolor.

To further characterize the antibacterial and antifungal properties of the extracts, we assessed minimal bactericidal concentrations. An example of the results for antibacterial activity of TPC extracted from Cryptomonas sp. against P. fluorescens are shown in Figure 1A Using MIC and MBC values, we calculated tolerance level (TL), which indicates whether test samples have a bactericidal or bacteriostatic effect against the tested strains, as well as a fungicidal or fungistatic effect. When the TL is ≥16, the test agent is considered to have a bacteriostatic or fungistatic effect. Conversely, when TL is ≤4, it signifies bactericidal or fungicidal activity (Mogana et al., 2020; Benjamin et al., 2012). As indicated in Table 1, the tolerance level for all studied samples was less than 4, demonstrating the bactericidal activity of extracted TPC from the studied cryptophytes.

[image: Figure 1]

FIGURE 1
 Agar plates displaying the growth of (A) the gram-negative bacterium Pseudomonas fluorescens after treatment with phenolic compounds extracted from the cryptophyte Cryptomonas sp., and (B) the gram-negative bacterium Campylobacter jejuni after treatment with exopolysaccharides extracted from the cryptophyte Rhodomonas salina. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) are indicated on the plate.




3.2 Exopolysaccharides

The MIC and MBC/MFC of EPS extracted from four strains of cryptophyte microalgae against some common foodborne pathogens are presented in Table 2. For bacteria, the MIC and MBC of EPS ranged from 125 to 1,000 μg/mL. The most susceptible strain to EPS extracted from C. curvata and C. sp. were gram-negative P. fluorescens and gram-positive L. monocytogenes, with MIC of 125 μg/mL. However, the MIC range for fungi was much wider, from 62.5 to 250 μg/mL, except for R. salina against Mucor sp. (500–1,000 μg/mL). The most susceptible fungi to EPS was A. versicolor, with a MIC value of 62.5 μg/mL against C. ozolinii, C. sp., and R. salina cryptophytes. As evidenced by the data shown in Table 2, the tolerance level for all studied samples is less than 2 (except for C. sp. against L. monocytogenes, which was ≤4), demonstrating the high bactericidal/fungicidal activity of EPS extracted from the studied cryptophytes. Figure 1B shows an example of an MBC antibacterial activity test for EPS extracted from R. salina against C. jejuni.



TABLE 2 Minimum inhibitory concentration (MIC; μg/ml), minimum bactericidal concentration (MBC; μg/ml), minimum fungicidal concentration (MFC; μg/ml), and tolerance level (TL) of the exopolysaccharides (EPS) extracted from four different cryptophyte strains against representative foodborne pathogens.
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4 Discussion

To date, very few studies have described the antimicrobial properties of cryptophytes. Rhodomonas lens (acetate and hexane extracts) showed antibacterial activity against L. monocytogenes and Enterococcus faecalis (Fajardo et al., 2020). In this study, the potential of TPC and EPS isolated from four cryptophyte strains – C. ozolinii, C. curvata, C. sp., and R. salina – were evaluated against harmful foodborne pathogens. Broth microdilution assay and subculturing broths onto agar plates were used to determine MIC and MBC/MFC. Impressively, almost all TPC and EPS isolated from cryptophytes demonstrated bactericidal activity against both gram-positive and gram-negative bacteria, as well as fungicidal activities against the studied fungi. The only two exceptions were EPS from C. ozolinii and C. sp., which were shown to be inactive against S. aureus at the highest tested concentration of 1,000 μg/mL. Most of the samples were found to be active, with MIC values ranging from 62.5 to 1,000 μg/mL for EPS and 31.25 to 500 μg/mL for TPC. Moreover, TPC and EPS showed high bactericidal/fungicidal activity, with TL ≤4. Studies have shown that gram-negative Vibrio parahaemolyticus requires a higher MIC for polyphenols to penetrate the cells compared to the gram-positive S. aureus (Wang et al., 2009; Besednova et al., 2020).

The antimicrobial properties of TPC from microalgae are a result of their interaction with proteins, forming complexes that disrupt bacterial cell walls. Additionally, they act as proton exchangers, disturbing the proton motive force and depleting ATP, causing cell death (Rodriguez-Maturino et al., 2015; Rao et al., 2019; Tebou et al., 2017; Chen et al., 2024). They also alter lipid molecules on membranes, enhancing antimicrobial properties by deactivating enzymes and inhibiting ATPase activity, resulting in cell death by disrupting cellular respiration (Pagnussatt et al., 2013; Chen et al., 2024). Furthermore, polyphenolic compounds extracted from microalgae induce the lysis of bacterial cells by disrupting the permeability and integrity of the phospholipid layer in the membrane (Daglia, 2012). This interaction occurs through hydrogen bonding and hydrophobic interactions between the aromatic rings and OH-groups of phloroglucinol units and -NH-groups of bacterial proteins (Venkatesan et al., 2018; Heldt and Piechulla, 2010; Venkatesan et al., 2018).

There is limited documentation of the antibacterial activity of EPS produced by algae, especially cryptophytes. Screening efforts of this study have revealed that exopolysaccharides derived from strains of C. ozolinii, C. curvata, C. sp., and R. salina hold potential as effective antimicrobial agents against a range of pathogenic strains. The particularly strong inhibitory effect of EPS on fungi, including Mucor sp. and A. versicolor, make these cryptophyte EPS a promising avenue for further research.

The potential inhibitory mechanism of EPS can disrupt the structure of the bacterial cell envelope, especially the peptidoglycan layer (Sivasankar et al., 2018). Additionally, interaction of EPS with bacterial cells could block receptors or channels on the outer membrane of the gram-negative bacteria (Medrano et al., 2009). EPS could also potentially hinder cell division, disrupt the cell wall and cytoplasmic membrane, and degrade DNA (Wu et al., 2010).

EPS derived from the cyanobacteria Gloeocapsa sp., Synechocystis sp., Nostoc entophytum, Nostoc muscorum, and the red microalga Rhodella reticulata have been shown to have inhibitory effects on the growth of S. aureus, with MIC values of 125, 1,000, 220, 140, and 250 μg/mL, respectively (Najdenski et al., 2013). Moreover, EPS extracted from the red microalga Porphyridium marinum displayed efficiency against S. aureus (MIC of 125 μg/mL) (Gargouch et al., 2021). The results of the current study are in line with those of other algae: the inhibitory effect of EPS extracted from C. curvata and R. salina on S. aureus had MIC values of 250 and 500 μg/mL, respectively. Additionally, EPS extracted from the red microalga Porphyridium marinum and the cyanobacterium Gloeocapsa sp. showed antibacterial effects against E. coli, with MIC 1000 and 250 μg/mL (Gargouch et al., 2021; Najdenski et al., 2013). EPS extracted from the studied cryptophytes showed an antibacterial effect against E. coli, with MIC of 250, 1,000, 500 and 1,000 μg/mL for C. ozolinii, C. curvata, C. sp., and R. salina, respectively. This shows that EPS extracted from cryptophytes have high antibacterial activity against E. coli. Furthermore, similar to our results of EPS extracted from C. ozolinii, C. curvata, C. sp., and R. salina, EPS from R. reticulata demonstrated activity against S. Typhimurium, with MIC of 1,000 μg/mL (Najdenski et al., 2013).

There are a few literature reports on antifungal activity of TPC and EPS obtained from microalgae, most of which focus on antifungal effects of crude microalgal extract. It has been reported that the freshwater microalga Scenedemus obliquus exhibits significant antifungal effects against various Aspergillus species, including A. flavus, A. steynii, A. westerdijikiae, and A. carbonarius (Marrez et al., 2019). Furthermore, notable antifungal activities of the green alga Chlorella vulgaris were highlighted in in vitro studies (Vehapi et al., 2020), while several studies demonstrated the antifungal activity of PCs extracted from Spirulina sp. and Chlorella sp. against Aspergillus species (Danyal et al., 2013; Pagnussatt et al., 2014; Pagnussatt et al., 2016).

The EPS of Gloeocapsa sp., Synechocystis sp., and N. entophytum were highly active against the fungus Candida albicans, with MIC of 125, 250, and 220 μg/mL, respectively (Najdenski et al., 2013). This aligns with the antifungal activity of EPS studied in this research against Mucor sp. and A. versicolor; MIC ranged from 125 to 500 μg/mL and 62.5 to 250 μg/mL, respectively.

The ability of phenolic compounds to inhibit fungal growth depends on their interfere with metabolic pathways, inhibiting amino acid synthesis and impacting protein composition necessary for fungal appressorium development (Pagnussatt et al., 2013). Furthermore, the antifungal activity of EPS is attributed to its interaction with fungi. This interaction affects the respiratory chain and cell division of the fungi, consequently leading to death. Moreover, EPS can hinder the entry of nutrients into pathogenic fungi, thereby slowing down their growth (Liu et al., 2002).

Finally, based on our previous and ongoing research, cryptophytes have demonstrated great potential as candidates to produce TPC and EPS, exhibiting remarkable antioxidant, antibacterial, and antifungal properties. Our findings indicate that C. pyrenoidifera and C. sp. possess the ability to produce TPC, constituting approximately 30% of their dry weight (DW). Similarly, C. ozolinii has been observed to contain TPC at around 25% DW, and both C. curvata and R. salina have been found to produce EPS accounting for 50% of their DW. Furthermore, the cryptophytes investigated in our study demonstrated significant antioxidant activity in both TPC and EPS, with an IC50 value of less than 50 μg/mL (Abidizadegan et al., 2022; Abidizadegan et al., 2023).



5 Conclusion

The findings of this study suggest that cryptophyte microalgae, with their total phenolic compounds and exopolysaccharides, have the potential to serve as natural antimicrobial agents (preservatives) in the food industry, including food packaging. These compounds could help in preserving food products and extending their shelf life while offering an eco-friendly alternative to synthetic preservatives. However, further research and comprehensive studies are needed to explore the full potential of cryptophytes and their bioactive compounds in commercial applications.
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