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Abstract

Research increasingly targets new bioactive compounds for pharmaceutical, food, and pest-management uses. Phenolics form a major class, and common pine (Pinus sylvestris) is a versatile source valued beyond timber, with components beneficial to human health. We examined the potential of P. sylvestris essential oil (EO) to inhibit Candida yeasts and to control the storage pest Megabruchidius dorsalis. Yeast growth inhibition was measured in vitro by disc diffusion against Candida albicans, C. glabrata, C. krusei, C. parapsilosis, and C. tropicalis, and in situ using apple and carrot models. Pest control was evaluated across EO concentrations. The highest concentration produced the strongest mortality in M. dorsalis. The most pronounced in vitro growth suppression was observed for C. albicans. In situ, the apple model again showed the greatest inhibition of C. albicans, whereas the carrot model showed the strongest effect on C. tropicalis. Overall, P. sylvestris EO provided meaningful repellency and suppression of Candida yeasts across test systems. These findings support its use as a natural option for controlling Candida spp. and as a botanical deterrent for M. dorsalis. Further work should address dose–response, mechanism, and safety to enable practical application in food protection and integrated pest management. Field validation under realistic conditions.
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1. Introduction(
Presently, the focus of researchers in this field is oriented towards the discovery of novel bioactive compounds that have diverse potential applications. The common pine (Pinus sylvestris L.) is the species with the widest distribution, growing both naturally and commercially in northern Europe and Asia [1]. It is an important tree in the forest economy of European countries, particularly in the most northern regions. The extraction of polyphenols can be accomplished through various methodologies, including the utilisation of different parts of a pine tree, such as needles, seeds, bark, and cones, along with diverse solvents. The pine bark is the most thoroughly examined part. It is evident that all pine extracts contain substantial quantities of polyphenols; however, the precise content of these compounds varies depending on several factors. These include the type of solvent utilised, the extraction method employed, the specific part of the plant that is used in the extraction process, and the species of pine from which the extract is derived. The utilisation of herbal supplements and medicines by people around the world is driven by their perceived beneficial effects on human health [2].  The extraction of the essential oil from various parts of the pine (e.g. buds, needles, twigs, cones and nutshells) is a common practice. A comprehensive investigation was conducted into the chemical composition, antioxidant effect and antimicrobial activity of essential oils derived from various pine materials, including needles, pine cones, pine nuts and pine branches [3-8]. The substance is employed in the treatment of respiratory system ailments, such as coughs and respiratory illnesses. It is administered in the form of medical baths, compresses and massages, which generate a warm effect. The substance has also been employed as an insecticide and deodorant [9].
Our work aimed to investigate the antifungal potential of Pinus sylvestris essential oil against introduced Canida yeasts and its insecticidal activity against Megabruchidius dorsalis.
2. Materials and methods

2.1. Essential oil
Pinus sylvestris essential oil (EO) was purchased from Inevita SK (Bratislava, Slovakia) and, according to the supplier’s specification, was obtained by steam distillation of needles/twigs. The country of origin was Hungary. The EO was stored at 4 °C in the dark and used without further purification.

2.2. Bacterial strains

The anticandidal activity of Pinus silvestris essential oil (PSEO) was evaluated against a range of yeast from genera Candida: Candida albicans CCM 8186, Candida glabrata CCM 8270, Candida krusei CCM 8271, Candida parapsilosis CCM 8260, and Candida tropicalis CCM 8264. All Candida strains were obtained from the Czech Collection of Microorganisms in Brno, Czech Republic. Yeasts inocula were cultured in Sabouraud Dextrose broth (SDB, Oxoid, Basingstoke, UK) for 24 hours at 25 °C before analysis. The optical density of the inocula was adjusted to 0.5 McFarland standard on the day of the experiment.
2.3. Disc diffusion method

In an effort to assess the anticandidal activity, we opted for the disc diffusion method, a technique that we have previously outlined. We proceeded with the preparation of blank discs (6 mm in diameter) that were saturated with 10 µL PSEO and placed them on Sabouraud Dextrose agar (SDA) for the yeast strains. The strains were then incubated at 25 °C for a duration of 24 hours. To conclude the process, we measured the inhibition zones in mm. The blank discs were used as negative controls, while the antibiotic discs (fluconazole from Oxoid, Basingstoke, UK) served as positive controls [10].
2.4. In situ antimicrobial activity

The present study set out to assess the in situ antifungal activity of PSEO. A range of substrates were tested for this purpose, and these included commercial apple and carrot, as well as specific yeasts. The substrates were sliced into pieces measuring 0.5 mm, thoroughly cleaned, and placed in 60 mm Petri dishes. These dishes had previously been inoculated with yeasts samples. PSEO was dispersed in ethyl acetate at concentrations of 500, 250, 125, and 62.5 µg/L. Ethyl acetate filter sheets served as controls. The plates were hermetically sealed and then placed within an incubator set at 25 °C for a period of seven days. Assessment of microbial colony growth was facilitated using the ImageJ software to calculate fungal volume densities. This was undertaken alongside standard methods for measuring in situ colony development [10].
2.5. Insecticidal activity
The model organism, Megabruchidius dorsalis Fahreus, 1839, was used to evaluate the insecticidal activity of PSEO. Each Petri plate was lined with sterile filter paper, and groups of fifty M. dorsalis insects were put within. The concentrations of Pinus sylvestris essential oil used in the insecticidal assay (100 %, 50 %, 25 %, 12.5 %, 6.25 %, and 3.12 %) were selected as a two-fold serial dilution to obtain a balanced dose–response gradient from the undiluted oil to a low-effect range. One hudred µL of each PSEO concentration was added to sterile filter paper discs, and the plates were then covered with parafilm and allowed to sit at room temperature for a full day. A volume of 100 µL of the 0.1 % polysorbate solution was given to the control group. Insects were counted both alive and dead after a whole day. In three different investigations, this experimental process has been successfully repeated.

3. Results and discussion
The best antifungal activity of PSEO was found against Candida albicans (10.67 mm). The lowest antifungal was found against Candida parapsilosis (6.67 mm) (Figure 1). In situ analyses show the best antifungal activity in lower concentration 62.5 µg/mL on both models against Candida albicans and Candida tropicalis. Inhibition of Candida albicans on apple model was 68.96 % and Candida tropicalis on carrot model was 67.89 % (Figure 2, 3). 

The extant literature concerning the antimicrobial activity of Pinus species from Bosnia and Herzegovina is extremely limited, particularly with regard to the essential oils of green cones, as well as the synergism of EOs with antibiotics. To date, there is an absence of reports on the biological activities of essential oils (EOs) isolated from the green cones of the tested Pinus species. Furthermore, a paucity of studies on the antimicrobial activity of green cones' essential oils from other pine species (P. brutia and P. koraiensis) is evident in the extant literature [11,12].

The published data survey revealed that needle EOs of different Pinus species showed no activity against E. coli and E. faecalis [13], i.e., weak inhibitory action against pathogenic bacterial strains K. pneumoniae, E. coli, S. aureus, with MICs in the range of 0.62–20.00 mg/mL, that were substantially higher compared to MIC values determined in this study [14].
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Figure 1. Antifungal activity of PSEO with disc diffusion method in mm

The mechanism by which α-pinene affects Candida cells is not fully established. Available evidence indicates perturbation of cell integrity, including reduced respiration, disrupted ion homeostasis, and increased membrane permeability in C. albicans [15]. The magnitude and direction of the effect vary across non-albicans Candida, with reports of fungistatic or fungicidal outcomes depending on the strain and assay format; notably, pronounced killing was observed for C. lusitaniae in specific settings [16]. These strain-dependent responses underscore the need to evaluate individual species and matrices rather than generalize across the genus. Consistently, several studies have shown growth suppression by α-pinene in bacteria and fungi, supporting a broad, though context-dependent, spectrum of action [17]. In our work, this mechanistic framing aligns with the zone-of-inhibition results in vitro and the headspace efficacy in situ (apple, carrot), where concentration-dependent suppression was observed without inferring MIC values from non-MIC assays.
The activity of pine EO is particularly noteworthy when confronted with non-Candida yeasts, such as C. neoformans, as evidenced by Scalas et al. [18]. However, it is important to note that certain 'rare yeasts' have been identified as prevalent colonizers of human skin and mucosal surfaces [19]. Notably, the essential oil of lemon balm has been demonstrated for its substantial antibacterial and anticandidal properties against the human-pathogenic C. albicans [20]. It is evident from the analysis that there is a divergence in the composition of the oil when compared to its global oil composition [20]. Citronellal demonstrated antifungal properties against C. valida, likely due to the formation of permeable membranes [21]. It has been demonstrated by other studies that the lipophilicity of essential oils (EOs) facilitates their separation from the aqueous phase within the membrane structures of fungi. This process leads to membrane expansion, enhanced membrane fluidity and permeability, modification of intra-membrane proteins, inhibition of respiration, and alteration of ionic transport processes in fungi. Additionally, it results in the leakage of cellular content [22].
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Figure 2. Antimicrobial activity of PSEO in situ on apple model in %
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Figure 3. Antimicrobial activity of PSEO in situ on carrot model in %

The present study evaluated the insecticidal performance of Pinus sylvestris essential oil (PSEO) against Megabruchidius dorsalis using contact/fumigant-contact bioassays. A clear concentration-dependent effect was observed: 25%, 50%, and 100% (v/v) produced the highest activity, whereas 6.25% and 3.12% (v/v) did not show a measurable repellent effect under our test conditions (vehicle and blank controls included). Previous work has compared multiple essential oils across several insect bioassays. According to Bošković et al. [23], geranium (Pelargonium graveolens), dill (Anethum graveolens), Scots pine (Pinus sylvestris), and bergamot (Citrus bergamia) were tested in contact toxicity, fumigant-contact toxicity, repellency, and multiple-choice assays. In that study, the oils were dissolved in acetone and applied at three concentrations, with geranium oil showing the strongest effects across all tests, including at the lowest dose [23]. 

Table 1. Insecticidal activity of PSEO against Megabruchidius dorsalis (n=100)

	Concentration (%)
	Number of Living Individuals
	Number of Dead Individuals
	Insecticidal Activity (%)

	100
	0
	100
	100.00 ± 0.00

	50
	30
	70
	70.00 ± 0.00

	25
	50
	50
	50.00 ± 0.00

	12.5
	70
	30
	30.00 ± 0.00

	6.25
	100
	0
	0.00 ± 0.00

	3.125
	100
	0
	0.00 ± 0.00

	Control group
	100
	0
	0.00 ± 0.00


4. Conclusions

Pinus sylvestris essential oil consistently suppressed the growth of Candida spp. in both in vitro (disc diffusion) and in situ models, and it induced concentration-dependent effects in insect assays with Megabruchidius dorsalis. These results indicate that pine oil has practical potential for yeast control and insect management. Before field use e.g., in organic farming future work should standardize dose–response testing, assess residue and safety, and evaluate non-target impacts, especially on natural enemies employed against M. dorsalis..  
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