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Abstract
Background
Spices are susceptible to surface microbial contamination. Countries’ ban on ethylene oxide fumigation due to possible residual toxicity encouraged the usage of irradiation. Surface sterilization with low doses of ultraviolet radiation has been extensively researched as a safe, eco-friendly, and fast route. This study examines the quality of Apiaceae spices for consumption, including anise, fennel, caraway, and cumin, in response to germicidal ultraviolet radiation using a developed sterilization unit.

Methods
The influence of UV-C (254 nm, 10.5 mW/cm2) on the fungal and microbial count, germination percentage, respiration rate, phenolic content, essential oil, and the activity of antioxidant enzymes was investigated at exposure durations of 0–45 min in increments of 5 min. The treated seeds were packed in polyethylene bags in a naturally aerated storage room for 30 days before the inspection.

Results
The obtained data showed that UV-C stimulated seeds germination and increased respiration rate for all studied types. The 25 min of exposure exhibited the highest significant values compared to the control, considered a good indicator of seed vigor. In addition, UV-C exposure between 20 and 35 min promoted the accumulation of phenolic compounds and increased the oil content as a defense mechanism against radiation. Conversely, higher exposure to UV-C led to a significant reduction in phenolic and oil contents. Furthermore, the exposure to UV-C radiation enhanced the activity of antioxidant enzymes in terms of peroxidase and catalase, which progressively increased with increasing exposure durations, reached their peak at 25–30 min, and subsequently declined with extended exposure time was extended. In a similar pattern, exposure to UV-C radiation increased polyphenol oxidase activity to its highest level at 25 min, owing to the development of antioxidant protective mechanisms against oxidative stress.

Conclusion
UV-C irradiation in the range of 25–30 min is the most appropriate pretreatment to maintain the vitality of the examined seeds.
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Introduction
Spices and herbs are commonly consumed in processed foods worldwide for their powerful flavor, nutritional values, and medicinal characteristics [1]. Spices and herbs are non-perishable due to their low moisture content; nevertheless, microbial species rapidly grow when mixed with water-rich foods, causing the food to degrade quickly. Hence, spices are easily microbially contaminated by dust, wastewater, and animal/human excreta during numerous operations of cultivation, harvesting, drying, transportation, and storage [2–4]. The most common causes of foodborne infection in medicinal plants are toxic molds [5] and pathogenic bacteria [6]. Furthermore, many investigations have reported the presence of aflatoxin in a variety of herbs and spices, including black peppers, paprika, chili, ginger, anise, fennel, and cumin, that have been contaminated with diverse toxigenic species, such as Aspergillus, Penicillium, and Rhizopus [5, 7, 8].
Commercially, fumigation with ethylene oxide is used to lower microbial load infection in spices after extensive studies indicated that it has both antibacterial and insecticidal effects. [9]. Nevertheless, the European Union has outlawed fumigation due to the toxicity of the breakdown products and the residues’ carcinogenic effect. In addition, heated steam serves as an antimicrobial treatment; however, high-temperature steam causes discoloration, flavor loss, volatile oil loss, and quality decline [10, 11].
The restriction on ethylene oxide in the European Union and other nations encouraged the use of irradiation. Currently, microwave, gamma radiation, X-rays, and electron beam applications are being used to suppress contamination and prolong the shelf-life of medicinal plants [6, 12]. However, ionizing radiation is restricted due to the high cost, complicated processing, market acceptance, and changes in spices taste [12, 13]. In general, heating processes cause significant damage owing to non-enzymatic browning, which leads to the Maillard reaction and the loss of color, nutritional value, and aroma [14].
On the other hand, UV-C sterilization inactivates bacteria and viruses efficiently [15]; due to mutations in the microorganisms' DNA nucleic acid, resulting in a reduction in the microbial population curve [16], with no concerns about residuals or disinfection by-products of UV-C [17]. According to Hidaka and Kubota [18] and Manzocco et al. [19], UV-C disinfection affects only the surface, which is sufficient to maintain spices hygiene, because most bacteria that contaminate spices reside on the surface. At the same time, the inner sections usually are contamination free [20]. The effect of germicidal ultraviolet light on regulating decay and physiological disorders without changing quality has been extensively researched on vegetables, fruits, milk, and juices [21–25].
Oxidative stress is caused by an imbalance in the oxidant/antioxidant system, which is revealed by a constant increase in reactive oxygen species (ROS). Ultraviolet radiation energy can act as an abiotic stress elicitor in plants, promoting the accumulation and biosynthesis of bioactive components that directly minimize oxidative stress by scavenging free radicals.
According to Castillejo et al. [26], UV abiotic stresses have positive effects at low doses, including the synthesis of secondary metabolites such as carotenoids, phenolics, and flavonoids, as well as the production of antioxidant enzymes that protect plants against oxidative damage, such as the membrane lipid peroxidation [27, 28]. As UV exposure stimulates the generation of reactive oxygen species (ROS), it has been used to study the behavior of the antioxidant defense system of the plant. According to Costa et al. [29], UV-B radiation stimulated the antioxidant defense system in sunflower cotyledons. Moreover, UV-B radiation strengthened the antioxidant system in barley seedlings by increasing the activity of antioxidant enzymes and causing the formation of phenolic acids [28]. The plant’s antioxidant defense mechanism is influenced by the type of stressor, as well as the severity and duration of its action [30]. To the best of our knowledge, the effectiveness of decontaminated short-wave UV radiation (UV-C) on the quality of spices seeds for consumption has not been adequately discussed. The goal of this study is to determine the optimal UV-C dosage that has a positive influence on the quality of Apiaceae spices for consumption after 30 days of storage. Anise (Pimpinella anisum L.), fennel (Foeniculum vulgare Mill), caraway (Carum carvi L.), and cumin (Cuminum cyminum L.) were examined for fungal and microbial count, germination percentage, respiration rate, phenolic content, essential oil, as well as the defense mechanism through the enzyme’s activity.

Materials and methods
UV-C sterilization unit
UV-C unit was designed and developed according to Hidaka and Kubota [18] with some modifications to conduct the studied species' sterilization process. It was carried on a custom-designed iron chassis with dimensions of (125 × 65 × 71 cm3; length × width × height). A sterilization tunnel measures (100 × 45 × 34 cm3; length × width × height) was equipped with a transparent belt conveyor covered with trophic stainless-steel wire 30 cm wide and controlled by a 1.5 kW electric motor. Four UV-C lamps (UVC T8 30 W G13, LEDVANCE—China; 12.6 W) were assembled on the tunnel, two of which were hung at 20 cm from the belt [31], and the others were assembled under the belt at a distance of 13.5 cm. The distances between the belt and the lamps were assessed based on laboratory experiments to ensure a uniform radiation intensity across the entire surface of the seeds, using a digital radiometer (UV-37SD Data Logger Ultraviolet Intensity Meter, CUSTOM, Japan).
A stainless-steel hopper with a capacity of 5 kg and a spiral grooved wheel metering device at the bottom was positioned over the outer part of the feeding belt to feed the seeds uniformly in the required amount [32]. Meanwhile, a stainless-steel discharge hopper of similar capacity was installed under the moving belt at the end of the unit chassis to receive the treated seeds. Tunnel exits were insulated with curtain sheets to block any leak of UV radiation out of the tunnel.

Sample selection and UV-C treatment
Anise (Pimpinella anisum L.), fennel (Foeniculum vulgare), caraway (Carum carvi L.), and cumin (Cuminum cyminum L.) seeds were purchased from a local company located in the Cairo government. The UV-C unit was operated for the sterilization process, and the belt was set to the required speed to feed a thin layer of seeds over the belt surface. The seeds were placed in the feeding hopper, and the feeding hopper door was opened, allowing the seeds to descend onto the belt under the ultraviolet area. Each type of spices under investigation was irradiated with UV-light (254 nm, 10.5 mW/cm2) for different durations of 5, 10, 15, 20, 25, 30, 35, 40, and 45 min [31, 33]. A non-irradiated sample was taken as a control. The treated seeds were then discharged in fixed quantities via a rotary valve, packed into polyethylene plastic bags, and stored at ambient air (29.9 °C and 64–66% RH) for 30 days before assessments.

Fungal and microbial count
Mold prevalence (cfu/g of grains) was determined according to the method outlined in [34] and [35]. Before being digested for 2 min, 25 g of representative samples were soaked for 30 min in 250 ml of sterile peptone (0.1% in water). 1 mL of the sample was serially diluted in 9 mL of peptone water, and 100 [image: $$\upmu$$]L of the serial dilution was drop-plated on dichloron glycerol-18 (DG-18) agar medium (Oxoid chemicals, Hampshire, UK) for 4–5 days at 35 °C. The number of colonies (cfu/g) was recorded after incubation.

Germination percentage
100 g of seeds were germinated in Petri dishes (12 cm diameter) containing filter paper with 15 mL of distilled water. The seeds were considered to have germinated after radicle emergence. The germination period was 10–15 days, and the germination test ended when no seeds had germinated for 3 days. Germination percentage was calculated according to Sadeghianfar et al. [36] using the following formula: percentage of germination = (Total germinated seeds)/(Total number of seeds) × 100.

Respiration rate
The respiration rate was determined using the titration method described by Haney et al. [37]. 100 g of germinated seeds were placed in a desiccator with air free from CO2 and a tube of 25 mL of 1 M KOH. After 1 h, KOH was titrated with 1 N HCl using a thymol blue indicator, and CO2 production was calculated as mL CO2 kg−1 seed h−1.

Total phenolic content
Total phenolic content was determined according to Mohdaly et al. [38] as follows: the prepared ground sample (5 g) was macerated in 50 mL of each solvent (methanol 80%, ethanol 80%, and water) for 24 h at room temperature. Then, the crude solvent extracts were filtered through (Whatman No. 1) filter paper. Finally, filtrates were evaporated under a vacuum in a rotary evaporator at 45 °C and weighed to determine the extracted yield of each sample.
Total phenolic content was determined in each extract using Folin–Ciocalteu’s method. An aliquot of the extract (0.1 mL) was mixed with 5 mL of distilled water and 0.5 mL of Folin–Ciocalteu’s reagent, followed by one mL of Na2CO3 solution. The absorbance was measured after 2 h at 760 nm against a reagent blank. Chlorogenic acid was served as a standard compound and used to prepare the calibration curve in the range of 0–10 ppm. Phenolic content was expressed by mg Chlorogenic acid/100 g dry weight.

Essential oil
The oil was extracted by a hydro-distillation method in a Clevenger apparatus according to the Egyptian Pharmacopoeia [39] to determine the essential oil % (v/w). Seeds (100 g) were ground and immediately hydro-distilled for an average duration of 3 h.

Enzyme’s activity
For the activities of peroxidase (POD), polyphenol oxidase (PPO), and catalase (CAT), enzyme extractions were conducted according to Yin et al. [40]. 5 g of powdered seeds were homogenized in 10 mL of 100 mmol K2HPO4 (pH 7.8) containing 1 mM EDTA and 1% (w/v) polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 4 °C for 20 min at 12,000 rpm.
The enzyme activities were measured spectrophotometrically in the supernatant. For POD activity, 0.15 mL of enzyme extract was added to a reaction mixture containing 3 mL of 0.05 mol L−1 phosphate buffer (pH 7.8) and 0.04 mol L−1 guaiacol [41]. POD was measured as changes in the absorbance at 460 nm, and the results were expressed as U mg−1 protein. For PPO, the change in absorbance of a mixture containing 0.5 mL supernatant, 0.1 mol L−1 phosphate-buffered, and 0.5 mol L−1 catechol was obtained at 398 nm. PPO activity was expressed as U mg−1 [42]. CAT activity was determined according to Ravindran et al. [43]; an aliquot of 1 mL of the enzyme extract was added to the reaction mixture containing 3 ml of 0.1 M sodium phosphate buffer (pH 6.8) and 1 mL of 0.01 M H2O2. A decrease in H2O2 was monitored at 240 nm and considered enzyme activity. One unit of the enzyme was defined as μmol H2O2 decomposed per minute per mg protein (U mg−1).

Statistical analysis
UV-C treatments were carried out in three replicates. For the statistical analysis, a one-way analysis of variance (ANOVA) was performed using SPSS (Version 26, IBM Corporation, USA), and the means of treatments were separated using Tukey’s honest significance test (HSD) at a 5% significance level. Hierarchical cluster analysis (HCA) was performed to classify the effect of the different ultraviolet dosages based on the similarities among the measured variables by applying the squared Euclidean distance and Ward's linkage methods.


Results and discussion
Fungal and microbial count
The findings show that for all treated seeds, the total fungal and bacterial counts were around 4.1 and 1.67 [image: $$\times$$] 102 cfu/g, respectively. Meanwhile, the control's total fungal and bacterial counts were 3.3 and 2.4 [image: $$\times$$] 102 cfu/g, respectively, without significant differences between treated and untreated seeds. According to the data, all tested seeds had a lower microbiological load than those indicated by the Egyptian Specification Standards (ES: 1930/2008 and ES: 2095/2005), and the International Standards Organization (ISO: 9301/2003 and ISO: 2255/1996). This is because the spice legislation’s microbial specifications set maximum limits of 104 and 102 CFU of total microbial and mold and yeast counts per gram, respectively [34, 35].
It's possible that the lower load in treated and untreated seeds is due to contamination in the field rather than storage, as 30 days of storage may not be long enough for an infection to become apparent, particularly following UV-C sterilization.

Germination percentage
The effect of different UV-C dosages on seed germination following a dormancy period of 30 days was examined. For all seeds, control samples had the lowest significant germination percentage of 48, 53, 52, and 46% for anise, fennel, caraway, and cumin, respectively. While the 25 min irradiated sample had the highest significant percentages of 67%, 70%, 69%, and 57%, respectively, as shown in Table 1. The germination percentage gradually decreased in the samples subjected to higher exposure periods. Similar results were found in Bengal gram (Cicer arietinum L.) and horse gram (Macrotyloma uniflorum L.) by Gandhi [44], who observed that germination percentage decreased gradually with a progressive increase in exposure duration of UV-C light. According to de Araujo et al. [45], UV-C up to a dose of 20.7 kJ m−2 resulted in a 50–66% increase in germination in castor oil plant seeds. In comparison, higher doses of 41.4 kJ m−2 reduced seed energy and decreased seed germination. According to Liu et al. [46], this reduction in the germination percentage suggested that energy was shifted to more functional metabolites to adapt in response to UV radiation.Table 1Germination percentage of anise, fennel, caraway, and cumin stored for 30 days after different UV-C exposure durations


	Exposure time (min)
	Anise
	Fennel
	Caraway
	Cumin

	0
	48.30 ± 0.57 f
	53.66 ± 1.52 e
	52.33 ± 0.57 d
	46.00 ± 2.00 f

	5
	50.00 ± 1.00 ef
	56.66 ± 0.57 de
	55.66 ± 0.57 cd
	48.00 ± 1.10 ef

	10
	52.67 ± 0.57 de
	57.00 ± 1.00 de
	58.33 ± 0.57 c
	48.66 ± 0.56 de

	15
	53.66 ± 1.52 cd
	59.0 ± 1.10 cd
	58.33 ± 1.52 c
	50.66 ± 2.08 d

	20
	55.00 ± 2.00 cd
	61.66 ± 1.52 bc
	64.00 ± 1.20 b
	51.00 ± 1.73 cd

	25
	67.66 ± 1.15 a
	70.00 ± 1.3.00 a
	69.33 ± 1.15 a
	57.66 ± 2.08 a

	30
	65.33 ± 0.57 ab
	64.66 ± 1.42 b
	66.00 ± 1.00 ab
	54.33 ± 0.67 b

	35
	63.66 ± 0.57 b
	64.33 ± 0.47 b
	65.66 ± 2.08 ab
	53.00 ± 2.64 bc

	40
	62.33 ± 0.59 b
	63.66 ± 1.15 b
	65.00 ± 2.64 ab
	53.33 ± 1.52 b

	45
	56.66 ± 1.52 c
	62.66 ± 0.80 b
	64.33 ± 1.54 b
	52.66 ± 1.42 bcd


Data were expressed by mean ± standard deviation (SD); means within columns followed by the different lowercase letters indicate significant differences (P ≤ 0.05). HSD at a 5% significance level was 3.25, 3.46, 4.42, and 2.1 for anise, fennel, caraway, and cumin, respectively



Many investigations reported different impacts of UV on germination. For example, long-term UV-B radiation severely hampered the growth of Astragalus mongholicus seedlings [46] and inhibited barley seedlings’ growth [28]. Whereas UV-C stimulated wheat germination, and increasing the exposure duration enhanced the germination percentage compared to the control [47]. Another study reported that UV-C had no significant effect on the germination percentage of maize and sugar beet seeds compared to the control [36]. HIDAKA and KUBOTA [48] reported that UV irradiation did not reduce germination compared to control.
According to Kovács and Keresztes [49], the biological effect of UV-C light (100–280 nm) as non-ionizing radiation is owing to photons with enough energy to break chemical bonds, creating a photochemical reaction as compared to visible light photons (> 400 nm). Furthermore, three primary mechanisms may have contributed to UV-C radiation's beneficial effect on seeds: (1) UV-C radiation caused a breakdown in the seed coat, allowing the seeds to absorb more oxygen and water and lessening dormancy; (2) UV-C radiation raised the temperature to be suitable for germination; and (3) UV-C radiation increased seed respiration and mitochondrial activities [36, 45]. According to Sarghein et al. [50], UV radiation influences growth via phytohormones through photo destruction or enzymatic reactions. Overall, UV light has different impacts on different species and cultivars of the same species.
It has been shown that there was no statistically significant difference in the percentage of germination for caraway seeds treated for 25–40 min (P > 0.05). However, this may depend on how caraway seeds respond to UV radiation during adaptation.

Respiration rate
The impact of ultraviolet radiation on Apiaceae spices' respiration rate is presented in Table 2. The findings showed that the respiration rate varied significantly depending on the exposure duration and that the respiration rate followed the same pattern as the germination percentage, which is consistent with the findings of Dahal et al. [51], who found that the respiration rate has a consistent relationship with germination. According to Horbach et al. [52], seeds with low respiration levels do not germinate rapidly or entirely. The seeds’ dormancy is broken due to their absorption of radiation and energy conversion into heat, necessitating an increase in respiration to accommodate the cell-structure processes [36, 45]. Moreover, seed respiration and oxygen consumption have been used as good indexes of seed vigor and the activation of germinative metabolic processes [53].Table 2Respiration rate (ml CO2 Kg−1 seed h−1) of anise, fennel, caraway, and cumin stored for 30 days after different UV-C exposure durations


	Exposure time (min)
	Anise
	Fennel
	Caraway
	Cumin

	0
	24.46 ± 1.63 d
	20.92 ± 1.76 f
	20.33 ± 3.51 e
	21.00 ± 1.73 h

	5
	26.92 ± 1.63 cd
	21.22 ± 1.00 f
	25.66 ± 2.08 de
	27.33 ± 1.52 g

	10
	28.98 ± 2.22 bcd
	22.73 ± 2.80 ef
	25.66 ± 2.08 de
	29.66 ± 1.52 fg

	15
	29.5 ± 2.40 bcd
	24.13 ± 0.91 ef
	27.00 ± 1.00 cd
	33.00 ± 2.64 ef

	20
	30.33 ± 3.70 bc
	25.62 ± 2.24 de
	29.66 ± 2.08 cd
	35.60 ± 1.15 de

	25
	42.15 ± 1.97 a
	41.99 ± 3.30 a
	46.33 ± 2.51 a
	45.33 ± 0.57 a

	30
	38.80 ± 1.90 a
	39.77 ± 1.79 a
	40.33 ± 1.52 b
	42.00 ± 2.00 ab

	35
	33.20 ± 3.20 b
	33.90 ± 1.58 b
	29.33 ± 4.16 cd
	40.33 ± 1.52 bc

	40
	33.23 ± 3.02 b
	30.62 ± 1.69 bc
	31.66 ± 2.88 c
	37.66 ± 1.15 cd

	45
	33.27 ± 3.60 b
	29.36 ± 0.93 cd
	28.33 ± 1.52 cd
	36.33 ± 2.51 cde


Data were expressed by mean ± standard deviation (SD); means within columns followed by the different lowercase letters indicate significant differences (P ≤ 0.05). HSD at a 5% significance level was 5.1, 4.3, 5.8, and 4.1 for anise, fennel, caraway, and cumin, respectively



The data revealed that the 25 min UV-treated samples had the highest significant respiration rate values for all types of seeds. However, the control and lower UV-C exposure duration-treated samples had the lowest significant values. In addition, Wang et al. [28] found that UV-B long-term radiation affected barley seedlings’ physiological and metabolic functions, resulting in a significant reduction in respiration rate, which is consistent with our findings that higher UV-C exposure durations induced a significant decrease in respiration rate.

Phenolic content
Phenolic chemicals are the most prevalent secondary metabolites formed to protect plants in response to abiotic and biotic stresses, such as UV light and pathogens attack [54]. In addition, the high content of total phenolic and antioxidant activity gives an excellent rationale for using plant sources for medical purposes. According to Papoutsis et al. [55], ultraviolet treatment endorses the antioxidant capacity and bioactive compounds of horticultural products.
The data in Table 3 revealed a gradual increase in the total phenolic content by increasing the exposure time from 0 to 25 min, then a gradual decrease from 35 to 45 min without a significant difference with control, following Papoutsis et al. [55], who found that UV-C at low doses increased the phenolic content of lemon pomace powder, and a dosage higher than 19 kJ m−2 resulted in a reduction of total phenols. Even though all spices belong to the same family, there is a variation in their overall phenol concentration. The results showed that the highest total phenolic content was obtained in anis and fennel, while the lowest values were obtained in caraway and cumin, comparable to [56–58]. Even though all spices belong to the same family, there is a variation in their overall phenol concentration. This may be due to the presence of different amounts of sugars, carotenoids, or ascorbic acid, the duration of cultivation, geographical differences, or extraction methods, which may alter the content of phenols [59, 60].Table 3Total phenolic content (mg chlorogenic acid/100 g) of anise, fennel, caraway, and cumin stored for 30 days after different UV-C exposure durations


	Exposure time (min)
	Anise
	Fennel
	Caraway
	Cumin

	0
	216.0 ± 2.1 ef
	114.5 ± 0.9 c
	26.0 ± 0.6 d
	5.75 ± 0.35 h

	5
	213.5 ± 1.4 f
	114.5 ± 0.7 c
	26.0 ± 1.1 d
	4.70 ± 0.28 h

	10
	221.5 ± 2.3 def
	121.5 ± 1.1 c
	31.5 ± 1.3 d
	9.75 ± 0.35 ef

	15
	227.0 ± 2.8 de
	119.5 ± 0.5 c
	42.5 ± 0.5 c
	11.25 ± 1.06 bc

	20
	245.0 ± 1.4 b
	134.0 ± 1.7 b
	54.0 ± 0.4 b
	10.35 ± 0.91 ce

	25
	257.0 ± 0.7 a
	145.0 ± 0.95 a
	60.0 ± 0.7 ab
	12.75 ± 0.35 a

	30
	240.0 ± 2.8 bc
	143.0 ± 1.3 a
	63.5 ± 0.8 a
	10.0 ± 0.0 ce

	35
	244.0 ± 2.8 b
	132.5 ± 0.4 b
	62.5 ± 0.9 a
	12.0 ± 2.82 ab

	40
	232.0 ± 2.8 cd
	135.0 ± 1.6 b
	54.0 ± 1.1 b
	8.50 ± 0.70 fg

	45
	205.8 ± 1.4 g
	120.0 ± 0.2 c
	41.5 ± 1.3 c
	7.50 ± 0.70 g


Data were expressed by mean ± standard deviation (SD); means within columns followed by the different lowercase letters indicate significant differences (P ≤ 0.05). HSD at a 5% significance level was 11.17, 7.65, 8.31, and 1.4 for anise, fennel, caraway, and cumin, respectively



At 25 min exposure time, anise, fennel, and cumin had the highest significant values of total phenols (P < 0.05) of 257, 145, and 12.75 mg/100 g, respectively, while for caraway, the highest significant value of 63.5 mg/100 g was observed after 30 min of exposure.
According to Alothman et al. [61], phenylalanine ammonia-lyase, the key enzyme responsible for synthesizing and accumulating phenolic compounds, is promoted after UV-C treatment as a defense mechanism against irradiation. Brown et al. [62] reported that the low dose of UV-C possibly stimulated the production of phytoalexins physiologically in cabbage seeds, thus inducing black rot resistance in plants. Conversely, exposure to higher doses of UV-C suppressed phenylalanine ammonia-lyase activity and increased storage rots. The reduction of phenolic content at higher exposure time may be attributed to decreasing some phenolic compounds, such as phenolic acids or flavonoids [55]. In addition, the structure of seed tissues was affected by UV treatment, facilitating the release of polyphenols from cell wall polysaccharides, and increasing the value of total phenolic content. With increasing exposure time, the action of polyphenol oxidase degrades some of the free polyphenols by oxidation, causing a decrease in the phenolic content value [63]. The results of the current study confirm this.

Essential oil
In Table 4, data revealed that the essential oil content in anise seeds ranged from 1.81% to 2.98%. According to Ullah et al. [64], anise essential oil content ranges from 2.7% to 3%, whereas according to Shojaii and Abdollahi Fard [65], aniseeds contain 1.5–5.0% essential oil. From the obtained data, all UV-C treatments induced a significant increase in anise oil quantity compared to the control. In addition, UV-C-treated samples for 20, and 25 min exhibited the highest values of oil content of 2.90% and 2.98%, respectively, without a significant difference.Table 4Essential oil content % (v/w) of anise, fennel, caraway, and cumin stored for 30 days after different UV-C exposure durations


	Exposure time (min)
	Anise
	Fennel
	Caraway
	Cumin

	0
	1.81 ± 0.05 d
	1.28 ± 0.08 e
	1.54 ± 0.05 b
	5.78 ± 0.04 e

	5
	2.54 ± 0.12 b
	1.31 ± 0.09 e
	1.56 ± 0.03 b
	5.86 ± 0.012 e

	10
	2.60 ± 0.04 b
	1.46 ± 0.02 d
	1.56 ± 0.04 b
	6.21 ± 0.18 d

	15
	2.58 ± 0.04 b
	1.54 ± 0.02 cd
	1.65 ± 0.09 b
	6.48 ± 0.13 c

	20
	2.90 ± 0.04 a
	1.62 ± 0.03 abc
	1.88 ± 0.04 a
	6.88 ± 0.08 a

	25
	2.98 ± 0.05 a
	1.71 ± 0.04 a
	1.82 ± 0.01 a
	6.82 ± 0.12 a

	30
	2.28 ± 0.11 c
	1.68 ± 0.05 ab
	1.78 ± 0.04 a
	6.74 ± 0.12 ab

	35
	2.37 ± 0.05 c
	1.63 ± 0.09 abc
	1.78 ± 0.04 a
	6.74 ± 0.04 ab

	40
	2.26 ± 0.09 c
	1.59 ± 0.02 abc
	1.6 ± 0.02 b
	6.58 ± 0.09 bc

	45
	2.16 ± 0.08 c
	1.58 ± 0.01 bc
	1.57 ± 0.04 b
	6.45 ± 0.04 c


Data were expressed by mean ± standard deviation (SD); means within columns followed by the different lowercase letters indicate significant differences (P ≤ 0.05). HSD at a 5% significance level was 0.16, 0.12, 0.12, and 0.22 for anise, fennel, caraway, and cumin, respectively



Özel et al. [66] reported that fennel essential oil content varied between 3.5% and 6%; however, in our investigation, the control sample yielded the lowest significant value of 1.28%, while the 25 min treated sample yielded the highest significant value of 1.71%. This variation between results might be due to the cultivar and the environmental conditions (soil moisture, temperature, soil nutrients, etc.) influencing seed quality [67]. In addition, it was observed that exposure durations of 0 and 5 min exhibited a significant decrease in oil content compared to higher durations (P < 0.05).
For caraway seeds, the oil content ranged from 1.54% to 1.88%, which is comparable to the findings of Raal et al. [68], who studied the content of essential oil of 20 commercial caraway seeds obtained from different countries and found that the investigated samples yielded an average oil content of 0.6–5.4%. Statistical analysis revealed that, despite the minor differences between treatments, there is a significant difference between them. However, there were no differences in oil contents between the samples exposed to UV-C for 20, 25, 30, and 35 min, and this range of exposure duration had a beneficial influence on the oil amount when compared to the control and other durations.
Cumin seeds yielded essential oil in the range of 5.78–6.88%. According to Moraghebi [69], the essential oil varied between 1.84 up to 5.06%, whereas other investigations reported a range of 2.0–4.0% [70, 71]. The exposure durations of 0 and 5 min resulted in a significant decrease in oil content compared to the longer durations. Furthermore, the difference in oil content for treated samples between 20 and 35 min was negligible.
To our knowledge, not much research has been conducted on the influence of UV-C on the essential oil of medicinal seeds. However, according to Erdoǧdu and Ekiz [72] and [73], UV-C treatment is classified as a non-thermal process with no significant effect on weight loss or color changes, and volatile oil in cumin and black pepper seeds, which is comparable to our findings.

Antioxidant enzymes
As a mechanism of seed decay resistance, seeds have enzyme-based biochemical defenses positioned on or near the seed's surface [74]. Peroxidase (POD) is a key enzyme in plant antioxidant defense as it engages in metabolic activities related to respiration and promotes the utilization of phenolic compounds as co-substrates [75]. Catalase (CAT) is also essential to preserve the redox equilibrium during oxidative stress, because it scavenges H2O2 produced in the peroxisome organelle by catalyzing the dismutation of two molecules of H2O2 into water and oxygen [76]. Whereas the enzyme polyphenol oxidase (PPO) oxidizes o-diphenolic compounds, enhancing the defense efficacy of phenolics by creating highly reactive o-quinones [77].
When compared to the untreated seeds, UV-C-treated seeds had a significantly higher POD, CAT, and PPO enzyme activity as the exposure time increased, as shown in Fig. 1. This is due to the development of antioxidant defenses against oxidative stress, as increased antioxidant enzyme activity scavenges excess reactive oxygen species. UV exposure has been known to stimulate the generation of reactive oxygen species (ROS), known as oxidative stress. Furthermore, at low levels of exposure, UV abiotic stressors promote the synthesis of secondary metabolites, such as carotenoids, phenolics, and flavonoids, as well as the development of antioxidant enzymes that protect plants from oxidative damage, such as membrane lipid peroxidation [27, 30].[image: ]
Fig. 1POD (a), CAT (b), and PPO (c) activities in anise, fennel, caraway, and cumin stored for 30 days after different UV-C exposure durations. Different lowercase letters on top of the bars indicate significant differences (P ≤ 0.05)


These results are comparable to those of Nasibi and M-Kalantari [27], they found that Brassica napus seedlings adapted to UV-B and UV-C as abiotic stressors by producing significantly more flavonoids and anthocyanins than the control. Furthermore, in response to UV-B and UV-C radiation, the activity of antioxidant enzymes increased in the leaves and roots of pepper plants in comparison with the control [75].
The results showed that POD activity progressively increased with the exposure durations, peaked at 25–30 min, and subsequently declined as the exposure time was extended. For example, after 25 min of exposure, anise and cumin exhibited the highest increase in POD activity, approaching 155.2% and 156.6%, respectively. At the same time, fennel and caraway had the highest value of 157.2% and 154.5%, respectively, after 30 min of exposure, Fig. 1a. Meanwhile, 45 min of exposure caused a significant decrease in POD compared to the control. These results are consistent with the findings of Sharlaeva and Chirkova [30], who observed that POD activity increased in spring wheat seeds with increasing exposure durations, peaked at 30 min by 25.9%, and that a further increase in the time after 40 min resulted in a significant decline in POD compared to control.
The antioxidant mechanism is engaged in response to the UV-C stressor. With increasing irradiation time, POD activity increases, which could be attributed to the rise in reactive oxygen species synthesis, including hydrogen peroxide (H2O2) and lipid peroxidation. However, a further increase in UV exposure time reduces peroxidase activity significantly. According to Sharlaeva and Chirkova [30], this can be caused by a reduction in the intensity of hydrogen peroxide formation reactions and an increase in the metabolic processes that use H2O2, as well as the activation of the compensatory mechanisms that prevent the synthesis of free radicals, resulting in reduced enzyme synthesis.
According to the data in Fig. 1b, anise and cumin seeds treated for 25 min had the highest significant increase in CAT activity, reaching 127.3% and 126.6%, respectively. On the other hand, fennel and caraway seeds exposed for 30 min exhibited the highest significant increase of 126.4% and 137.82%, respectively. However, CAT activity was not significantly different at exposure time between 25 and 30 min. Furthermore, with increasing the exposure time, the activity of CAT gradually decreased to a level that was not significantly different from the control at 45 min of exposure time.
According to Costa et al. [29], UV-B radiation significantly boosted CAT activity in sunflower cotyledons seeds by 20% compared to the control. Moreover, UV-B radiation resulted in a CAT increase in rice seeds by 33–45% [78]. These findings suggested that CAT activity is crucial for controlling the amount of endogenous H2O2 produced in response to abiotic stressors, such as UV-C.
According to Flurkey and Inlow [79], Increased PPO in plant tissues in response to wounding suggests that PPO is produced as part of the defensive mechanism in plants. The data presented in Fig. 1c show that PPO activity in anise seeds increased significantly after 25 min of UV-C treatment, reaching 1.75 U mg−1 by 52.2%, and then reduced significantly with longer exposure times, down to 0.89 U mg−1 with 22.6% decrease after 45 min of exposure compared to control. The findings demonstrated that PPO activity in the other seeds followed the same pattern as in anise seeds. The UV-C radiation resulted in a maximum increase in PPO activity in fennel, caraway, and cumin by 59.6%, 52.4%, and 51.8%, respectively, at 25 min of exposure. Moreover, the data showed no discernible change in PPO among most other UV-C treatments, and there was no statistically significant difference between them.

Hierarchical cluster analysis (HCA)
The HCA was performed to differentiate between the various durations of ultraviolet exposure to identify the optimal dose that maintained the quality of seeds after 30 days of storage [80].
The data showed that the Dendrogram of anise seeds formed a small group of 25 min that represented the better quality among the six formed groups, Fig. 2a. Whereas for the higher quality in fennel, caraway, and cumin seeds, a group of 25–30 min duration was created and distinguished from the other durations groups, as shown in Fig. 2b–d. Furthermore, for fewer clusters in all seed types, two large groups were formed, one (G1) with intermediate durations of 20–40 min, and the other (G2) made up of shorter durations of 0–15 min and longer duration of 45 min, which is responsible for the reduced quality effect.[image: ]
Fig. 2Dendrogram exhibits the clustering according to similarities between the observations of all measured variables for a anise, fennel (b), caraway (c), and cumin (d) after the different durations of ultraviolet exposure. The measured variables were germination percentage, respiration rate, phenolic content, essential oil, and antioxidant enzymes




Conclusion
According to the results of the current study, low levels of UV-C light stimulate germination and respiration rate of Apiaceae spices as reliable indicators of a seed’s vitality and the initiation of metabolic activities. The 25 min exposure had the highest significant values compared to the control. Moreover, as a defensive strategy against radiation, UV-C exposure encouraged an increase in phenolic content and essential oil in the examined seeds in the range of 20–35 min. Conversely, higher UV-C exposure caused a significant reduction in phenolic and oil contents. Antioxidant pathways play a crucial role in stress tolerance development and the increase in antioxidant enzymes in terms of POD, CAT, and PPO, owing to the development of protective mechanisms against oxidative stress. However, the decline in enzyme activity at higher UV doses of more than 25–30 min might be due to the stress caused by long-term UV exposure, which can have a devastating impact on cellular structures.
Storage of Apiaceae spices for extended periods in various packages under varied storage conditions is required to validate the influence of the acquired optimal dose of UV-C on their quality for consumption. A microbiological assay and additional biochemical parameter measures are needed in this situation.


Acknowledgements
We sincerely thank Dr. Mohamed Abdel-Harith, Prof. at National Institute of Laser Enhanced Science, Cairo University, Egypt, for the language editing. And Dr. Hayam Attia Elsawy, a researcher in the Department of Seed Technology Research, Field Crops Research Institute, Agricultural Research Center (ARC), Giza, Egypt; for sharing her experience in enzyme activity clarification. We would like to express our profound gratitude to The Science, Technology and Innovation Funding Authority (STDF), Egypt, for their generous funding support, which made this research possible.


                        Author contributions
                     
ME and RK: conceptualization, procedure, investigation, project administration, review. RK, NT, AE, and AA: methodology. LA and RK: data curation and statistical analysis, writing—original draft preparation, review, and editing. All authors read and approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank (EKB). This work was funded by the research project entitled “Safe Storage of Some Medical and Aromatic Seeds Using Ultraviolet and Different Types of Hermetic Bags” (Project ID: 43558) of the Science, Technology and Innovation Funding Authority (STDF), Egypt.


                        Availability of data and materials
                     
The data sets used and/or analyzed during the current study are available to readers as in the manuscript and from the corresponding author upon reasonable request.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


Change History
22 November 2023A Correction to this paper has been published: https://​doi.​org/​10.​1186/​s40538-023-00503-7


References
	1.
Singh UP, Singh DP, Maurya S, Maheshwari R, Singh M, Dubey RS, et al. Investigation on the phenolics of some spices having pharmacotherapeutic properties. J Herb Pharmacother. 2004;4:27–42.PubMed

	2.
Banerjee M, Sarkar PK. Growth and enterotoxin production by sporeforming bacterial pathogens from spices. Food Control. 2004;15:491–6.

	3.
Mandeel QA. Fungal contamination of some imported spices. Mycopathologia. 2005;159:291–8.PubMed

	4.
Martins HM, Martins ML, Dias MI, Bernardo F. Evaluation of microbiological quality of medicinal plants used in natural infusions. Int J Food Microbiol. 2001;68:149–53.PubMed

	5.
Bugno A, BuzzoAlmodovar AA, Pereira TC, Andreoli Pinto TDJ, Sabino M. Occurrence of toxigenic fungi in herbal drugs. Brazilian J Microbiol. 2006;37:47–51.

	6.
Phianphak W, Rengpipat S, Cherdshewasart W. Gamma irradiation versus microbial contamination of Thai medicinal herbs. Songklanakarin J Sci Technol. 2007;29:157–66.

	7.
Tassaneeyakul W, Razzazi-Fazeli E, Porasuphatana S, Bohm J. Contamination of aflatoxins in herbal medicinal products in Thailand. Mycopathologia. 2004;158:239–44.PubMed

	8.
Colak H, Bingol EB, Hampikyan H, Nazli B. Determination of aflatoxin contamination in red-scaled, red and black pepper by ELISA and HPLC. J Food Drug Anal. 2006;14:292–6.

	9.
Phillips CR, Kaye S. The sterilizing action of gaseous ethylene oxide. Am J Epidemiol. 1949;50:270–9.

	10.
Erdoǧdu SB, Ekiz HI. Effect of ultraviolet and far infrared radiation on microbial decontamination and quality of cumin seeds. J Food Sci J Food Sci. 2011;76:284–92.

	11.
Schweiggert U, Carle R, Schieber A. Conventional and alternative processes for spice production—a review. Trends Food Sci Technol. 2007;18:260–8.

	12.
Krebbers B, Matser A, Koets M, Bartels P, Van Den Berg R. High pressure-temperature processing as an alternative for preserving basil. High Press Res. 2002;22:711–4.

	13.
Nieto-Sandoval JM, Almela L, Fernández-López JA, Muñoz JA. Effect of electron beam irradiation on color and microbial bioburden of red paprika. J Food Prot. 2000;63:633–7.PubMed

	14.
Fine F, Gervais P. A new high temperature short time process for microbial decontamination of seeds and food powders. Powder Technol. 2005;157:108–13.

	15.
Koutchma T. Ultraviolet light in food technology: principles and applications. Boca Raton: CRC Press; 2019.

	16.
Takano M, Yokoyama M. Shokuhin no sakkin (Inactivation of food-borne microorganisms). Saiwai Syobou, Tokyo. 1998;25–55 (In Japanese).

	17.
Turtoi M. Ultraviolet light potential for wastewater disinfection. Ann Food Sci Technol. 2013;14:153–64.

	18.
Hidaka Y, Kubota K. Study on the sterilization of grain surface using UV radiation: development and evaluation of UV irradiation equipment. Japan Agric Res Q. 2006;40:157–61.

	19.
Manzocco L, Da Pieve S, Bertolini A, Bartolomeoli I, Maifreni M, Vianello A, et al. Surface decontamination of fresh-cut apple by UV-C light exposure: effects on structure, colour and sensory properties. Postharvest Biol Technol. 2011;61:165–71.

	20.
Baba T, Kaneko H, Taniguchi S. Soft electron processor for surface sterilization of food material. Radiat Phys Chem. 2004;71:209–11.

	21.
Bal E. Effect of postharvest uv-c treatments on quality attributes of fresh fig. Bulg J Agric Sci. 2012;18:191–6.

	22.
Costa L, Vicente AR, Civello PM, Chaves AR, Martínez GA. UV-C treatment delays postharvest senescence in broccoli florets. Postharvest Biol Technol. 2006;39:204–10.

	23.
Keyser M, Muller IA, Cilliers FP, Nel W, Gouws PA. Ultraviolet radiation as a non-thermal treatment for the inactivation of microorganisms in fruit juice. Innov Food Sci Emerg Technol. 2008;9:348–54.

	24.
Liu LH, Zabaras D, Bennett LE, Aguas P, Woonton BW. Effects of UV-C, red light and sun light on the carotenoid content and physical qualities of tomatoes during post-harvest storage. Food Chem. 2009;115:495–500.

	25.
Matak KE, Sumner SS, Duncan SE, Hovingh E, Worobo RW, Hackney CR, et al. Effects of ultraviolet irradiation on chemical and sensory properties of goat milk. J Dairy Sci. 2007;90:3178–86.PubMed

	26.
Castillejo N, Martínez-Zamora L, Artés-Hernández F. Postharvest UV radiation enhanced biosynthesis of flavonoids and carotenes in bell peppers. Postharvest Biol Technol. 2022;184:111774.

	27.
Nasibi F, M-Kalantari K. The effects of UV-A, UV-B and UV-C on protein and ascorbate content, lipid peroxidation and biosynthesis of screening compounds in Brassica napus. Iran J Sci Technol. 2005;29:39–48.

	28.
Wang M, Leng C, Zhu Y, Wang P, Gu Z, Yang R. UV-B treatment enhances phenolic acids accumulation and antioxidant capacity of barley seedlings. LWT. 2022;153:112445.

	29.
Costa H, Gallego SM, Tomaro ML. Effect of UV-B radiation on antioxidant defense system in sunflower cotyledons. Plant Sci. 2002;162:939–45.

	30.
Sharlaeva EA, Chirkova VY. The impact of short-wave UV radiation on peroxidase activity in soft wheat seeds. IOP Conf Ser Earth Environ Sci. 2021;670:1–6.

	31.
Hassan AB, Al Maiman SA, Sir Elkhatim KA, Elbadr NA, Alsulaim S, Osman MA, et al. Effect of UV-C radiation treatment on microbial load and antioxidant capacity in hot pepper, fennel and coriander. LWT. 2020;134:109946.

	32.
Bangura K, Gong H, Deng R, Tao M, Liu C, Cai Y, et al. Simulation analysis of fertilizer discharge process using the Discrete Element Method (DEM). PLoS ONE. 2020;15:e0235872.PubMedPubMedCentral

	33.
Hernandez-Aguilar C, Dominguez-Pacheco A, Tenango MP, Valderrama-Bravo C, Hernández MS, Cruz-Orea A, et al. Characterization of bean seeds, germination, and phenolic compounds of seedlings by UV-C radiation. J Plant Growth Regul. 2021;40:642–55.

	34.
Samson RA, Hoekstra ES, Van Oorschot CAN. Introduction to food-borne fungi. Utrecht: Centraalbureau voor Schimmelcultures; 1981.

	35.
El-Kholy MM, Kamel RM. Performance analysis and quality evaluation of wheat storage in horizontal silo bags. Int J Food Sci. 2021;2021:1–10.

	36.
Sadeghianfar P, Nazari M, Backes G. Exposure to ultraviolet (UV-C) radiation increases germination rate of maize (Zea maize L.) and sugar beet (Beta vulgaris) seeds. Plants. 2019. https://​doi.​org/​10.​3390/​plants8020049.CrossrefPubMedPubMedCentral

	37.
Haney RL, Brinton WF, Evans E. Soil CO 2 respiration: comparison of chemical titration, CO 2 IRGA analysis and the solvita gel system. Renew Agric Food Syst. 2008;23:171–6.

	38.
Mohdaly AAA, Sarhan MA, Smetanska I, Mahmoud A. Antioxidant properties of various solvent extracts of potato peel, sugar beet pulp and sesame cake. J Sci Food Agric. 2010;90:218–26.PubMed

	39.
Egyptian Pharmacopoeia. General organization for governmental. Printing Office, Ministry of Health, Cairo, Egypt; 1984. p. 31–3.

	40.
Yin D, Chen S, Chen F, Guan Z, Fang W. Morphological and physiological responses of two chrysanthemum cultivars differing in their tolerance to waterlogging. Environ Exp Bot. 2009;67:87–93.

	41.
Wang Y, Luo Z, Huang X, Yang K, Gao S, Du R. Effect of exogenous γ-aminobutyric acid (GABA) treatment on chilling injury and antioxidant capacity in banana peel. Sci Hortic. 2014;168:132–7.

	42.
Sheng K, Shui SS, Yan L, Liu C, Zheng L. Effect of postharvest UV-B or UV-C irradiation on phenolic compounds and their transcription of phenolic biosynthetic genes of table grapes. J Food Sci Technol. 2018;55:3292–302.PubMedPubMedCentral

	43.
Ravindran K, Indrajith A, Pratheesh P, Sanjiviraja K, Balakrishnan V. Effect of ultraviolet-B radiation on biochemical and antioxidant defence system in Indigofera tinctoria L. seedlings. Int J Eng Sci Technol. 2010. https://​doi.​org/​10.​4314/​ijest.​v2i5.​60154.Crossref

	44.
Gandhi N. Impact of ultraviolet radiation on seed germination, growth and physiological response of Bengal gram (Cicer arietinum L.) and Horse gram (Macrotyloma uniflorum L.). J Biochem Res. 2019;2:19–34.

	45.
de Araujo MEV, Barbosa EG, de Araújo RSL, Teixeira IR, Gomes FA, Corrêa PC. Physiological and sanitary quality of castor oil plant seeds due to ultraviolet-C radiation. Ind Crops Prod. 2019;137:9–15.

	46.
Liu Y, Liu J, Abozeid A, Wu KX, Guo XR, Mu LQ, et al. UV-B radiation largely promoted the transformation of primary metabolites to phenols in Astragalus mongholicus seedlings. Biomolecules. 2020;10:1–21.

	47.
Rupiasih NN, Vidyasagar PB. Effect of UV-C radiation and hypergravity on germination, growth and content of chlorophyll of wheat seedlings. In AIP Conf Proc. American Institute of Physics Inc.; 2016. p. 030035.

	48.
Hidaka Y, Kubota K. Study on the sterilization of grain surface using UV radiation. Japan Agric Res Q. 2006;40:157–61.

	49.
Kovács E, Keresztes. Effect of gamma and UV-B/C radiation on plant cells. Micron. 2002;33:199–210.PubMed

	50.
Sarghein SH, Carapetian J, Khara J. The effects of UV radiation on some structural and ultrastructural parameters in pepper (Capsicum longum A.DC.) Siavash. Turk J Biol. 2011;35:69–77.

	51.
Dahal P, Kim NS, Bradford KJ. Respiration and germination rates of tomato seeds at suboptimal temperatures and reduced water potentials. J Exp Bot. 1996;47:941–7.

	52.
Horbach MA, Dranski JAL, Malavasi UC, de Matos Malavasi M. Physiological quality and seed respiration of primed Jatropha curcas seeds. Acta Bot Brasilica. 2017;32:63–9.

	53.
Patanè C, Cavallaro V, Avola G, D’Agosta G. Seed respiration of sorghum [Sorghum bicolor (L.) Moench] during germination as affected by temperature and osmoconditioning. Seed Sci Res. 2006;16:251–60.

	54.
Maeda H, Dudareva N. The shikimate pathway and aromatic amino acid biosynthesis in plants. Annu Rev Plant Biol. 2012. https://​doi.​org/​10.​1146/​annurev-arplant-042811-105439.CrossrefPubMed

	55.
Papoutsis K, Vuong Q, Pristijono P, Golding J, Bowyer M, Scarlett C, et al. Enhancing the total phenolic content and antioxidants of lemon pomace aqueous extracts by applying UV-C irradiation to the dried powder. Foods. 2016;5:55.PubMedPubMedCentral

	56.
Bamdad F, Kadivar M, Keramat J. Evaluation of phenolic content and antioxidant activity of Iranian caraway in comparison with clove and BHT using model systems and vegetable oil. Int J Food Sci Technol. 2006;41:20–7.

	57.
Sakr AAE, Taha KM, Abozid MM, El-saed HEZ. Comparative study between anise seeds and mint leaves (chemical composition, phenolic compounds and flavonoids). Menoufia J Agric Biotechnol. 2019;4:53–60.

	58.
Mariod AA, Ibrahim RM, Ismail M, Ismail N. Antioxidant activity and phenolic content of phenolic rich fractions obtained from black cumin (Nigella sativa) seedcake. Food Chem. 2009;116:306–12.

	59.
Burri SCM, Ekholm A, Håkansson Å, Tornberg E, Rumpunen K. Antioxidant capacity and major phenol compounds of horticultural plant materials not usually used. J Funct Foods. 2017;38:119–27.PubMedPubMedCentral

	60.
Aryal S, Baniya MK, Danekhu K, Kunwar P, Gurung R, Koirala N. Total phenolic content, flavonoid content and antioxidant potential of wild vegetables from Western Nepal. Plants. 2019;8:96.PubMedPubMedCentral

	61.
Alothman M, Bhat R, Karim AA. UV radiation-induced changes of antioxidant capacity of fresh-cut tropical fruits. Innov Food Sci Emerg Technol. 2009;10:512–6.

	62.
Brown JE, Lu TY, Stevens C, Khan VA, Lu JY, Wilson CL, et al. The effect of low dose ultraviolet light-C seed treatment on induced resistance in cabbage to black rot (Xanthomonas campestris pv. campestris). Crop Prot. 2001;20:873–83.

	63.
Singh A, Sharma S. Bioactive components and functional properties of biologically activated cereal grains: a bibliographic review. Crit Rev Food Sci Nutr. 2017;57:3051–71.PubMed

	64.
Ullah H, Mahmood A, Honermeier B. Essential oil and composition of anise (Pimpinella anisum L.) with varying seed rates and row spacing. Pakistan J Bot. 2014;46:1859–64.

	65.
Shojaii A, Abdollahi FM. Review of pharmacological properties and chemical constituents of Pimpinella anisum. ISRN Pharm. 2012;2012:1–8.

	66.
Özel A, Koşar İ, Demirbilek T, Erden K. Changes in yields and volatile oil composition of fennel (Foeniculum vulgare mill.) in high plant populations. Ital J Agron. 2019;14:147–52.

	67.
Li R, Chen L, Wu Y, Zhang R, Baskin CC, Baskin JM, et al. Effects of cultivar and maternal environment on seed quality in Vicia sativa. Front Plant Sci. 2017;8:1–9.

	68.
Raal A, Arak E, Orav A. The content and composition of the essential oil Found in Carumï carvi L. commercial fruits obtained from different countries. J Essent Oil Res. 2012;24:53–9.

	69.
Moraghebi F. Introduction of mirtenal as an indicator component in essential oil of Cuminum cyminum Isfahan variety. J Biodivers Environ Sci. 2013;3:112–7.

	70.
Acimovic M, Tesevic V, Mara D, Cvetkovic M, Stankovic J, Filipovic V. The analysis of cumin seeds essential oil and total polyphenols from postdestillation waste material. Adv Technol. 2016;5:23–30.

	71.
Ali AM, Jumma HJA. Yield, quality and composition of cumin essential oil as affected by storage period. Int J Anal Mass Spectrom Chromatogr. 2019;7:9–17.

	72.
Erdoǧdu SB, Ekiz HI. Effect of ultraviolet and far infrared radiation on microbial decontamination and quality of cumin seeds. J Food Sci. 2011;76:M284–92.PubMed

	73.
Erdoǧdu SB, Ekiz HI. Far infrared and ultraviolet radiation as a combined method for surface pasteurization of black pepper seeds. J Food Eng. 2013;116:310–4.

	74.
Fuerst EP, Okubara PA, Anderson JV, Morris CF. Polyphenol oxidase as a biochemical seed defense mechanism. Front Plant Sci. 2014. https://​doi.​org/​10.​3389/​fpls.​2014.​00689.CrossrefPubMedPubMedCentral

	75.
Mahdavian K, Ghorbanli M, Kalantari KM. The effects of ultraviolet radiation on some antioxidant compounds and enzymes in Capsicum annuum L. Turk J Botany. 2008;32:129–34.

	76.
Sharma P, Jha AB, Dubey RS, Pessarakli M. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism in plants under stressful conditions. J Bot. 2012;2012:1–26.

	77.
Haruta M, Pedersen JA, Constabel CP. Polyphenol oxidase and herbivore defense in trembling aspen (Populus tremuloides): cDNA cloning, expression, and potential substrates. Physiol Plant. 2001;112:552–8.PubMed

	78.
Sen A, Challabathula D, Puthur JT. UV-B priming of Oryza sativa Seeds augments the innate tolerance potential in a tolerant variety more effectively toward NaCl and PEG stressors. J Plant Growth Regul. 2021;40:1166–80.

	79.
Flurkey WH, Inlow JK. Proteolytic processing of polyphenol oxidase from plants and fungi. J Inorg Biochem J Inorg Biochem. 2008;102:2160–70.PubMed

	80.
Cunha Junior LC, Morgado CMA, Jacomino AP, Trevisan MJ, Parisi MCM, de Corrêa G, et al. Quality of ‘oso grande’ strawberries is affected by O2, CO2 and N2O concentrations during controlled atmosphere storage. Bragantia. 2019;78:274–83.



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


