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Abstract

:

Wild garlic (Allium ursinum L.) is one of the species widely distributed in Europe and Asia and is often nutritionally neglected, characterized by a high content of various phytochemicals with high therapeutic potential and a range of biological activities. The aim of this study was to determine the content of bioactive compounds in the leaves of wild garlic populations collected from different micro-locations, and to determine the differences in the content of phytochemicals in the vegetative and generative phases. A significant content of different specialized metabolites was detected in all analyzed leaves of wild garlic populations regardless of the different factors (location and phenophase): vitamin C content with the highest determined value of 63.31 mg/100 g fw; total phenolic content with the highest determined value of 186.18 mg GAE/100 g fw (according to gallic acid in fresh sample); and antioxidant capacity with the highest determined value of 2230.66 µmol TE/L (according to Trolox). Significant differences in all the phytochemicals analyzed were observed depending on both the location and phenophase of the plants, with the most pronounced differences depending on the phenophase. Thus, lower levels of polyphenolic compounds and vitamin C were generally observed before the flowering phase, while the trend toward higher levels of pigment compounds was observed during the flowering phase of the plants. The results suggest that the leaves of wild garlic can be considered a valuable source of a variety of specialized metabolites with high antioxidant capacity, and thus have high production potential for various functional products and food supplements of natural origin, which are important for the promotion of human health.






Keywords:


wild garlic; leaves; phytochemicals; phenophase; total phenol content; antioxidant capacity












1. Introduction


An accelerated lifestyle, improper and inadequate nutrition, and the increasing prevalence of obesity are some of the negative features of the lifestyle of modern mankind. For this very reason, consumers are increasingly aware of the need to consume seasonally available, new food sources characterized by a rich nutritional composition and significant content of phytochemicals with high antioxidant capacity [1]. In fact, numerous studies show that a healthy diet and the prevention of various degenerative diseases are closely linked, and that by consuming foods rich in bioactive compounds, phytonutrients, we can have a significant positive impact on health. One of the important components of a healthy diet today is low environmental impact. This means that a healthy diet includes foods that are rich in nutrients as well as those that are less harmful to the environment, such as fruits, vegetables, and medicinal plant species [2]. Therefore, when planning a healthy daily meal, it is important to include those foods that are characterized by a rich composition of specialized, environmentally friendly metabolites.



One of the neglected plant species, especially in terms of nutrition, is wild garlic (Allium ursinum L.). Wild garlic is a medicinal plant of the Amaryllidaceae family that has long been used in traditional medicine to treat many ailments. However, studies on its chemical and nutritional composition and pharmacological activity are recent and very rare. The plant is widely distributed in Europe and Asia and does not grow in areas above 1900 m above sea level. The active growth phase of wild garlic lasts three to four months and begins in early spring, between late February and early March. The expected flowering period of wild garlic is between April and May. All parts of the plant are edible [3], but the bulbs and leaves are most commonly consumed. For consumption, the leaves are harvested by flowering time, while for medicinal purposes, leaves or herb (Allii ursini folium/herba), collected in April and May, and bulbs (Allii ursini bulbus), collected in September and October, are used [4,5]. Wild garlic is usually collected as a wild plant species from natural habitats, but in some countries, this plant species is on the list of protected plants, so it is not possible to collect it from the wild for personal use and sale [6]. The cultivation of this species is relatively demanding, as it has special requirements, especially environmental conditions in which it grows in its natural habitats. Moreover, the propagation of this plant is difficult due to certain biological characteristics or ecological requirements, such as slow growth, specific soil requirements and low germination rates [7].



Modern pharmacological studies have confirmed many of the above traditional indications for the use of wild garlic. It is recommended as a digestive, antimicrobial, and detoxifying agent for the body, and a number of in vitro and in vivo experiments have shown Allium ursinum to be a plant with high potential for the prevention and treatment of diseases of the cardiovascular system [8,9,10,11,12,13]. It is commonly used as a remedy for respiratory diseases, such as colds or bronchitis [14]. Wild garlic is effective in wound healing, as well as chronic skin diseases [6]. It is effective in regulating blood pressure, lowering insulin levels and total cholesterol levels, with a tendency to increase HDL cholesterol. All the mentioned beneficial effects of wild garlic on human health can be attributed mainly to the sulfurous compounds, which are the most characteristic constituents of Allium plants. Allium ursinum belongs to the Allium species of methiine/alliine type, which means that it contains mainly a mixture of (+)-S-methyl-L-cysteine sulfoxide (methiine) and (+)-S-allyl-L-cysteine sulfoxide (alliine). Another important chemical constituent of wild garlic is also polyphenolic compounds. The leaves of wild garlic contain high concentrations of ferulic and vanillic acid, p-coumaric acid, and kaempferol derivatives, as well as high concentrations of flavonoids [15,16,17]. In addition, wild garlic leaves contain pigment compounds, especially chlorophylls and carotenoids, vitamins, such as vitamin C, and of the macro- and microelements in wild garlic, the iron content of 247.9 mg/kg is noteworthy [18,19]. Precisely because of the rich nutritional composition and content of phytochemicals with high therapeutic potential and the range of biological activities, from antioxidant to antimicrobial, that it exhibits, this plant species can be considered a functional food with high production potential for various functional products and food supplements of natural origin.



Therefore, the aim of this study was to determine the content of bioactive components in the leaves of wild populations of wild garlic (Allium ursinum L.) collected from different micro-locations and to determine the differences in the content of phytochemicals in the vegetative and generative phases. We also aimed to determine the antioxidant capacity of collected plant samples.




2. Materials and Methods


2.1. Plant Material


The research was conducted throughout 2019 by sampling the leaves from wild garlic populations at 4 different locations (ZG I, ZG II, ZG III, S-R) within the continental Croatia shown in detail in Table 1. Geographical coordinates for each locality were recorded using Garmin vista e-Trex GPS (Garmin International, Inc., Hampshire, UK). Collected plant material were botanically determined through accessible Virtual Herbarium ZAGR (http://herbarium.agr.hr/; accessed on 4 May 2019). Approximately 500 g of fresh plant material (leaves) was randomly collected from each location for a total of 20 plants per habitat. Fresh plant material was collected on two harvest periods, depending on the phenophase of plant development: I period on 04 April 2019 before flowering (vegetative phase) and on 19 April 2019 when the plants were in full flower (generative phase). The collection was carried out in the early morning hours on dry weather, and the fresh leaves were packed in paper bags immediately after collection and delivered to the laboratory, where they were stored in a cool place at 4 °C until the intended analysis.



The climatic conditions of each location during the four-month period (from January to April 2019) are described by climate diagrams (Figure 1, Figure 2 and Figure 3) with data from meteorological stations closest to the locations from which the plant material was collected: thus, for the locations of ZG I and II from meteorological stations ‘Maksimir’ (Figure 1); for ZG III from meteorological station ‘Grič’ (Figure 2); and for the location S–R from station ‘Šibice’ (Figure 3).




2.2. Determination of Morphological and Physicochemical Characteristics of Leaves


Basic morphological characteristics, i.e., length (mm), width (mm), and external color, were determined on a sample of a total of 30 leaves from each location. Leaf size was measured using a digital moving balance (Jiangsu, China), while chromaticity parameters (L*, a*, b*, C, h°) were determined according to the CIELab method using a colorimeter (ColorTec PCM+, PCE Instruments, Southampton, UK). Standard laboratory procedures according to Association of Officiating Analytical Chemists (AOAC) [22] were used to determine total dry matter content (DM, %) by drying at 105 °C to constant mass, total acidity (TA, %) by potentiometric titration and pH with a digital pH meter (Mettler Toledo, SevenMulti, Greifensee, Switzerland).




2.3. Determination of Specialized Metabolites and Antioxidant Capacity of Fresh Leaves


The ascorbic acid (AsA) content was determined by titration with 2,6-dichloroindophenol (DCPIP) according to the standard method [23]. AsA was isolated from the fresh wild garlic leaves by homogenizing 10 g ± 0.01 of the plant material with 100 mL of 2% (v/v) oxalic acid. The prepared solution was allowed to stand for about 20 min, filtered through Whatman filter paper and a total volume of 10 mL was used for titration with DKF. Titration with freshly prepared DKF was carried out until pink coloration appeared. The final AsA content was calculated according to Equation (1) and expressed as mg/100 g fresh weight (fw).


  AsA =    V     (  DKF  )  × F  D  × 100  



(1)




where V (DCPIP) is the volume of DCPIP (mL); F is the factor of DCPIP; and D is the sample mass used for titration.



Total phenols (TPC), flavonoids (TFC) and non-flavonoids (TNFC) were determined spectrophotometrically (Shimadzu UV 1900i, Germany) according to the method of Ough and Amerine [24]. The isolation of polyphenolic compounds was performed as follows: 10 g ± 0.01 of the plant material was weighed into an Erlenmeyer flask (Sartorius, Entris® II Essential, Zagreb, Croatia) and 40 mL of 80% EtOH (v/v) was added and heated to boiling for 10 min under reflux. After 10 min, the sample was filtered through Whatman filter paper into a 100 mL volumetric flask while the remainder of the sample was transferred to the Erlenmeyer flask and another 50 mL of 80% EtOH (v/v) was added. The procedure was repeated under reflux for 10 min. The filtrates were combined, and the flask was made up to the mark with 80% EtOH (v/v). The polyphenolic extract thus prepared was used for the reaction with Folin–Ciocalteu reagent. To a volumetric flask of 50 mL, 0.5 mL of the ethanolic extract was added and the following chemicals were added: 30 mL of distilled water (dH2O), 2.5 mL of the prepared Folin–Ciocalteu reagent (1:2 with dH2O), and 7.5 mL of saturated sodium carbonate solution (Na2CO3); the flask was filled to the mark with dH2O, and the prepared sample was allowed to stand at room temperature for 2 h with intermittent shaking. For TNFC determination, the separation was performed according to the following procedure: 10 mL of the ethanolic extract was added to the 25 mL volumetric flask, and 5 mL of HCl (1:4, v/v) and 5 mL of formaldehyde were added. The prepared samples were bubbled with nitrogen (N2) and left for 24 h at room temperature in a dark place. After 24 h, the samples were filtered through Whatman filter paper and the same Folin–Ciocalteu reaction as for TPC was performed. The absorbance of blue color in both TPC and TNFC reactions was measured spectrophotometrically at 750 nm using dH2O as a blank. Gallic acid and catechol were used as external standards and the concentration of TPC and TNFC content was expressed as mg GAE/100 g fresh weight (fw). The TFC content was mathematically expressed as the difference between total phenols and non-flavonoids.



Chlorophyll a (Chl_a), chlorophyll b (Chl_b), total chlorophylls (TCh) and total carotenoids (TCA) were determined according to the method described by Holm [25] and Wettstein [26]. For the extraction of pigments from wild garlic leaves, 0.2 g ± 0.01 of the fresh plant material was weighed, and a total of 15 mL of acetone (p.a.) was added three times. After each addition of acetone, the samples were homogenized using a laboratory homogenizer (IKA, UltraTurrax T-18, Staufen city, Germany). The final solution was filtered through Whatman filter paper and transferred to a 25 mL volumetric flask. Absorbance was measured spectrophotometrically (Shimadzu UV 1900i, Duisburg Germany) at 662, 644 and 440 nm using acetone as a blank. Holm–Wettstein equations were used to quantify each pigment (2), and the final content was expressed in mg/g.


  Chl _ a = 9.784 ×  A  662   − 0.990 ×  A  644      [  mg / L  ]   










  Chl _ b = 21.426 ×  A  644   − 4.65 ×  A  622      [  mg / L  ]   










  TCh = 5.134 ×  A  662   + 20.436 ×  A  644      [  mg / L  ]   










  TCA = 4.695 ×  A  440   − 0.268 ×  TCh     [  mg / L  ]   











The ABTS (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) assay was performed to determine the antioxidant capacity according to the method described by Re et al. [27]. ABTS, potassium persulfate, and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) (TE) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trolox was used as the antioxidant standard, and a standard solution of Trolox (2.5 mM) was prepared in ethanol (80% v/v). To prepare the ABTS radical solution (ABTS+), 5 mL of ABTS solution (7 mM) and 88 mL of potassium persulphate solution (140 mM) were mixed and left in the dark at room temperature for 16 h. On the day of analysis, a 1% ABTS+ solution (in 96% ethanol) was prepared. A total of 160 µL of the ethanolic extract was directly injected into the cuvette and mixed with 2 mL of 1% ABTS+ while absorbance was measured at 734 nm (Shimadzu 1900i, Duisburg, Germany). The final antioxidant capacity results were calculated from the calibration curve and expressed in µmol TE /L (according to Trolox).




2.4. Statistical Analysis


The data obtained were statistically analyzed using SAS® version 9.4 [28]. A generalized linear model (PROC GLM) with replicates and site and plant phenophase interactions was used for the analysis (L–location; P–phenophase; L × P–location and phenophase). Means were compared using the least significant difference (LSD) t-test and considered significantly different at p ≤ 0.01. In addition to the results, different letters are indicated in the tables to indicate significant statistical differences between the different treatments at p ≤ 0.0001. The average deviation of the results from the mean for each parameter studied with the standard deviation values are also indicated.





3. Results and Discussion


3.1. Morphological and Physico-Chemical Characteristics of Wild Garlic Leaves


The morphological characteristics of wild garlic leaves, and their chromaticity parameters are shown in Figure 4 and Table 2. Significant differences were found among the studied samples in both leaf length and leaf width in relation to the location and phenophase (before and during flowering) of wild garlic populations. Leaf length before flowering varied between 159.99 and 195.99 mm depending on the sampling location, with an average value of 187.24 mm, while leaf width varied in the range of 41.92–57.95 mm, with an average value of 49.59 mm. During flowering, the length of leaves varied in the range of 157.38–202.09 mm depending on the location with an average value of 185.64 mm, while the width was in the range of 55.24–66.23 mm, with an average value of 59.55 mm. From the results obtained, it can be concluded that leaf length did not change significantly as a function of the phenophase, while the leaf width was on average 10 mm greater during the flowering phase. The size, i.e., leaf length and width, differed significantly according to the place of sampling. For example, before flowering, plants from LO 4 had the largest leaf length (195.99 mm), while plants from LO 3 had the largest width (57.95 mm). During flowering, plants from LO 2 exhibited the largest leaf size with 202.09 mm length and 62.2 mm width. Other authors also note a significant influence of certain factors on the morphological characteristics of the plants, from the phenophase of development (flowering) to the ecotypes in the year, i.e., genetic traits, to basic climatic factors [29,30]. Since all the samples analyzed have an average leaf width of more than 35 mm, the populations studied belong to the form ucrainicum.



The chromaticity parameters of fresh wild garlic leaves of selected wild populations from different locations and plant phenophases (before and during flowering) are presented in Table 2. Significant differences were found in all analyzed color parameters both among different factors, locations and phenophases. Depending on the phenophase of the plant, L* values ranged from 19.42 to 29.44 with an average value of 23.33 irrespective of the location, while higher L* values were obtained in the flowering phase with an average value of 24.56. According to Hunterlab [31], when L* = 0, there is no reflection, indicating the presence of black, and when L* = 100, the reflection is greatest, indicating the presence of white. An a* value indicates the presence of a red or green color, with (−a*) indicating the presence of green and positive values (+a*) indicating the presence of red. Thus, it was expected that the observed negative values of the a* parameter would occur in all leaf samples, regardless of location or phenophase. On average, more green coloration was observed in the leaves before flowering (mean value of −11.42), compared to the color of the leaves at the flowering stage of the plant (mean value of −11.29). In addition, depending on the phenophase in general, regardless of the location, higher b* values were observed for leaves before flowering (average value of 17.27), compared to leaves in the flowering phase of the plant, indicating a stronger yellow coloration since positive b* values (+b*) indicate the presence of yellow, while negative values (−b*) indicate the presence of blue. Both parameters C and h° represent the color saturation. The results of this study suggest that leaves differ in color from different locations, with dark green coloration being more pronounced in flowering plants.



The results of some physicochemical properties of wild garlic leaves are presented in Table 3. Significant differences were found for all the analyzed parameters depending on the location and phenophase. In general, higher dry matter content (DM) was recorded in plant leaves before flowering, with an average value of 9.83%, while lower DM values were recorded in all observed locations (except LO 4) when plants were in the flowering phase, with an average value of 9.59%. In general, the DM content or the water content of the plant material correlates strongly with the specific pedoclimatic conditions, i.e., temperature, humidity, precipitation, soil type, number of sunny days, altitude, but also with the phenophase of plant development [29,30,32]. In the conditions of higher temperature values, i.e., higher average air temperatures, and lower amounts of recorded precipitation, a higher DM content is expected, respectively, a lower accumulation of water in the plant material (lower water content). Based on the aforementioned, the lowest DM content on LO 4 is expected, due to the fact that according to meteorological data (Table 1) on this location the lowest average air temperature and the highest precipitation were recorded. Vegetable species, in general, are not specific in terms of organic acid content, and pH values close to neutral as well as very low acid content were expected for samples of fresh wild garlic leaves. Both total acid content (TA) and pH value significantly differed depending on the location but the phenophase of plant development had a much more pronounced effect on the mentioned parameters. In general, higher TA and pH values were recorded in plant leaves in flowering stage with an average value of 0.071% for TA and 5.67 for pH.




3.2. Specialized Metabolites and Antioxidant Capacity of Fresh Leaves


The results of the analysis of the content of specialized metabolites in fresh wild garlic leaves differed significantly depending on the micro-location (L) and plant phenophase (P) (Table 4). Both factors, individually and in interaction (L × P), showed a significant effect on ascorbic acid (AsA) content, with AsA levels generally higher in the plant phenophase before flowering. Irrespective of location, the AsA content was found to be 84% higher in plant leaves before flowering with an average value of 55.64 mg/100 g fw. When comparing the locations, some variations were observed depending on the plant phenophase. For example, the highest AsA content before flowering (63.31 mg/100 g fw) was recorded in the leaves of LO 2 (ZG II), while the highest AsA content (39.17 mg/100 g fw) was recorded in the flowering phase on LO 4 (S-R). These two sites differed primarily in terms of altitude, soil type and also basic climatic conditions (average air temperature, precipitation and number of sunny days). In general, ecological factors (biotic and abiotic) are among the crucial factors that have the greatest impact on the content of specific metabolites. Some conditions that plants are often exposed to in their native environment when growing wild, such as drought, high/low air temperatures, excessive light exposure, wind, rain, etc., can cause stress in plants, causing them to activate their protective mechanisms to protect themselves and adapt to the new survival conditions. One of the effective antioxidants whose synthesis and accumulation in plant organelles is activated when plants are exposed to stress conditions is ascorbic acid, a low molecular weight antioxidant that is considered one of the best-known oxygen scavenging molecules. Numerous scientific data demonstrate the activation and increased AsA content in plants exposed to stress [33,34,35]. In conclusion, different AsA contents in leaves of wild garlic collected from different locations can be expected, as the four micro-locations studied differed significantly in terms of climatic conditions, soil type and geographical location (altitude). However, compared to the location, the phenophase of plant development [36] had a stronger influence on AsA content. L-ascorbic acid is involved in a number of important metabolic functions in the plant organism, including detoxification of reactive oxygen species (ROS), and serves as an important co-factor in the biosynthesis of some plant hormones (ethylene, gibberellic acid, and abscisic acid), affecting the regulation of developmental processes including senescence, but also flower induction. During senescence, there is a loss of antioxidant capacity and thus, an increase in ROS in plant cells, which can be assumed to be a direct consequence of low AsA levels. This leads to damage of the photosynthetic apparatus and a decrease in photosynthetic activity in tissues deficient in AsA, thereby accelerating senescence [37,38,39]. Ultimately it can be concluded that flowering is delayed by high levels of AsA, respectively, at the beginning of flowering, AsA levels decrease significantly, which is in agreement with the results of this research.



Polyphenolic compounds are some of the most significant antioxidants for plants, having an important role in scavenging and the inhibition of ROS, thus protecting plant cells from oxidative stress. Phenols are molecules of plant secondary metabolism and are involved in plant-defense mechanisms, protecting the plant from different stress conditions, biotic, abiotic and anthropogenic [40,41,42]. As for the AsA content, the phenols content decline causes oxidative stress in the flower, leading to programmed cell death and flower senescence. Thus, a decrease in phenols content toward senescence may be a driving factor for senescence to occur [43]. However, some studies also indicate the significant increase in the total phenols content from the bud to senescent stage, primarily significantly depending on the plant family [44,45,46,47]. Namely, some authors point out that the consequence of total phenols increase in the flowering phase of the plant can be due to failure of the reallocation of the phenols toward the developing parts during senescence, or by the increased synthesis of phenols toward senescence as part of the defense mechanism [48,49]. Comparing the results obtained in this research, in general, regardless of the location, significantly, TPC (about 13%) and TFC (about 27%) were determined in plant leaves before flowering. These results support the thesis that phenol content levels decrease toward senescence as a driving factor for senescence to occur. The results of TNFC content slightly differ since the trend of TNFC increase was determined in plant leaves in the flowering stage. Except phenophase, natural habitant location also significantly influenced TPC, TFC and TNFC contents in wild garlic leaves. Three locations, LO 1, LO 2 and LO 3, did not significantly differ in TPC and TFC content, with the average determined value of 184.77 mg GAE/100 g fw for TPC and 108.7 mg GAE/100 g fw for TFC, which is compared with phenolics content determined in LO 4, about 34% higher value for TPC and about 44% higher value for TFC. In addition, the two-way ANOVA results indicate the significant impact both of location (L), phenophase (P) and their interaction (L × P) on all analyzed polyphenol compounds.



Light is one of the most pronounced abiotic factors responsible for pigment synthesis in the plant cells, crucial for the photosynthesis process and plant growth in general [50,51]. Besides chlorophylls as the main plant pigments responsible for the absorption of specific light wavelengths and thus undisturbed flow of the photosynthesis process, carotenoids play an important role as photoprotective pigments crucial in plant organism defense against stress light conditions (too much exposure to light) [52]. Every specific geographical location is characterized by specific climatic conditions as well as number of sunny days, which are beside other climatic conditions in direct correlation with pigments synthesis and accumulation. If we relate the results of analyzed pigment compounds in wild garlic leaves within this research (Table 5) and the average number of sunny days of investigated geographical locations (LO 1–4; Table 1), it is evident that the total chlorophylls (TCh) content is higher in leaves of wild garlic populations collected on locations with a greater number of sunny days recorded (LO 1 and 2, on average 1.14 mg/g), which is in comparison with other specific locations with a lower number of sunny days, about 15% higher value compared to the TCh from LO 3 and about 22% higher compared to the TCh of leaves from LO 4 (the least number of sunny days). An opposite trend, but expected, was recorded for total carotenoids (TCa) depending on the sampling location (L) on which those with a lower recorded number of sunny days tended to have lower TCa values, both before and in the flowering state. Those results are expected due to the main role of carotenoids as photoprotective pigments in plant cells, which the synthesis rate rises when the plant is exposed to conditions of excessive light (too much UV radiation). The content of plant pigments is, besides the aforementioned abiotic factors, strongly affected by plant phenophase (P), and in general, plants tend to accumulate pigments in a generative state; respectively, chlorophyll content is the highest in the flowering stage [53,54], which is supported by results from this research. Both the highest TCh (1.42 mg/g) and TCa (0.62 mg/g) content were determined in wild garlic leaves from LO 2 in the flowering stage of plants. In general, regardless of the location, about 16% higher TCh values and about 8% higher TCa values were recorded in leaves in the flowering stage of plants, compared to the values of analyzed pigments in plants before flowering. Additionally, supported by the results of the significance of influence of the individual varied factors (location and phenophase), as well as their interaction (L × P), it can be concluded that both have significant influence on the content of analyzed pigments.



Given the results of all analyzed specialized metabolites within this research in leaves of wild garlic, the antioxidant capacity, regardless of the specific location, is expected to be higher before flowering (Figure 5). Namely, the content of bioactive compounds is in direct correlation with the antioxidant capacity, respectively, plant tissues which tend to accumulate higher levels of phytochemicals will exhibit higher antioxidant capacity, and thus have higher potential of ROS reduction and inhibition, protecting plants from oxidative stress. Phytonutrients, such as polyphenolic compounds, vitamins, chlorophylls, carotenoids, etc., are recognized as one of the strongest antioxidants, and thus, have numerous benefits to human health [39,40,55,56,57]. According to the results of TPC and TFC, as well as the content of AsA, higher antioxidant capacity with an average value of 2179.24 µmol TE/L, regardless of the location, was determined in the plant phenophase before flowering. Compared to the average antioxidant capacity value of wild garlic leaves when plants were in flowering stage, even 28% higher antioxidant capacity was determined in plants before flowering. In general, regardless of the varied factors, location and phenophase, leaves of wild garlic can be recognized as plant material with high antioxidant capacity.





4. Conclusions


Phenophase and location, i.e., specific pedoclimatic conditions, have a significant influence on the analyzed morphological and physicochemical characteristics, content of specific specialized metabolites and antioxidant capacity of wild garlic leaves. Significant changes in leaf size were more pronounced as a function of the plant phenophase, with a larger leaf size (average 183.55 mm × 50.34 mm) observed in the vegetative phase, i.e., before flowering. In addition, irrespective of the location, a greater dark green coloration of the leaves was observed when the plants were in the flowering phase. The changes in dry matter content were more pronounced depending on the characteristic location, especially on the geographical location (altitude), climatic conditions of the particular location (average air temperature, humidity, and number of sunny days) and soil type. Thus, the lower dry matter content (on average 9%) was found in leaves of sites with the lowest average air temperature and highest recorded precipitation (LO 1 and 4). Irrespective of the location, ascorbic acid content (on average 55.64 mg/100 g fw), total phenolic content (on average 173.18 mg GAE/100 g fw) and total flavonoid content (on average 100.4 mg GAE/100 g fw) were found to be higher in leaves of pre-flowering plants, proving that the decrease in the above specialized metabolites toward senescence is a driving factor for the occurrence of senescence. Since the four microsites studied differed significantly in terms of climatic conditions, soil type and geographical location (altitude), changes in specialized metabolites were also observed depending on the location, especially in plant pigments (chlorophylls and carotenoids), the content of which was generally higher at sites with more sunny days, but significantly lower before flowering (TCh on average 1.05 mg/g and TCa on average 0.50 mg/g). In conclusion, the leaves of wild garlic from natural inhabitants (wild populations) have great nutritional potential, with a high content of specialized metabolites, and thus, are characterized by high antioxidant capacity. Finally, it should be emphasized that research on certain specific bioactive compounds of wild garlic populations by more precise techniques (such as HPLC) is necessary and can contribute significantly to further research to highlight the health value of this plant species.
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	GAE
	gallic acid



	TE
	Trolox



	AsA
	ascorbic acid



	DCPIP
	2,6-dichloroindophenol



	TPC
	total phenolic content



	TFC
	total flavonoid content



	TNFC
	total non-flavonoid content



	Chl_a
	chlorophyll a content



	Chl_b
	chlorophyll b content



	TCh
	total chlorophyll content



	TCa
	total carotenoid content
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	location
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	phenophase



	L × P
	location and phenophase
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	total dry matter content
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Figure 1. Climate diagram with data from the meteorological station ‘Maksimir’ for the period of January (1) to April (4) (Croatian Meteorological and Hydrological Service, 2019). Columns represent precipitation (mm), while line the average monthly temperatures (°C). 
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Figure 2. Climate diagram with data from the meteorological station ‘Grič’ for the period of January (1)–April (4) (Croatian Meteorological and Hydrological Service, 2019). Columns represent precipitation (mm), while the line, the average monthly temperatures (°C). 
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Figure 3. Climate diagram with data from the meteorological station ‘Šibice’ for the period of January (1) to April (4) (Croatian Meteorological and Hydrological Service, 2019). Columns represent precipitation (mm), while the line, the average monthly temperatures (°C). 
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Figure 4. Morphological characteristics (length and width) of wild garlic leaves from four different locations (LO 1–LO 4) before and in flowering stage. Different letters indicate significant differences between mean values at p ≤ 0.0001. Significance of interaction for leaf length: L–location p ≤ 0.0267; P—phenophase p ≤ 0.1147; L × P—location and phenophase p ≤ 0.0001, and leaf width: L—location p ≤ 0.0001; P—phenophase p ≤ 0.0001; L × P—location and phenophase p ≤ 0.1390. 
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[image: Horticulturae 08 00024 g004]







[image: Horticulturae 08 00024 g005 550] 





Figure 5. Antioxidant capacity (µmol TE/L) of wild garlic leaves from four different locations (LO1–4) before and in flowering stage. Different letters indicate significant differences between mean values at p ≤ 0.0001. Significance of interaction: L—location p ≤ 0.0001; P—phenophase p ≤ 0.0001; L × P—location and phenophase p ≤ 0.0001. 
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Table 1. Location geographical coordinates, meteorological data [20] and soil type [21] of collected wild garlic populations within the continental Croatia.
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Location Name/No.

	
Location Coordinates

	
Area

	
Altitude (m)

	
Air Temperatures (°C) *

	
Precipitation (mm) *

	
Number of Sunny Days *

	
Soil Type






	
ZG I (LO 1)

	
45.837714, 16.019946

	
Zagreb

	
132

	
12.6

	
897

	
69

	
stagnosol albi




	
ZG II (LO 2)

	
45.812264, 16.035347

	
125

	
12.6

	
897

	
69

	
alluvial soil




	
ZG III (LO 3)

	
45.828827, 15.950356

	
250

	
13.6

	
888.5

	
59

	
stagnosol albi




	
S-R (LO 4)

	
45.774578, 15.684153

	
Samobor mountain

	
287

	
11.7

	
1 167.6

	
42

	
sour brown on clasts








* average annual values.
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Table 2. Chromaticity parameters of wild garlic leaves.






Table 2. Chromaticity parameters of wild garlic leaves.





	
Location

	
L*

	
a*

	
b*

	
C

	
h°






	
Before flowering




	
LO 1

	
22.65 ab ± 0.94

	
−11.66 ab ± 0.27

	
17.01 bc ± 0.91

	
20.1 bc ± 1.55

	
125.77 b ± 2.12




	
LO 2

	
21.82 c ± 0.24

	
−12.54 a ± 0.55

	
15.33 cd ± 0.61

	
19.8 bc ± 0.79

	
129.27 a ± 0.59




	
LO 3

	
19.42 c ± 2.54

	
−9.29 b ± 1.02

	
12.26 d ± 1.34

	
15.39 d ± 1.68

	
127.63 ab ± 2.71




	
LO 4

	
29.44 a ± 1.01

	
−12.19 ab ± 0.61

	
24.45 a ± 1.95

	
27.34 a ± 1.45

	
116.62 d ± 1.16




	
Flowering stage




	
LO 1

	
28.94 a ± 0.27

	
−11.99 ab ± 0.37

	
20.39 b ± 0.09

	
22.55 b ± 0.89

	
120.74 c ± 0.34




	
LO 2

	
21.65 c ± 1.01

	
−10.78 b ± 0.87

	
13.21 d ± 1.74

	
17.06 cd ± 1.89

	
129.33 ± 1.53




	
LO 3

	
21.58 c ± 1.09

	
−10.78 b ± 0.74

	
13.84 cd ± 1.14

	
17.54 cd ± 1.34

	
127.76 ab ± 0.56




	
LO 4

	
26.06 ab ± 4.52

	
−11.61 ab ± 0.25

	
18.95 b ± 1.02

	
22.23 b ± 0.95

	
121.51 c ± 3.06




	
ANOVA

	
p ≤ 0.0002

	
p ≤ 0.0580

	
p ≤ 0.0001

	
p ≤ 0.0006

	
p ≤ 0.0001




	
LSD

	
3.4298

	
1.8496

	
3.435

	
3.8643

	
3.1166




	
Location (L)

	
0.0001

	
0.0189

	
0.0001

	
0.0001

	
0.0001




	
Phenophase (P)

	
0.1715

	
0.7596

	
0.4312

	
0.3859

	
0.9801




	
L × P

	
0.0083

	
0.0815

	
0.0080

	
0.0251

	
0.0032








Results are expressed as mean ± standard deviation. Different letters indicate significant differences between mean values. L × P—interaction between location and phenophase.
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Table 3. Physicochemical characteristics of wild garlic leaves.
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Location

	
DM (%)

	
TA (%)

	
pH






	
Before flowering




	
LO 1

	
10.69 a ± 0.54

	
0.077 ab ± 0.008

	
5.42 c ± 0.03




	
LO 2

	
10.03 bc ± 0.08

	
0.06 cd

	
5.39 c ± 0.03




	
LO 3

	
9.74 c ± 0.1

	
0.05 d ± 0.001

	
5.55 b ± 0.05




	
LO 4

	
8.86 d ± 0.1

	
0.05 d ± 0.001

	
5.54 b ± 0.05




	
Flowering stage




	
LO 1

	
8.99 d ± 0.32

	
0.06 cd ± 0.011

	
5.56 b ± 0.13




	
LO 2

	
9.72 c ± 0.02

	
0.06 cd ± 0.001

	
5.67 a ± 0.06




	
LO 3

	
9.24 d ± 0.1

	
0.077 ab ± 0.001

	
5.74 a ± 0.02




	
LO 4

	
10.39 ab ± 0.12

	
0.087 a ± 0.001

	
5.71 a ± 0.06




	
ANOVA

	
p ≤ 0.0001

	
p ≤ 0.0005

	
p ≤ 0.0001




	
LSD

	
0.4294

	
0.0123

	
0.0994




	
Location (L)

	
0.0430

	
0.0007

	
0.2506




	
Phenophase (P)

	
0.0238

	
0.0001

	
0.0004




	
L × P

	
0.0001

	
0.2718

	
0.0001








DM—dry matter content; TA—total acid content. Results are expressed as mean ± standard deviation. Different letters indicate significant differences between mean values. L × P—interaction between location and phenophase.
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Table 4. Specialized metabolites content of wild garlic leaves from different locations.
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Location

	
AsA

(mg/100g fw)

	
TPC

(mg GAE/100g fw)

	
TFC

(mg CTH 100/g fw)

	
TNFC

(mg GAE 100/g fw)






	
Before flowering




	
LO 1

	
50.06 c ± 2.21

	
184.05 a ± 7.09

	
105.48 a ± 1.69

	
78.56 bc ± 8.79




	
LO 2

	
63.31 a ± 1.18

	
184.09 a ± 2.04

	
109.98 a ± 2.15

	
74.31 cd ± 0.34




	
LO 3

	
57.46 b ± 0.001

	
186.18 a ± 2.52

	
110.65 a ± 2.84

	
75.61 cd ± 0.72




	
LO 4

	
51.73 c ± 2.67

	
138.41 cd ± 0.36

	
75.49 c ± 1.1

	
62.92 ef ± 1.02




	
Flowering stage




	
LO 1

	
24.06 f ± 2.78

	
164.72 b ± 11.51

	
97 b ± 3.85

	
67.72 de ± 7.66




	
LO 2

	
30.23 e ± 1.47

	
132.15 d ± 0.53

	
76.57 c ± 0.84

	
55.53 f ± 1.06




	
LO 3

	
27.58 ef ± 2.71

	
147.2 c ± 1.45

	
61.53 d ± 1.26

	
85.67 ab ± 0.26




	
LO 4

	
39.17 c ± 1.47

	
167.63 b ± 0.92

	
79.28 c ± 1.73

	
88.35 a ± 1.25




	
ANOVA

	
p ≤ 0.0001

	
p ≤ 0.0001

	
p ≤ 0.0001

	
p ≤0.0001




	
LSD

	
4.5199

	
11.545

	
5.4827

	
9.6124




	
Location (L)

	
0.0001

	
0.0001

	
0.0001

	
0.0001




	
Phenophase (P)

	
0.0001

	
0.0001

	
0.0001

	
0.4049




	
L × P

	
0.0001

	
0.0001

	
0.0001

	
0.0001








AsA—ascorbic acid content; TPC—total phenol content; TFC—total flavonoid content; TNFC—total non-flavonoid content. Results are expressed as mean ± standard deviation. Different letters indicate significant differences between mean values. L × P—interaction between location and phenophase.
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Table 5. Pigment compounds content of wild garlic leaves from different locations.
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Location

	
Chl_a

(mg/g)

	
Chl_b

(mg/g)

	
TCh

(mg/g)

	
TCa

(mg/g)






	
Before flowering




	
LO 1

	
0.81 b ± 0.015

	
0.4 bc ± 0.05

	
1.20 bc ± 0.07

	
0.56 b ± 0.02




	
LO 2

	
0.73 c ± 0.001

	
0.34 cd ± 0.06

	
1.07 cde ± 0.01

	
0.50 c ± 0.01




	
LO 3

	
0.69 cd ± 0.001

	
0.29 d ± 0.001

	
0.99 de ± 0.001

	
0.49 c ± 0.01




	
LO 4

	
0.66 d ± 0.001

	
0.28 d ± 0.001

	
0.94 e ± 0.001

	
0.46 c ± 0.001




	
Flowering stage




	
LO 1

	
0.82 b ± 0.08

	
0.45 ab ± 0.07

	
1.28 b ± 0.14

	
0.58 ab ± 0.05




	
LO 2

	
0.89 a ± 0.001

	
0.52 a ± 0.001

	
1.42 a ± 0.001

	
0.62 a ± 0.001




	
LO 3

	
0.71 cd ± 0.001

	
0.39 bc ± 0.02

	
1.10 cd ± 0.02

	
0.49 c ± 0.001




	
LO 4

	
0.65 d ± 0.001

	
0.43 b ± 0.001

	
1.07 cde ± 0.001

	
0.48 c ± 0.01




	
ANOVA

	
p ≤ 0.0001

	
p ≤ 0.0001

	
p ≤ 0.0001

	
p ≤ 0.0001




	
LSD

	
0.0725

	
0.076

	
0.1394

	
0.0456




	
Location (L)

	
0.0001

	
0.0001

	
0.0001

	
0.0001




	
Phenophase (P)

	
0.0031

	
0.0001

	
0.0001

	
0.0001




	
L × P

	
0.0007

	
0.0105

	
0.0025

	
0.0003








Chl_a—chlorophyll a; Chl_b—chlorophyll b; TCh—total chlorophylls; TCa—total carotenoids. Results are expressed as mean ± standard deviation. Different letters indicate significant differences between mean values. L × P—interaction between location and phenophase.
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