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Abstract

:

The interest in expanding the production of hops outside the traditional cultivation regions, mainly motivated by the growth of the craft brewery business, justifies the intensification of studies into its adaptation to local growing conditions. In this study, four field trials were undertaken on a twenty-year-old hop garden, over periods of up to three years to assess the effect of important agro-environmental variation factors on hop phenol and phenolic composition and to establish its relationship with the elemental composition of hop cones. All the field trials were arranged as factorial designs exploring the combined effect of: (1) plots of different vigour plants × year; (2) plots of different plant vigor × algae- and nutrient-rich foliar sprays × year; (3) plot × liming × year; and (4) cultivars (Nugget, Cascade, Columbus) × year. Total phenols in hops, were significantly influenced by most of the experimental factors. Foliar spraying and liming were the factors that least influenced the measured variables. The year had the greatest effect on the accumulation of total phenols in hop cones in the different trials and may have contributed to interactions that often occurred between the factors under study. The year average for total phenol concentrations in hop cones ranged from 11.9 mg g−1 to 21.2 mg g−1. Significant differences in quantity and composition of phenolic compounds in hop cones were also found between cultivars. The phenolic compounds identified were mainly flavonols (quercetin and kaempferol glycosides) and phenolic carboxylic acids (p-coumaric and caffeic acids).
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1. Introduction


The most important hop (Humulus lupulus L.) compounds for brewing are resins and essential oils, which are responsible for beer bitterness and flavour. Both are synthesized in the lupulin glands of female cones [1,2]. Hop cones also contain other important compounds, such as polyphenols, which contribute to beer flavour, colour, taste and haze formation and have a strong antioxidant power [3,4]. Hop polyphenols include flavonols (e.g., quercertin and kaempferol), flavan-3-ol (e.g., catechins and epicatechins), phenolic acids (e.g., ferulic acid), prenylflavonoids (xanthohumol, isoxanthohumol, desmethylxanthohumol, 6- and 8-prenylnaringenin), multifidus glycosides and resveratrol [1,5,6]. The polyphenolic fraction of hops is so complex that researchers still continue to identify compounds [1,7].



In Portugal, hop plants occur spontaneously along riverbanks, in particular in the north of the country, a region that has been found to have some ecological potential for hop production [8]. The crop was introduced into the country in the early 1960s and currently the national production is located mainly in the Bragança district in the northeast of the country. Nugget, a bitter cultivar, is produced on all the local farms, being destined for a national brewing company. However, local farmers are currently interested in growing aroma cultivars due to the recent growth of the craft beer industry both at home and abroad. According to the Euromonitor [9] report “Beer in Portugal”, dozens of craft brewers launched different craft beer products in 2019. Currently Cascade and Columbus are some of the aroma cultivars that regional farmers are starting to experiment with. With the expansion of the craft beer market, new opportunities arise for small-scale growers, producing and supplying desirable cultivars at more favourable prices [10]. The growing of aroma cultivars for the craft beer market is probably also more suited to the Portuguese production structure, which is based on small-sized plots. To reduce the risk of failure, as occurred during recent years with the bitter cultivars grown for the conventional beer industry, greater knowledge should be applied to the Portuguese production system. In other Mediterranean countries, hops also attracted the attention of producers and researchers, and recent work has shown good suitability of different cultivars both for the beer industry [11] and for the production of fresh edible shoots [12,13,14]. Thus, an important step for Portuguese farmers is comparing the agronomic performance of other cultivars sought by the craft beer industry with the well-established Nugget. The response of hops to soil pH, for instance, is also important to be understood since pH is an important factor in hop production [15,16]. Farmers are currently starting to use foliar sprays to complement their fertilization programmes, given the potential beneficial effects of such products in crop production and quality [17,18]. There is also growing interest in the use of biofertilizer formulations from readily available materials to improve soil conditions and plant yield [19,20]. Over the years, some fields have been showing patches of poorly developed plants that reduce overall productivity and farmers’ incomes [21]. Strictly speaking, the cause of these underdeveloped plant is not yet clearly known. There are no signs of phytosanitary problems. Thus, it is important to look at these patches of poorly developed plants and observe the effect of foliar sprays on hop cone quality.



As mentioned above, previous studies have shown that hops can be a promising crop for Mediterranean environments, although it is necessary to improve several aspects of the cropping technique [11]. Thus, this study aims to carry out a set of experimental trials to test important factors (plant vigour, foliar sprays, liming, cultivar and year) that can influence the quality of the cones and particularly phenol concentration and phenolic composition. A high content of phenols is a positive trait of hop cones, due to their bioactive effect, which contributes to beer quality [4,5,6]. The field trials included four factorial designs exploring the combined effects of (1) plots of different vigour plants and year, (2) plots of different vigour plants, algae- and nutrient-rich foliar sprays and year, (3) plots, liming and year and (4) cultivars and year. From these trials, the concentration of polyphenols in hop cones is reported. The samples presenting the higher polyphenolic content from each of the trials, were selected for phenolic characterization. Furthermore, the relationship between total phenols and nutrient concentration in hop cones was evaluated through a principal component analysis (PCA) and correlation analysis. The results of the elemental composition of hop cones, already reported in previous studies [22,23,24], were used to evaluate their relationship with hop phenols. Data on dry matter (DM) yield and hop acids from these experiments have also been reported [21,22,23,24], but the relevant information to understand the accumulation of phenols in plants in response to the different factors of variation was discussed here. In short, the ultimate objective of this research was to obtain useful data for both hop producers and the craft beer industry.




2. Materials and Methods


2.1. Experimental Conditions


The field trials were conducted on hop farms located in Bragança (41°41′33.6″ N, 6°44′32.7″ W, and 850 m above sea level), north-eastern Portugal, from 2016 to 2018. The region benefits from a Mediterranean-type climate, with an average annual temperature and precipitation of 12.7 °C and 772.8 mm, respectively [25]. Data on average monthly temperatures and precipitation during the experimental period are shown in Figure 1.



Six plots, named here as Plot 1 (~0.5 ha), Plot 2 (~0.5 ha), Plot 3 (~4 ha), Plot 4 (~2 ha), Plot 5 (~2 ha) and Plot 6 (~2 ha), were used in this experimental protocol. The classification of the fields was made with the farmers’ help and was based on the crop growth and yield in the previous years. In Plot 1, the plants were classified as weak vigour plants, as the hop bines did not reach 4 m in height. In Plot 2, the growth of the plants was classified as fair, as the plants did not reach the top of the pole (7 m). In Plot 3, the vigour of the plants was classified as good, as the hop bines exceeded 7 m in height, but the volume of the canopies, aboveground biomass and cone production were clearly below optimal. In the Plots 4, 5 and 6, the vigour of plants was classified as very good vigour, since the hop bines reached a full size and produced abundantly.



Before the installation of the trials, all the plots were analysed for soil properties. The soil samples were collected in three replicates at 0–0.20 m depth. Each replicate was a composite sample, prepared from soil collected from 15 random points. The samples were oven-dried at 40 °C and sieved in a mesh of 2 mm. Thereafter, they were analysed for pHH2O (soil: solution, 1:2.5), cation-exchange capacity (ammonium acetate, pH 7.0), organic C (wet digestion, Walkley–Black method), extractable P and K (Egner–Riehm method) and soil separates [26]. The results of the soil analysis are presented in Table 1.



All the plots where the experiments took place were grown on a high trellis system supported by concrete poles and a network of steel cables placed at a height of 7 m. The hop bines were guided from the ground to the upper net with nylon threads. At planting, the seedlings were spaced at 2.8 m × 1.6 m between and within rows. Two tutors emerged from each original place where the seedlings were planted, giving rise to a density of 2232 plants per hectare, which were trained in Spring into two twin canopies.



The plots were irrigated by flooding the space between rows. Farmers estimate the average use of 6000 m3 of water per hectare and per year, equivalent to 600 mm. From the end of May to mid-August they perform an average of 10 watering events of 60 mm each.



The floor was managed by tillage (3 to 4 passes per year), which has a double function of controlling weeds and removing the superficial crust caused by this irrigation method allowing a better water infiltration at subsequent irrigation events.



All the plots received an annual fertilization plan consisting of the application of a compound NPK (7:14:14) fertilizer late in winter (just before plant regrowth from winter resting period) at a rate of ~500 kg ha−1. Thereafter, during the growing season, two side dress N applications were performed by using ~200 kg ha−1 of ammonium nitrate (27% N) (applied when plants were close to reach the top wire) followed by ~450 kg ha−1 of calcium nitrate (15.5% N) (applied at early flowering).




2.2. Experimental Designs


The experimental design was divided into four field trials arranged as factorial designs with six replications (six twin canopies of three plants). The plants were randomly selected in the corresponding experimental plots when they reached 3 m in height in the plots of higher vigour plants.



Experiment 1 consisted of a factorial design (two factors) including plots of plants of different vigour (weak, fair, good and very good) and years (2016, 2017 and 2018). The classification of the vigour of the plants was made with the farmers help as above mentioned. The plots were planted with the Nugget cultivar and were installed ~20 years ago.



Experiment 2 consisted of a factorial design (three factors) of plots of different plant vigour (weak, fair, good and very good), foliar sprays (algae- and nutrient-rich foliar sprays and control) and years (2017 and 2018).



The algae-rich foliar spray (Algae) is a solution containing 15% (w/w) the algae Ascophyllum nodosum (L.) Le Jolis, applied at a rate of 2 L ha−1 (diluted in 1500 L of water) three times during the growing season, at the phenological stages of inflorescence emergence, flowering, and beginning of the development of cones (on 20 June, 10 July and 27 July 2017, and 20 June, 8 July and 24 July 2018, respectively). In spite of the differences on plant vigour of the different plots, the phenological stage of the plants was similar.



The nutrient-rich foliar spray (Fnut) is a mixture of A. nodosum (1.4% w/w) enriched with macro- and micronutrients containing (w/w) 12% N, 6% P2O5, 4% K2O, 0.025% B, 0.1% Fe-EDTA, 0.05% Cu-EDTA, 0.05% Zn-EDTA, and 0.05% Mn-EDTA. This fertilizer was applied at a rate of 3.5 L ha−1 (diluted in 1500 L of water) on the dates reported for Algae. In each plot the foliar sprays were applied in four rows and the six twin canopies of each treatment were sampled in the two interior rows. The plots where this experiment was carried out were the same reported for experiment 1, although in a different part of the plots.



Experiment 3 was arranged as a factorial design (three factors) and included hop plots (two) of good vigour plants (Plots 5 and 6), liming (limed and not limed) and years (2017 and 2018). The limestone (55% CaCO3, 28% CaO and 20% MgO) was applied at a rate of 1000 kg ha−1 in February 2017 and incorporated into the soil with a cultivator. Both fields, ~2 ha each, are of the Nugget cultivar and they are ~20 years old. As the study was carried out as on-farm research, liming was carried out in a larger part of the area, with only four rows of ~150 m remaining for the control treatment, and the plants were sampled from the internal rows of the treated or untreated plots.



Experiment 4 was a factorial of two factors: cultivars (Nugget, Cascade and Columbus) and year (2017 and 2018). This experiment was carried out in Plot 4, in which part of the plot was installed with several different cultivars, each one occupying a row of ~150 m. This hop field was planted in 2014. An overview of the experimental design is shown in Figure 2.




2.3. Plant Sampling and Tissue Analysis for Elemental Composition


Plant material was collected at harvest and subsamples of fresh cones were carried to the laboratory, oven-dried at 70 °C and thereafter ground for laboratory analysis. Tissue analysis for elemental composition was performed by Kjeldahl (N), colorimetry (P and B), flame emission spectroscopy (K), and atomic absorption spectroscopy (Ca, Mg, Cu, Fe, Zn, and Mn) methods [27], after the samples were digested with nitric acid in a microwave (MARSXpress CEM).




2.4. Analysis of Total Phenolics


Hop cone samples were ground in a Cyclotec mill, with a 1 mm mesh screen, to obtain a fine powdered sample. Infusion preparation was performed by using 1 g of fine powdered hop sample, which was added to 100 mL of boiling distilled water and left to stand at room temperature for 5 min, and then filtered. Total phenols were determined in a total of 204 samples (36 samples from Experiment 1, 72 samples from Experiment 2, 72 samples from Experiment 3 and 24 samples from Experiment 4). The extracts obtained were diluted 1:1. Folin–Ciocalteu’s assay, briefly, 0.5 mL of each diluted extract was mixed with the Folin–Ciocalteu reagent (2.5 mL). After 3 min, they were saturated with sodium carbonate solution (2 mL) and the reaction was kept in a water bath at 40 °C for 30 min. The absorbance was read at 765 nm (PG Instruments T80 UV/VIS Spectrophotometer, QLabo, Portugal). Gallic acid was used to prepare the standard curve and the results were expressed as mg of gallic acid equivalents (GAEs) per g of dry matter of hop cones. The analysis of total phenols in each sample was carried out in triplicate.




2.5. HPLC Analysis


The samples of phenolic extracts with the highest content of total phenols from each trial and 2017 (experiment 1 also from 2016) were selected and analysed for their phenolic compound content in the directly infused extracts, and then filtered using 0.22 μm disposable disk filters. Phenolic compounds were determined in a total of 36 samples from all the experiments. The operating conditions were followed according to that previously described by Bessada et al. [28] using a HPLC system (Dionex Ultimate 3000 UPLC, Thermo Scientific, San Jose, CA, USA) coupled with a diode-array detector (DAD, using 280 and 370 nm as preferred wavelengths) and a Linear Ion Trap (LTQ XL) mass spectrometer (MS, Thermo Finnigan, San Jose, CA, USA) equipped with an electrospray ionization (ESI) source. The separation was made in a Waters Spherisorb S3 ODS-2 C18 column (3 µm, 4.6 mm × 150 mm; Waters, Milford, MA, USA). Tentative phenolic compound identification was made according to their UV and mass spectra and retention times compared with commercial standards when available or using reported data from the literature. For the quantitative analysis of phenolic compounds, a 7-level calibration curve was obtained by injecting known concentrations. The results were expressed in mg per kg of fresh weight (fw), as mean ± standard deviation of three independent analyses.




2.6. Statistical Analysis


Data were firstly tested for normality and homogeneity of variance using Shapiro–Wilk and Bartlett’s tests, respectively. Thereafter, data were subjected to two- or three-way ANOVA according to the experimental design using SPSS v. 25.0 programme. When the means differed significantly, they were separated by Student’s or Tukey HSD tests (α = 0.05), when the factors were applied at two or more levels, respectively. A PCA was performed with the object principal normalization method on data collected from 2016 to 2018 regarding total phenols and nutrient concentration in cones. The principal components were retained considering the eigenvalues superior to 1 and the scree plot. Internal consistency was measured with Cronbach’s alpha. In addition, the scores of each one of the PCA components were calculated as a function of plant vigour, foliar treatment, limestone treatment, cultivars and year, and subjected to analysis of variance, using the Tukey–Kramer HSD test (α = 0.05) to compare averages for each trial and year. A correlation analysis was applied to the same data as the PCA analysis with the Spearman coefficient.





3. Results


3.1. Total Phenols in Cones


In the factorial experiment of plant vigour × year, a significant interaction was found for total phenols (Figure 3), meaning that the response of this variable to the field of plants of different vigour depended on the year and/or vice versa. Observing the effect of each factor separately, significant differences were found between years but not between fields. In 2017 total phenols were particularly higher than in 2016 and 2018. The average values were 19.0, 11.9 and 15.1 mg g−1 in 2017, 2018 and 2016, respectively.



In the factorial experiment of plant vigour × foliar treatment × year, a significant interaction was found for total phenols for the combination of the three factors and for plant vigour × year and foliar treatment × year (Figure 4). Thus, the year seems to be the factor that adds more variability to the results, influencing the accumulation of total phenols in plants of different vigor and subject to different foliar treatment. By analysing the factors separately, differences in total phenols between plots were found, but without any relation to the vigour of the plants. Foliar sprays did not cause a significant effect on total phenols, but in 2017 the values were significantly higher than those of 2018. The average values were 21.2 and 14.7 mg g−1, respectively, in 2017 and 2018.



In the factorial experiment of different plots × liming × year, significant interaction for total phenols only occurred between plot × year (Figure 5), meaning that total phenol accumulation in plants from different plots was dependent on the year effect. In this experiment, the effect of the plot and year was not statistically significant, and lime’s application significantly reduced the content of total phenols. The average values of total phenols were 17.8 and 16.5 mg g−1, respectively, in control and limed plots.



In the factorial experiment cultivars × year, significant interaction was found for total phenols, which means that the response of the cultivars depended on the year (Figure 6). A separate observation of the effect of each of the factors indicated that Nugget showed significantly lower values than Columbus and Cascade, and the values of 2017 were significantly higher than those of 2018. The average values of Nugget, Columbus and Cascade were 16.7, 19.9 and 19.6 mg g−1, respectively, and the average values of 2017 and 2018 were 19.9 and 17.6 mg g−1, respectively.




3.2. Principal Component Analysis


The PCA applied to data collected from 2016 to 2018 concerning total phenols and nutrient concentration in hop cones resulted in four principal components (PC1 to PC4), which accounted for 70.02% of the variance explained. The main differences in the variance explained were between PC1 (23.35%) and PC4 (11.77%). All variables presented high scores for at least one, or more than one, PC (Table 2). The positive association with N, P, Mg and negative association with K seems to explain greater variance. The higher loading of total phenols was negative and registered in PC3 (−1.606), but scores were also high in PC4 (0.753) and in PC1 (−0.730). These results seem to indicate a negative association of total phenols with Zn and B.



Correlation analysis (Table 3) indicates total phenols significantly and negatively correlated with Zn followed by Cu, N and Fe in decreasing order. Positive and significant correlations of total phenols with other nutrients were not recorded. On the other hand, cone N concentration presented positive correlations with other nutrients and most significantly with Mg and P, whereas K was significant and positively correlated with Mn.




3.3. Phenolic Compounds Identification and Quantification


Data on the chromatographic characteristics (retention time, UV in the maximum absorption, molecular ion, and main MS2 fragments) and tentative identification of the phenolic compounds found in the extracts of hop cones are described in Table 4. A total of 13 phenolic compounds were tentatively identified in the samples, namely, 5 phenolic acids (p-coumaroyl- and caffeoylquinic acid derivatives) and 8 O-glycosylated flavonoids (quercetin and kaempferol derivatives).



Data on the quantification of phenolic compounds in the three different cultivars of hop cones are described in Table 5 and Table 6. An example phenolic profile chromatogram of the Cascade cultivar is presented in Figure 7. The quantification of the individual phenolic compounds from the first trial (Plant Vigour × Year) revealed that some of the compounds were not detected in plants with good and very good vigour, in particular, O-glycosylated kaempferol derivatives and caffeoylquinic acid derivatives (data not shown). Plants of weak vigour were generally higher in quercetin and kaempferol derivatives. The concentration of phenolic compounds in hop cones was very similar among foliar fertilizer treatments, although for most of the compounds the values were slightly higher in the control treatment and slightly lower in the algae treatment (Table 5). In comparison with the control, plants on limed soil presented a significantly higher concentration of kaempferol-3-O-(2-rhamnosyl)-rutinoside and 4-O-caffeoylquinic acid though not significantly.



Between cultivars, the differences in phenolic compound quantification were significant for most of the compounds, though not for the total sum of phenolic compounds. Cascade presented lower concentrations of p-coumaroylquinic acid (p-CoQA) and 4-O-caffeoylquimic acid (4-CQA), but was generally higher in quercetin and kaempferol derivatives (Table 6). Nugget and Columbus were overall very similar in their phenolic profile.





4. Discussion


4.1. Total Phenols in Hop Cones


In the four factorial experiments, a significant interaction was found between two or three factors of each experiment for several traits related to total phenols in the cones. This means that the effect of a factor on a given variable was dependent on the other(s) factor(s) under study, and the year was the factor with greatest influence. The accumulation of total phenols in cones in plants of different vigour, in those subject to different foliar treatments and grown in different plots, and between different cultivars was dependent on the year. Abram et al. [29] also reported that the year influenced the phenolic content of hop cones of different cultivars and of hop plants grown in different locations (Slovenia, Austria, Czech Republic). The year effect results from the combination of important environmental variables, such as precipitation, temperature, solar radiation, etc., which are able to influence physiological and biochemical processes in plants and also the efficiency of foliar nutrition [30]. The year had a marked effect on total phenol content. Total phenols showed lower values in 2018 in most experiments in comparison with 2017.



During important phases of the growing season, such as flowering and initial cone development (June, July), the temperature was lower in 2018 than in 2016 and 2017, and precipitation was higher (Figure 1). This region is at a low latitude, compared to Europe’s major hop producing regions. In lower temperature years, plant growth conditions are closer to those observed at higher latitudes, where hops have better general growing conditions [2,8]. In several studies, it has been shown that the growing region, in general, has a great influence on the performance of hop plants [11,13,29,31,32,33,34]. It is also known that environmental variables can affect the secondary metabolism of plants and, therefore, the accumulation of phenolic compounds [35,36]. Although plant vigor had a marked effect on tissue nutrient concentration [24], its effect on total phenols in hop coves was reduced.



The average content of total phenols in hop cones of the Nugget cultivar did not vary significantly between the plots of different plant vigour. The stress affecting plant growth and yield in the low vigour plots did not influence total phenols in the cones. A previous study analysing these plots [21] has shown that the plants appeared with excessive levels of Fe and Mn in the leaves, which may indicate poor soil aeration, probably caused by a deficient spatial water distribution along the rows by the flooding irrigation system. The soil texture in these plots did not seem to be different enough to create a gradient effect. Phenols significantly decreased with liming treatment. Likewise, Zu et al. [37] found a decrease in the flavonoid content of Panax notoginseng with calcium and lime application under cadmium stress. Although calcium seems to have an inhibitory effect on important enzymes in the phenolic pathway, it seems that the greater amount of cadmium in the roots inhibited the absorption of calcium and influenced flavonoid content. Unfortunately, with the data collected, it was not possible to identify the stress factors that caused the reduction in the content of phenols in the limed plots.



The foliar sprays did not influence significantly the content of total phenols in hop cones. To the best of our knowledge, results from hop cones have not yet been reported from experiments using foliar sprays. Foliar sprays, including those containing seaweed extracts, usually tend to increase the content of total phenols in plant tissues [17,38,39,40]. However, some studies have also reported an absence of a significant response to the application of this kind of products [41,42]. Of the cultivars, Nugget showed lower average values of total phenols in comparison to Cascade or Columbus if the two years were taken into account. From the samples selected for phenolic characterization, Nugget presented slightly higher values of total phenolic compounds but, in this case, just the samples with higher phenol content from the first year were characterized.



Previous studies have also shown significant differences in total phenols when different hop cultivars were compared [29,43,44]. The phenols content seems to depend on the cultivar and, in general, low molecular weight phenols are found in greater amounts in aroma cultivars, as the increase in alpha acid content seems to be achieved at the expense of the phenol content [4]. This seems to be true for Cascade, which showed significantly lower levels of alpha acid content, but not for Colombus, which was similar to Nugget, both presenting significantly higher levels of alpha acid content in comparison to Cascade [22]. Overall, the year average values found in this study ranged from 11.9 to 21.2 mg g−1 and were of similar magnitude to those reported by Kowalczyk et al. [45], varying between 16.2 and 25.5 mg g−1 (water extraction, followed by the Folin–Ciocalteau method). Lower values of 7.12 ± 0.09 mg GAE g−1 were reported by Keskin et al. [46] (methanol extraction, followed by the Folin–Ciocalteau method). These results emphasize the potential of the region to grow the cultivars Cascade and Columbus, along with the well-established Nugget.




4.2. PCA and Correlation Analysis


PCA and correlation analysis indicate a significant and negative association between total phenols and Zn concentrations in the cones. The results also indicate a negative influence of Cu, N and Fe in the accumulation of total phenols in the cones. Hop is a species particularly sensitive to Zn deficiency, affecting plant growth and cone production [47]. In this case, an association of Zn with plant vigour was not found, but higher concentrations of Zn, Cu and Fe were previously reported for these plots, and the result associated with poor soil aeration [21].



Enhanced absorption of Zn and Cu was also noticed in industrial hemp (Cannabis sativa subsp. Sativa) with higher irrigation level, with Zn showing higher mobility to aerial tissues [48]. The results of correlation analysis also showed significant and positive correlation between cone Cu and Fe, and cone Zn and Cu. Regarding Fe, the high levels previously reported in soil and plants [21], may have contributed to lowering total phenol concentrations. Zn, Fe and Cu do not seem to be important nutrients in phenolic biosynthesis, and they may interfere negatively with other nutrients that provide co-factors for many enzymes of the flavonoid pathway [35].



Regarding N, its supplementation has been negatively associated with the phenolic composition of plant tissues in several crops [49,50], and associated with plant growth particularly in sensitive species to soil N availability [51]. In accordance with the protein competition model (PCM), since phenols and proteins compete for a common precursor, conditions that increase plant growth may reduce the concentration of total phenols [51]. Phenols are secondary metabolites synthesized through the shikimate pathway in which the amino acid phenylalanine is released, and this amino acid is a common precursor of phenylpropanoids and protein synthesis [35,51].




4.3. Phenolic Compounds Identification and Quantification


The phenolic compounds identified were mainly flavonols (quercetin and kaempferol) and phenolic carboxylic acids (p-coumaric and caffeic acids), which represent a minor fraction of the polyphenols that can be found in hop cones [5,7]. The result might be due to the in-water extraction method, which while suitable for many applications, is less efficient than the hydroalcoholic extraction method, particularly on hop prenylated flavonoids detection, which are lipophilic compounds [45]. The phenolic profile of H. lupulus is in accordance with those previously reported for bracts [7], leaves [52] and cones [53,54] and also for leaves, stem and roots of H. japonicus Siebold and Zucc [55]. The identification of peaks 8 ([M-H]− at m/z 609), 9 ([M-H]− at m/z 463), 11 ([M-H]− at m/z 593), and 12 ([M-H]− at m/z 447), quercetin-3-O-rutinoside, quercetin-3-O-hexoside, kaempferol-3-O-rutinoside, kaempferol-3-O-glucoside, respectively, was performed by comparison of their retention time, UV spectra, and mass fragmentation patterns with the available commercial standards. Three caffeoylquinic acid derivatives were tentatively identified regarding the phenolic acid groups, peaks 1, 4, and 5 (3-O-, 4-O-, and 5-O-caffeoylquinic acids, respectively).



According to Clifford et al. [56,57], peaks 1 and 5 present a major ion MS2 fragment at m/z 191, whereas peak 4 presents at m/z 173 an abundance of 100%, indicating the connection 4-O- position in the molecule. The organization of the three peaks, besides the major abundant fragments, was performed according to the hierarchical keys developed by Clifford et al. [56,57]. The two 3-p-coumaroylquinic acids found (peaks 2 and 3, cis and trans, respectively) were also assigned using the same hierarchical keys developed by Clifford et al. [56,57] the base peak at m/z 163 is for 3-p-coumaroylquinic acids. Since both peaks presented the same chromatographic characteristics, they were assigned as cis and trans isomers. Tanaka et al. [7] have also reported the same phenolic acids in the bracts of hop plants and Choi et al. [55] in the leaves, stem and roots of Humulus japonicus Siebold and Zucc. Finally, two O-glycosylated quercetin derivatives and two O-glycosylated kaempferol derivatives were also tentatively identified in the hop cones, peaks 6 and 10, and peaks 7 and 13, respectively. The tentative identification of these four peaks was performed based on those previously described in H. lupulus samples [7,52].



The hop cones of the less vigorous plants of the Nugget cultivar were higher in quercetin and kaempferol, whereas in the hops from the more vigorous plants, the kaempferol flavonoids and caffeic acids were found in small concentrations or were not even detectable. Environmental variables such as light exposure and temperature can significantly influence the accumulation of quercetin and kaempferol compounds in plant tissues [35]. Galieni et al. [58] have also found an increase in caffeic acid and other phenolic compounds in Latuca sativa L. grown under drought stress and an increase in cell wall lignification as a tolerance response.



In these experiments, the increased levels of phenolic compounds in less vigorous plants are probably a response to the environmental stress affecting plants’ growth. The plants treated with foliar sprays presented slightly lower values of phenolic compounds. Similarly, Xu and Leskovar [42] did not find any effect of applying a seaweed extract on flavonoid content in spinach. Hop cones of plants on limed soil presented a significantly higher concentration of kaempferol-3-O-(2-rhamnosyl)-rutinoside and 4-O-caffeoylquinic acid though not significantly. Likewise, Ngadze et al. [59] found an increase in caffeic acid content in potato (Solanum tuberosum L.) as a response to Ca applications.



As far as we know, no studies have reported the phenolic composition of hop cones after liming. Cascade stood out from the other cultivars, showing higher concentrations in quercetin and kaempferol compounds and lower in p-coumaric acids. Similarly, Almeida et al. [60] reported isoquercitrin followed by quercetin as the major phenolic compounds found in extracts of Cascade hops grown in Brazil. Santagostini et al. [61] identified quercetin-3-O-malonylglucoside and kaempferol-3-O-malonylglucoside compounds for the first time in Cascade hop. These compounds were also identified for the cultivars used in this study. In agreement with the present results, other studies [29,43] also showed significant differences in phenolic composition of different cultivars of hop, which probably was due to the potential influence of genetic factors on agronomic and biochemical traits [62].





5. Conclusions


Total phenols in hop cones were influenced significantly by most of the experimental factors (plant vigour, foliar treatment, liming, cultivar, plot and year) under study. However, in this study, foliar sprays and liming were among the factors that least influenced the measured variables (total phenol, nutrient concentration, and phenolic composition). The year, which represents the joint action of several environmental variables (temperatures, rainfall, relative humidity, etc.) resulted as the most important factor for the phenols accumulation between plants of different vigour, subject to different foliar treatments and grown in different plots and between different cultivars. Nugget showed significantly lower average values of total phenols than Cascade or Colombus cultivars if the two years were taken into account. The high levels of Zn in hop cones seemed to be associated with lower phenol content in the hop cones. The phenolic compounds identified were mainly flavonols (quercetin and kaempferol) and phenolic carboxylic acids (p-coumaric and caffeic acids). The less vigorous plants showed higher levels of quercetin and kaempferol in hop cones. The plants treated with foliar sprays (nutrient-rich and algae-rich foliar spray) presented slightly lower values of phenolic compounds, and plants on limed soil were notably higher in kaempferol-3-O-(2-rhamnosyl)-rutinoside. Cascade stood out from the other cultivars, showing higher concentration in quercetin and kaempferol compounds and lower concentration in p-coumaric acids. The phenolic compounds quercetin-3-O-malonylglucoside and kaempferol-3-O-malonylglucoside, reported previously in other studies for the first time in Cascade, were present in this study in Cascade, Columbus and Nugget. This study showed that most of the analysed compounds can vary in opposite directions with agro-environmental variables, making it difficult to recommend a coherent strategy to farmers without a well-defined target for the use of hop cones. It should also be noted that hop gardens are usually contaminated with viruses, especially old plantations, as may have been the case in the Nugget plots, which may have influenced the results of the experimental factors.
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Figure 1. Average monthly temperature and precipitation during the three years of the study. 
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Figure 2. Schematic view of the experiments, including the four field trials reported in this study. 
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Figure 3. Total phenols as a function of year and hop plant vigour (weak—W, fair—F, good—G and very good—VG) and year. Error bars are the standard errors (α = 0.05). 
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Figure 4. Total phenols as a function of year, plant vigour (weak—W, fair—F, good—G and very good—VG) and foliar treatment (Fnut, nutrient-rich foliar spray; Algae, algae-rich foliar spray; and Control). Error bars are the standard errors (α = 0.05). 
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Figure 5. Total phenols as a function of year, plot (P5 and P6) and liming (L, limed; and C, not limed). Error bars are the standard errors (α = 0.05). 
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Figure 6. Total phenols as a function of year and cultivar. Error bars are the standard errors (α = 0.05). 
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Figure 7. Chromatographic profile obtained at 280 nm (A) and 370 nm (B) of a hop cone extract (Cascade cultivar). The peaks 1 to 13 correspond to the phenolic compounds identified in Table 4. 
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Table 1. Selected soil properties (average ± standard deviation; n = 3) determined just before the start of the experiments from soil samples collected in plots of different plant vigour (weak, fair, good and very good) at 0–0.20 m depth.
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	Soil Properties
	Plot 1

(Weak)
	Plot 2

(Fair)
	Plot 3

(Good)
	Plot 4

(Very Good)
	Plot 5

(Very Good)
	Plot 6

(Very Good)





	Clay (%) a
	27.0 ± 5.8
	35.0 ± 4.6
	22.1 ± 2.0
	18.1 ± 1.8
	17.7 ± 2.1
	16.8 ± 0.9



	Silt (%) a
	21.6 ± 10.7
	22.8 ± 4.4
	5.1 ± 1.6
	35.5 ± 5.7
	24.7 ± 3.2
	24.3 ± 3.1



	Sand (%) a
	51.4 ± 16.5
	42.2 ± 2.4
	72.8 ± 18.4
	46.4 ± 6.9
	57.6 ± 4.8
	58.9 ± 8.5



	pHH2O b
	5.8 ± 0.12
	5.8 ± 0.04
	5.5 ± 0.10
	5.1 ± 0.13
	5.8 ± 0.03
	5.3 ± 0.03



	Organic carbon (g kg−1) c
	13.4 ± 0.20
	15.7 ± 0.10
	7.6 ± 0.04
	14.5 ± 0.20
	17.2 ± 0.08
	19.4 ± 0.07



	Extract. P (mg P2O5 kg−1) d
	283 ± 45
	452 ± 34
	191 ± 28
	213 ± 28
	296 ± 20
	289 ± 16



	Extract. K (mg K2O kg−1) d
	116 ± 7
	193 ± 9
	111 ± 6
	286 ± 5
	332 ± 9
	162 ± 6



	Exch. Ca (cmolc kg−1) e
	14.8 ± 1.84
	23.3 ± 1.39
	10.7 ± 0.17
	2.7 ± 0.46
	4.9 ± 0.24
	4.6 ± 0.18



	Exch. Mg (cmolc kg−1) e
	4.8 ± 0.84
	9.5 ± 1.22
	2.7 ± 0.07
	0.5 ± 0.04
	0.7 ± 0.03
	0.6 ± 0.02



	Exch. K (cmolc kg−1) e
	0.3 ± 0.02
	0.5 ± 0.04
	0.2 ± 0.01
	0.5 ± 0.08
	0.6 ± 0.03
	0.3 ± 0.01



	Exch. Na (cmolc kg−1) e
	0.2 ± 0.05
	0.6 ± 0.05
	0.1 ± 0.01
	0.3 ± 0.06
	0.06 ± 0.01
	0.05 ± 0.01



	Exch. acidity (cmolc kg−1) e
	0.3 ± 0.03
	0.3 ± 0.02
	0.2 ± 0.03
	0.6 ± 0.13
	0.2 ± 0.02
	0.4 ± 0.03



	CEC (cmolc kg−1) e
	20.7 ± 2.64
	34.4 ± 2.56
	14.0 ± 0.21
	5.1 ± 0.37
	6.7 ± 0.28
	6.5 ± 0.17







a Pipette method; b Potentiometry; c Walkley–Black; d Egner–Riehm; e Ammonium acetate, pH 7.
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Table 2. PCA results for total phenols and nutrient concentrations on hop cones from 2016 to 2018.
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	PC1
	PC2
	PC3
	PC4





	Eigenvalue
	2.569
	2.028
	1.811
	1.294



	Cronbach’s Alpha
	0.672
	0.558
	0.492
	0.250



	Explained variance
	23.35
	18.44
	16.46
	11.77



	Cumulative variance
	23.35
	41.79
	58.25
	70.02



	Variable Loadings
	
	
	
	



	Total phenols
	−0.730
	−0.359
	−1.606
	0.753



	Nitrogen
	1.391
	−1.195
	0.369
	0.618



	Phosphorus
	1.516
	−0.091
	−0.555
	−0.074



	Potassium
	−1.206
	−0.867
	0.216
	1.134



	Calcium
	0.272
	−1.982
	−0.014
	0.311



	Magnesium
	1.319
	−0.363
	−0.584
	1.707



	Iron
	0.054
	1.226
	0.822
	1.147



	Manganese
	−0.868
	−0.572
	1.136
	1.238



	Copper
	0.361
	1.265
	1.071
	1.363



	Zinc
	1.277
	−0.179
	1.409
	−0.823



	Boron
	−0.668
	−1.077
	1.578
	−0.605







PC—principal component; values in bold correspond to the higher loadings of each variable in the respective PC.
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Table 3. Correlation matrix of total phenols (TPH) and nutrient in hop cones, with Spearman correlation coefficients.
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	TPH
	N
	P
	K
	Ca
	Mg
	Fe
	Mn
	Cu
	Zn
	B





	TPH
	1
	
	
	
	
	
	
	
	
	
	



	N
	−0.223 **
	1
	
	
	
	
	
	
	
	
	



	P
	−0.008
	0.412 **
	1
	
	
	
	
	
	
	
	



	K
	0.114
	−0.052
	−0.266 **
	1
	
	
	
	
	
	
	



	Ca
	0.138
	0.393 **
	0.103
	0.078
	1
	
	
	
	
	
	



	Mg
	−0.051
	0.513 **
	0.295 **
	0.032
	0.147
	1
	
	
	
	
	



	Fe
	−0.186 *
	−0.077
	−0.069
	−0.126
	−0.220 **
	0.232 **
	1
	
	
	
	



	Mn
	0.074
	−0.016
	−0.298 **
	0.402 **
	0.019
	−0.191 *
	0.096
	1
	
	
	



	Cu
	−0.295 **
	0.028
	0.047
	−0.139
	−0.356 **
	0.294 **
	0.520 **
	0.116
	1
	
	



	Zn
	−0.456 **
	0.345 **
	0.371 **
	−0.269 **
	0.138
	0.005
	0.100
	−0.071
	0.197 *
	1
	



	B
	−0.105
	0.074
	−0.176 *
	0.250 **
	0.348 **
	−0.273 **
	−0.058
	0.311 **
	−0.070
	0.223 **
	1







*, ** Significant correlations according to selected significance levels, 0.05 and 0.01, respectively.
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Table 4. Retention time (Rt), wavelengths of maximum absorption (λmax), mass spectral data, and identification of the phenolic compounds present in hop cones extract: 3-CQA (3-O-Caffeoylquinic acid), cis 3-p-CoQA (cis 3-p-Coumaroylquinic acid), trans 3-p-CoAD (trans 3-p-Coumaroylquinic acid), 4-CQA (4-O-Caffeoylquinic acid), 5-CQA (5-O-Caffeoylquinic acid), Q-3-2Rh-Ru (Quercetin-3-O-(2-rhamnosyl)-rutinoside), K-3-2Rh-Ru (Kaempferol-3-O-(2-rhamnosyl)-rutinoside), Q-3-Ru (Quercetin-3-O-rutinoside), Q-3-H (Quercetin-3-O-hexoside), Q-3-6M-G (Quercetin-3-O-(6-O-malonyl)-glucoside), K-3-Ru (Kaempferol-3-O-rutinoside), K-3-G (Kaempferol-3-O-glucoside), K-3-6M-G (Kaempferol-3-O-(6-O-malonyl)-glucoside).
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	Peak
	Tentative Identification
	Rt

(min)
	λmax

(nm)
	[M-H]

(m/z)
	MS2





	1
	3-CQA
	4.80
	340
	353
	191(100), 179(47), 173(3), 135(7)



	2
	cis 3-p-CoQA
	5.46
	310
	337
	191(10), 163(100), 119(10)



	3
	trans 3-p-CoAD
	6.31
	310
	337
	191(53), 163(100), 119(12)



	4
	4-CQA
	6.86
	325
	353
	191(14), 179(53), 173(100), 135(2)



	5
	5-CQA
	7.25
	323
	353
	191(100), 179(15),173(5), 135(2)



	6
	Q-3-2Rh-Ru
	14.6
	330
	755
	609(45), 591(94), 573(12), 489(70), 301(100)



	7
	K-3-2Rh-Ru
	16.59
	330
	739
	593(26), 575(100), 393(8), 285(38)



	8
	Q-3-Ru
	17.86
	353
	609
	301(100)



	9
	Q-3-H
	19.06
	351
	463
	301(100)



	10
	Q-3-6M-G
	20.29
	353
	549
	505(100), 463(25), 301(50)



	11
	K-3-Ru
	21.15
	347
	593
	285(100)



	12
	K-3-G
	22.52
	345
	447
	285(100)



	13
	K-3-6M-G
	24.72
	347
	533
	489(100), 285(20)
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Table 5. Phenolic compound quantification (mean ± standard deviation) in hop cone samples from 2017 as a function of foliar treatments (Fnut, nutrient-rich foliar spray; Algae, algae-rich foliar spray; and Control) and liming: 3-CQA (3-O-Caffeoylquinic acid), cis 3-p-CoQA (cis 3-p-Coumaroylquinic acid), trans 3-p-CoAD (trans 3-p-Coumaroylquinic acid), 4-CQA (4-O-Caffeoylquinic acid), 5-CQA (5-O-Caffeoylquinic acid), Q-3-2Rh-Ru (Quercetin-3-O-(2-rhamnosyl)-rutinoside), K-3-2Rh-Ru (Kaempferol-3-O-(2-rhamnosyl)-rutinoside), Q-3-Ru (Quercetin-3-O-rutinoside), Q-3-H (Quercetin-3-O-hexoside), Q-3-6M-G (Quercetin-3-O-(6-O-malonyl)-glucoside), K-3-Ru (Kaempferol-3-O-rutinoside), K-3-G (Kaempferol-3-O-glucoside), K-3-6M-G (Kaempferol-3-O-(6-O-malonyl)-glucoside).
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Phenolic Compounds

(mg kg−1, dw)

	
Foliar Treatment

	
Limestone Treatment




	
Fnut

	
Algae

	
Control

	
Limed

	
Control






	
3-CQA

	
37.1 ± 16.4a

	
39.8 ± 15.7a

	
40.5 ± 10.4a

	
24.4 ± 7.0a

	
21.5 ± 6.4a




	
cis 3-p-CoQA

	
27.9 ± 3.0a

	
23.8 ± 6.9a

	
28.0 ± 3.9a

	
5.7 ± 3.6a

	
5.8 ± 7.1a




	
trans 3-p-CoAD

	
23.6 ± 6.9a

	
16.0 ± 6.0a

	
19.0 ± 4.1a

	
1.1 ± 2.2a

	
4.2 ± 7.3a




	
4-CQA

	
24.4 ± 1.7a

	
23.2 ± 1.0a

	
25.3 ± 1.9a

	
24.5 ± 4.8a

	
7.6 ± 15.2a




	
5-CQA

	
31.1 ± 7.8a

	
26.1 ± 3.5a

	
28.7 ± 3.7a

	
5.3 ± 10.7a

	
5.6 ± 11.2a




	
Q-3-2Rh-Ru

	
47.5 ± 0.2a

	
47.0 ± 0.3a

	
47.2 ± 0.2a

	
46.7 ± 0.4a

	
47.7 ± 1.4a




	
K-3-2Rh-Ru

	
46.5 ± 0.1a

	
46.5 ± 0.2a

	
46.5 ± 0.1a

	
46.5 ± 0.2a

	
11.6 ± 23.2b




	
Q-3-Ru

	
56.1 ± 0.8a

	
54.5 ± 4.0a

	
58.5 ± 1.5a

	
50.6 ± 1.1a

	
50.5 ± 2.1a




	
Q-3-H

	
72.6 ± 5.1a

	
64.6 ± 4.6a

	
71.5 ± 1.5a

	
54.6 ± 4.5a

	
56.6 ± 6.7a




	
Q-3-6M-G

	
93.1 ± 4.8a

	
84.9 ± 9.0a

	
96.5 ± 6.4a

	
70.2 ± 3.9a

	
66.1 ± 10.3a




	
K-3-Ru

	
50.2 ± 1.3a

	
49.6 ± 1.5a

	
51.0 ± 0.3a

	
47.5 ± 0.7a

	
46.9 ± 0.5a




	
K-3-G

	
52.1 ± 0.6a

	
50.8 ± 1.1a

	
52.3 ± 0.6a

	
48.0 ± 0.4a

	
36.2 ± 24.2a




	
K-3-6M-G

	
59.1 ± 3.5a

	
57.3 ± 3.3a

	
62.3 ± 2.7a

	
52.4 ± 1.2a

	
51.3 ± 3.1a




	
Total phenolic compounds

	
621.4 ± 32.8a

	
584.1 ± 52.0a

	
627.2 ± 13.6a

	
477.6 ± 25.4a

	
414.0 ± 81.0a








Means followed by the same letter are not statistically different by Tukey HSD (Foliar Treatment) or t-Student (Limestone treatment) tests (α = 0.05).
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Table 6. Phenolic compound quantification (mean ± standard deviation) in hop cone samples from 2017 as a function of the cultivar: 3-CQA (3-O-Caffeoylquinic acid), cis 3-p-CoQA (cis 3-p-Coumaroylquinic acid), trans 3-p-CoAD (trans 3-p-Coumaroylquinic acid), 4-CQA (4-O-Caffeoylquinic acid), 5-CQA (5-O-Caffeoylquinic acid), Q-3-2Rh-Ru (Quercetin-3-O-(2-rhamnosyl)-rutinoside), K-3-2Rh-Ru (Kaempferol-3-O-(2-rhamnosyl)-rutinoside), Q-3-Ru (Quercetin-3-O-rutinoside), Q-3-H (Quercetin-3-O-hexoside), Q-3-6M-G (Quercetin-3-O-(6-O-malonyl)-glucoside), K-3-Ru (Kaempferol-3-O-rutinoside), K-3-G (Kaempferol-3-O-glucoside), K-3-6M g (Kaempferol-3-O-(6-O-malonyl)-glucoside).
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Phenolic Compounds

(mg kg−1 Dry Matter)

	
Cultivar




	
Nugget

	
Columbus

	
Cascade






	
3-CQA

	
40.5 ± 10.4a

	
32.6 ± 5.9a

	
40.7 ± 9.9a




	
cis 3-p-CoQA

	
28.0 ± 3.9a

	
24.6 ± 14.9a

	
11.6 ± 6.0a




	
trans 3-p-CoAD

	
19.0 ± 4.1a

	
15.1 ± 4.9ab

	
9.0 ± 2.5b




	
4-CQA

	
25.3 ± 1.9ab

	
28.2 ± 7.9a

	
14.7 ± 3.2b




	
5-CQA

	
28.7 ± 3.7ab

	
22.1 ± 3.2b

	
32.1 ± 2.9a




	
Q-3-2Rh-Ru

	
47.2 ± 0.2b

	
46.8 ± 0.2b

	
50.3 ± 0.6a




	
K-3-2Rh-Ru

	
46.5 ± 0.1b

	
46.6 ± 0.1b

	
54.5 ± 2.4a




	
Q-3-Ru

	
58.5 ± 1.5b

	
52.3 ± 1.4b

	
72.4 ± 5.2a




	
Q-3-H

	
71.5 ± 1.5a

	
62.3 ± 4.9b

	
56.9 ± 1.6b




	
Q-3-6M-G

	
96.5 ± 6.4a

	
77.2 ± 11.4ab

	
71.5 ± 4.7b




	
K-3-Ru

	
51.0 ± 0.3b

	
51.5 ± 1.4b

	
74.2 ± 3.1a




	
K-3-G

	
52.3 ± 0.6b

	
54.9 ± 2.9ab

	
58.5 ± 2.2a




	
K-3-6M-G

	
62.3 ± 2.7a

	
71.3 ± 10.7a

	
76.1 ± 4.8a




	
Total phenolic compounds

	
627.2 ± 13.6a

	
585.3 ± 61.8a

	
622.6 ± 35.7a








Means followed by the same letter are not statistically different by Tukey HSD tests (α = 0.05).
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