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Abstract

:

The antimicrobial activity of hop extracts obtained from different hop genotypes were investigated against Staphylococcus aureus and Lactobacillus acidophilus. In this study the pure xanthohumol, purified β-acids rich fraction, as well as α-acids with β-acids rich fraction were used to test antimicrobial activity against Staphylococcus aureus and Lactobacillus acidophilus; whereby, the antimicrobial activity of different hop extracts against Lactobacillus acidophilus was studied for the first time. Microbial susceptibility to purified hydroacetonic extracts from different hop varieties was investigated by the broth microdilution assay to determine the minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC). The hop hydroacetonic extracts were more effective against Staphylococcus aureus than against Lactobacillus acidophilus. Strong inverse correlations of MIC and MBC values were obtained with xanthohumol, cohumulone, n+adhumulone, colupulone and n+adlupulone contents, suggesting that the identified chemical hop compounds are directly responsible for antimicrobial effects. Moreover, the effect of the growth medium strength on the MIC values of hop extracts against Staphylococcus aureus was systematically investigated for the first time. The current study also reveals the effect of different hop extracts on Staphylococcus aureus, which responds to their presence by lag phase extension and generation time prolongation.
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1. Introduction


Several groups of chemical compounds originating from plants can be found in nature. These natural compounds exert a wide range of beneficial health effects [1]. Many properties of individual natural compounds are already known; nevertheless, we cannot fully exploit them until we understand their molecular mechanisms of action. On the other hand, there remain many undisclosed natural active ingredients waiting for researchers to reveal them. Likewise, bacterial infections have, in recent years, become increasingly difficult to treat due to antibacterial resistance [2,3]. Antibiotic-resistant bacteria are spreading very fast all over the world, causing many problems in the treatment of infectious diseases. Due to a non-therapeutic use, an overuse, an underuse and a general misuse of antibiotics, antibacterial resistance has evolved [4]. Action plans (as well as their implementation), in the form of restrictive measures on the use of antibiotics for human and animal health, have already taken place all around the world (World Health Organization, 2020), but this is far from solving the global challenge of antimicrobial resistance. Therefore, the discovery of new antibacterial (and antimicrobial) compounds remains crucial. Several natural compounds that possess a broad structural diversity have been reported in the scientific literature as potential antimicrobial agents or resistance-modifying agents [5]. Such phytochemical products would provide a valuable intermediate solution until new antibiotics are developed [6].



Since hop exert antimicrobial effects, the stronger hopped Indian Pale Ale style beers have been able to “survive” the shipping route from England to the English colonies, such as India [7,8]. Gram-positive bacteria (Lactobacillus, Streptococcus, Staphylococcus, Micrococcus, Bacillus and Pediococcus) can still spoil beer, increase its turbidity, and produce distasteful aromatic compounds (etc. diacetyl or/and hydrogen sulfide). Hop forms an important beer ingredient due to its potent antimicrobial effect against these spoilage bacteria [9]. Hop (Humulus lupulus L.) represents an industrial plant whose female inflorescences (named cones) are widely used in the brewing industry. Hop cones (Figure 1) contain various compounds such as hop resins (composed of several bitter acids), essential oils and flavonoids, which support the brewing process. Hop is used in brewing for its bitterness, flavor aroma and several additional properties (such as maintaining the microbiological stability) [10]. These properties have been recently mainly attributed to the bitter acids as well. Hop was traditionally also used for medical purposes, especially for treatment of sleeping disorders (for this purpose, hop is still used nowadays), for activation of gastric functions and as an antibacterial and antifungal agent [10]. Namely, hops contain bitter acids, which represent a great portion of dry hop cones and are further divided into α-acids (humulones) and β-acids (lupulones) [10]. In addition, flavonoids (with the main representative xanthohumol (XH)) also form important hop compounds [11] that exhibit antimicrobial activities [10,12,13] and anticarcinogenic effects [14,15].



Hop, hop extracts and individual hop components exhibited antimicrobial activities in several studies, including ours. Regarding their effectiveness, they are not as strong as antibiotics [10]. However, lupulone and XH yield a high synergistic effect with antibiotics (polymyxin B sulfate, tobramycin and ciprofloxacin) [16]. The minimal inhibitory concentration (MIC) values using the lupulone/XH combinations with antibiotics were measured, and they were significantly lower compared to pure antibiotics. These results were observed for both Gram-positive and Gram-negative bacteria. Moreover, these facts suggest the suitability of applying hops in medicine, pharmacy and veterinary medicine [10]. For nutritional purposes, hop extracts have been already applied successfully, showing an antimicrobial effect (against Listeria monocytogenes) in milk and some other dairy products (cottage cheese, cheese) [17]. These hop extracts also contained a high β-acids concentration. In recent research, it was revealed that hop extracts have exhibited significant activity also against acne-causing bacteria. Namely, hop CO2 extracts (with a high humulone and lupulone content) showed an inhibitory effect on Propionibacterium acnes and Staphylococcus aureus (one of the main acne causative bacteria) with low MIC values (3.1 and 9.4 µg/mL) [18]. The scientific literature states that feeding chickens (broilers) with hop significantly improves their growth due to its antimicrobial properties as well. Consequently, a lesser need for antibiotics to improve animal growth has been envisaged [19]. In the sugar industry, the use of β-acids from hops is recognized, as they are extremely effective in inhibiting NO2 formation and the development of anaerobic bacteria that spoil the products [20]. Furthermore, it was found that the hop β-acids are very useful in preventing the development of bacteria in thick juices. Although they did not exhibit a bactericidal effect, they successfully prevented the development of new bacteria in the juices [21]. Such an application of hop β-acids is very worthwhile, as they possess a less bitter taste compared to hop α-acids, which is undesirable in the food industry. Humulinic acid (an additional component of hop extracts) has no bitter taste as well, which has a very positive effect on its use for food preservation purposes. In addition, the lowest MIC value of 1.4 µM against L. brevis of all hop components investigated so far has been determined exactly for humulinic acid (derived from iso-α-acids) [10].



Several experiments in which authors determined the antimicrobial activity of various types of hop extracts have been published [7,11,18,22,23,24,25,26,27,28,29,30]. On the other hand, there are limited data on comparative studies of different hop varieties and of their impact on antimicrobial activity [25]. The methodology to reveal the antimicrobial activity of natural extracts is not stringently defined (which makes comparison of different studies difficult), in contrast to the determination of the antimicrobial activity of antibiotics [31,32,33].



Lactobacillus acidophilus are a Gram-positive lactic acid bacteria (LAB). Lactobacillus bacteria may occur in various environments, such as different food products (especially in fermented food products) as well as in the human gastrointestinal tract [34]. Selected strains of Lactobacillus bacteria have also been characterized as probiotic, but on the other hand they could also act as food spoilage in certain food products. It was reported that approximately 70% of all beer-spoilage is caused by LAB [9]. This happens as a consequence of adaptation of LAB to hops and hop compounds [35]. In fact, Lactobacillus spp. exhibited a high resistance against antibiotics (chloramphenicol, erythromycin, tetracycline, kanamycin) and, likewise, the Lactobacillus acidophilus showed a 42.5% resistance to penicillin [34].



For this purpose, hydroacetonic extracts (HAE) of fourteen hop varieties were obtained from Slovenia and worldwide. Our aim was to determine the antimicrobial activity of fourteen different hop varieties—of a concentrated β-acids hop extract, of a concentrated α-acids and β-acids hop extract and of pure XH—in order to show which hop component contributes the most to its antimicrobial effect against Staphylococcus aureus and Lactobacillus acidophilus. Moreover, the effect of growth medium strength on the MIC values was evaluated for all hop extracts. Furthermore, generation times and lag time durations were evaluated in accordance with the growth medium strength. To the best of our knowledge, this is the first study to determine the antimicrobial activity of hop extracts against Lactobacillus acidophilus.




2. Results and Discussion


2.1. Hop Extract Preparation


Our aim was to evaluate the Slovenian hop varieties in comparison to some well-known worldwide hop varieties. According to the scientific literature [22], the hop cones display an extraordinary antimicrobial activity against Staphylococcus aureus, compared to hop leaves. Although the major hop extracts in similar experiments were obtained by hydroethanolic solvents [12], in our study, a hydroacetonic extraction of hop cones was performed based on the comparison of the extraction yield. The extraction procedure in our study was accomplished according to the extraction procedure of Bocquet et al. [32] with some modifications. Namely, hydroacetonic extracts yielded on average 22% higher mass values compared with hydroethanolic hop extracts. The investigated hop hydroacetonic extracts were additionally purified by liquid:liquid extraction using chloroform and water and purified hydroacetonic hop extracts were obtained (HAE). There are some studies published where the chemical composition of hop extracts was not analyzed [32], or total phenolics [22]/total flavonoids [24] were only determined. These missing data preclude the understanding of which hop compound conveys the largest portion of antimicrobial activity. On the other hand, some studies of hop antimicrobial activity already include a more detailed chemical composition of hop samples, similar to our study [18,25]. The chemical composition of pure hop cones is presented in Table 1. To work with as many well-defined samples as possible, the chemical composition of HAEs, the combination of α-acids and β-acids rich fraction (αβ-AF) and the β-acids rich fraction (β-AF) were determined (Table 2 and Table 3). The isolated XH from the HAE is also included in Table 3.




2.2. HPLC Determination of the Chemical Composition of Purified Hydroacetonic Hop Extracts (HAE)


To understand the impact of individual components on the antimicrobial activity, the chemical analyses of HAE extracts were performed. The amounts of individual chemical components in HAE extracts are higher (Table 2) in comparison to the chemical composition of pure hop cones (Table 1), confirming a successful extraction and the feasibility of an additional purification of extracts (in our case with chloroform). In Table 1, the chemical composition of crude hop cones is reported with the aim to evaluate the primary importance of different hop varieties. The chemical composition was determined in pure hop cones to reveal the chemical composition before the extraction. The results demonstrate that Styrian Eureka contains the highest values of cohumulone (3.16%, w/w) and n+adhumulone (13.88%, w/w), Styrian Eagle contains the highest values of colupulone (2.65%, w/w) and n+adlupulones (3.91%, w/w), while the Canada variety contains the highest value of XH (4.74%, w/w). On the contrary, the Belgium variety contains the lowest values of all components except for n+adlupulne, which is the lowest in Chocotsu.



The determined chemical composition of HAE is comparable to a similar study [25], where ethanol was used as the extraction solvent and the extraction was performed at 60 °C. Our results show that the HAE of hop variety Styrian Wolf contains the highest amount of XH (2.90%, w/w), cohumulone (14.26%, w/w) and colupulone (9.45%, w/w), the HAE of Styrian Eagle contains the highest value of n+adhumulone (47.80%, w/w) and the HAE of hop variety Chocothsu contains the highest value of n+adlupulne (13.57%, w/w). On the other hand, the HAE of hop variety Styrian Eureka contains the lowest amounts of XH, cohumulone, colupulone and n+colupulone; the HAE of hop variety Canada contains the lowest amount of n+adhumulone.




2.3. Purification of Hop Extracts


The XH isolation from HAE was performed by using preparative High Performance Liquid Chromatography (HPLC) and 43.29 mg of XH, with which chromatographic purity of 97.99%, was obtained. The pure XH, isolated according to our protocol, was analyzed by the HPLC method. The remaining 2.01% of the material is unidentified and does not contain α-acids nor β-acids. The remaining purified extracts were commercially obtained. The β-AF, obtained from Hopsteiner, contained higher amounts of β-acids (16.90% colupulone and 15.23% n+adlupulone) than the HAE extracts of different hop varieties. On the other hand, αβ—AF, obtained from Labor Veritas, contains high amounts of α-acids (cohumulone 12.76% and n+adhumulone 72.79%), but still a non-negligible percentage of β-acids (less than 5% w/w).




2.4. Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) Determination


Microbial susceptibility to HAE extracts from different hop varieties was tested by the broth microdilution assay for the determination of MIC and MBC. Distinct activities against tested microorganisms were exhibited, where Staphylococcus aureus was found to be more sensitive to HAE compared to Lactobacillus acidophilus.



Hop components can penetrate through the bacterial cell wall, due to the hydrophobic nature of compounds in hop extracts. Moreover, the interaction between the hop components and the inner membrane results in cell structure damage. Consequently, the active transport of sugars and amino acids is inhibited [25]. Therefore, the greatest antibacterial activity of hop extracts is documented against Gram-positive bacteria, especially against Staphylococcus aureus [18,25,32,33]. Namely, the outer membrane of Gram-negative bacteria consists of lipopolysaccharides, which act as a barrier for several molecules [25]. Additionally, the recent study [32] included 20 Gram-negative bacteria to test the antimicrobial activity of crude hydroethanolic extracts of hop cone, where extracts were not effective against any of the tested bacterial strains. Nevertheless, compared to Corynebacterium, Enterococcus faecalis, Mycobacterium smegmatis, Staphylococcus warneri, Streptococcus agalactiae and Streptococcus dysgalactiae, Staphylococcus aureus resulted as one of the most susceptible Gram-positive bacteria toward hop antimicrobial activity [32]. In our study, the HAE extracts showed similar results (Table 4) to the described study, and Styrian Dragon exhibited the greatest antibacterial activity against Staphylococcus aureus (with the average MIC value of 9.8 µg/mL and the MBC value of 15.6 µg/mL). Additionally, the second highest antibacterial activity against Staphylococcus aureus was observed in Styrian Wolf, Aurora and Dekorativny (with average MIC values of 15.6 µg/mL and MBC values of 31.3 µg/mL). On the other hand, our results (Table 4) clearly show that Caucasus and Canada are not appropriate hops to convey the antibacterial activity against Staphylococcus aureus, since the average MIC values were higher than 250.0 µg/mL. The exact value could not be determined since it was impossible to dissolve higher concentrations of the HAE extract into the growth media without observable precipitation. At the same time, higher concentrations of crude hop extracts of different Brazilian varieties were observed to inhibit (MIC) and to kill (MBC) bacteria [25]. Wild hops obtained from the Caucasus and Canada revealed a low content of all five compounds determined by HPLC (Table 2). This fact indicates that XH, cohumulone, n+adhumulone, colupulone and n+adlupulone represent compounds that may confer important and significant characteristics of the antimicrobial activity of hop extracts against Staphylococcus aureus. Other hop varieties contain higher amounts of all five determined hop compounds, especially the cohumulone, n+adhumulone, colupulone and n+adlupulone (Table 2) and consequently exhibit an increased antimicrobial activity with lower MIC values against Staphylococcus aureus. Only the Styrian Eureka, on the one hand, contains low amounts of determined hop compounds and also, on the other hand, exhibits a relatively high antimicrobial activity with an average MIC value of 19.5 µg/mL, suggesting that also other compounds which were not investigated in our study may convey the antimicrobial effect. However, for the bacteria Staphylococcus aureus, the hop HAE extracts with average MIC values lower than 20 µg/mL, contain significantly higher amounts of the colupulon, n+adlupulone and n+adhumulone than the hop HAE extracts with average MIC values above 20 µg/mL. On this basis, we could safely assume the investigated hop compounds contribute significantly to the main antibacterial action in the mixture of hop components.



Microbial susceptibility to HAE extracts from different hop varieties was verified by broth microdilution assays to determine MIC and MBC values against Lactobacillus acidophilus as well. In our study (Table 4), Aurora, Savinjski golding, Styrian Dragon and Chocotsu No.17 exhibited the greatest antibacterial activity against Lactobacillus acidophilus (with an average MIC value of 62.5 µg/mL and MBC value of 375 µg/mL), followed by hop variety Canada P169 S369 with an average MIC value of 62.5 µg/mL and MBC value of 750 µg/mL. On the other hand, our results (Table 4) clearly display that Belgium S367 is not an appropriate variety to convey antibacterial activity against Lactobacillus acidophilus, since its average MIC values were higher at 208.3 µg/mL and its MBC value was 750 µg/mL. Since this is, to the best of our knowledge, the first study on the antimicrobial activity of hop extracts against Lactobacillus acidophilus, we could not compare our results with the scientific literature. Likewise, we cannot find a direct correlation between the content of a single compound in the hop extract and the MIC/MBC values. However, it seems that extracts with higher α-acids and β-acids content display lower MIC/MBC values. A notable exception is Styrian Eureka with a low MIC value, despite its relatively low content of XH, cohumulone, n+adhumulone, colupulone and n+adlupulone. Thus, we could assume that the main difference between samples may be the remaining hop compounds that are unidentified in this study. Based on this study, we proved different mechanisms of antimicrobial activity against two Gram-positive bacteria with different hop genotypes. Moreover, Staphylococcus aureus was more sensitive to the HAE extracts in comparison to Lactobacillus acidophilus. An important result of our study is also the observation of giant differences between different hop genotypes in their antimicrobial activity against Staphylococcus aureus and Lactobacillus acidophilus.



In order to determine which of the quantified components from the extract is the most active, the antimicrobial activity of purified components was also examined. Results are presented in Table 5. It is evident that the β—AF component is the most active against Staphylococcus aureus. A weaker antimicrobial activity against Staphylococcus aureus for αβ—AF and the lowest antimicrobial activity for XH were determined (Table 5). Similar to our results, MIC values were published for β-acids colupulone (39–78 µg/mL) and lupulone (0.6–1.2 µg/mL) which displayed the greatest antimicrobial activity with the lowest MIC values, while MIC values for α-acids were higher (cohumulone 156–313 µg/mL and humulone 78–156 µg/mL) [32]. The main difference between our results and the results from the published investigation [32] is in the MIC value for XH. Our results, presented in Table 5, show that XH has a high MIC value. Moreover, we were not even able to dissolve a sufficient quantity of XH in the media without precipitation to determine the exact MIC value. However, Bocquet et al. [32] determined the MIC value for XH of 9.8–19.5 µg/mL against different strains of Staphylococcus aureus. Similar to our antimicrobial testing of purified samples, Cermak et al. [36] tested the α-acids (the mixture of homologues), β-acids (the mixture of homologues) and pure XH against different strains of Bacteroides fragilis and Clostridium perfringens. Their results exhibited MIC values of α-acids ranging from 160 to 1540 µg/mL for Bacteroides fragilis strains and from 680 to 1370 µg/mL for Clostridium perfringens strains. In comparison to α-acids, the β-acids exhibited lower MIC values for Bacteroides fragilis, that is 50 to 430 µg/mL and 150 to 430 µg/mL for Clostridium perfringens. Therefore, our study confirmed that both α- and β-acids are active against Staphylococcus aureus with β-acids being more potent. Both α- and β-acids are also more potent in comparison to XH. Next to experimental results, this is also confirmed by the low negative correlation between XH content of HAE extracts and their MIC against Staphylococcus aureus. The results for α- and β-acids are in good agreement with the literature values [32], while the MIC value for XH is much higher in our study. This could probably be explained by using different bacterial strains of Staphylococcus aureus.



After testing the individual purified extracts, the β-AF was displayed as the most effective against Lactobacillus acidophilus (average MIC value of 20.8 µg/mL), similar to tests against Staphylococcus aureus. A weaker antimicrobial activity against Lactobacillus acidophilus was determined for αβ-AF (average MIC value of 26.1 µg/mL) and for XH with the highest MIC value (>500.0 µg/mL) (Table 4). Likewise, we were able to determine the MBC values (500.0 µg/mL) for αβ-AF and β-AF. The latter result, in combination with the results of HAE extracts for MBC values against Lactobacillus acidophilus (MBC values 187.5–750 µg/mL), provide an important insight since Lactobacillus spp. exhibited high resistance against antibiotics [9].



Antimicrobial tests revealed that Staphylococcus aureus is more susceptible to HAE compared with Lactobacillus acidophilus. However, the fact is that hop extracts with lower MIC and MBC values against Lactobacillus acidophilus achieve low MIC and MBC values against Staphylococcus aureus as well. Therefore, there is a tendency for the same hop compounds to contribute to the antimicrobial activity of hop extracts in our study and these compounds are unidentified in our study.



Chemical compounds showed strong positive correlations (Table 6) between XH and colupulone (R = 0.836), cohumulone and n+adhumulone (R = 0.873), n+adlupulone and colupulone contents (R = 0.867). On the other hand, as expected, a strong inverse correlation was observed between the amount of unidentified compounds from hop extract versus XH (R = −0.829), cohumulone (R = −0.877), n+adhumulone (R = −0.934), colupulone (R = −0.878) and n+adlupulone contents (R = −0.789). Importantly, the minimal inhibitory concentration against Lactobacillus acidophilus (MIC La) demonstrated a strong inverse correlation to XH (R = −0.820), cohumulone (R = −0.952), n+ adhumulone (R = −0.965), colupulone (R = −0.827) and n+adlupulone contents (R = −0.723). However, the MIC La positively correlated with the amount of unidentified compounds (R = 0.943), suggesting that the identified chemical compounds are directly responsible for the low values and the observed antimicrobial activity. Similar positive/negative trends in correlation were observed for the minimal bactericidal concentration (MBC La), but the correlations were weaker (R = 0.606). Likewise, correlations between the antimicrobial activity against Staphylococcus aureus (MIC St and MBC St) and other chemical compounds showed similar trends as the ones observed for Lactobacillus acidophilus, but correlation coefficients were again generally weaker. Not surprisingly, MIC and MBC values all demonstrated a strong to very strong correlation.




2.5. The Effect of Growth Medium Strength on MIC


Besides the determination of MIC values for hop extracts, another important goal of our study was to determine the effect of growth medium strength on these values. Different medium strength could demonstrate (in a laboratory scale) suboptimal conditions for bacteria, such as the ones in the food and feed industry, cosmetics or veterinary medicine applications. Namely, antimicrobial testing of different plant extracts is performed in various media, with important effects on MIC values. For this purpose, we prepared different medium strengths of Mueller Hinton Broth (MHB) medium to test their effect on MIC values of hop extracts. The growth medium strength was increased from half to one and a half concentration, recommended by the producer [37]. The effect of growth medium strength on MIC was measured for Staphylococcus aureus. Although the media strength (Figure 2) had only a limited effect on the MIC values, it still gives us some insight into the mechanism of antimicrobial action of hop extract components, demonstrating that direct interactions of extract components with the growth media are of minimal importance, especially when compared to tannins [38]. Even though MIC values vary with the medium strength, a clear trend cannot be observed.



Conclusions of several studies indicate the suitability of hop extracts in the food and feed industry, cosmetics and veterinary medicine applications [10,12,16,18,25,39,40]; however, it needs to be considered that in all described situations the bacterial growth conditions are not as favorable as in commercially prepared media. Therefore, the investigation of MIC and MBC values when the conditions of bacterial growth are suboptimal should be performed using analogous procedures, e.g., medium diluting and concentrating. On the other hand, it is important to understand the growth medium strength effect on the MIC values to facilitate a direct comparison of different studies. A previous study [37] revealed an important effect of growth medium strength on MIC values and the authors linked this fact to tannins’ direct interactions with growth medium components. Meanwhile, the MIC values of hop components are similar regardless of the MHB medium concentration used, confirming previous studies where the mechanism of hop component antimicrobial activity was investigated (hop components integrate into the bacterial cell membrane and affect its metabolism) [10,39]. Even though MIC values of hop extracts were similar in different MHB medium strengths, certain fluctuations could still be observed. Therefore, a standardized protocol for the MIC determination should be established as it has already been for antibiotics.




2.6. Determination of Generation Time and Lag Time Duration


By using the plotted dependency graphs of OD595 on time, the generation time and lag time durations were calculated according to the growth medium strength. With respect to the scarcity of growth kinetic analyses in the determination of bacterial susceptibility against natural compounds [41], the associated parameters were calculated using Equation (1). For this reason, three samples (HAE Styrian Eagle, β-AF and αβ-AF) were included to investigate the growth of Staphylococcus aureus. Increasing concentrations of hop extracts (concentrations lower than the MIC) are generally reflected in a prolonged lag phase duration. The lag phase represents the first phase of the microbial growth curve, following inoculation and preceding the growth of the bacterial population at the end of the lag phase. The delay in the growth during the lag phase appears because of the bacterial adaptation to new circumstances, in order to begin to exploit new environmental conditions [42,43]. Limited reports are available to understand the antibiotic effects on the lag phase, due to low metabolic rates of cells and not enough bacterial material for analyses at this stage [41,42]. It has been assumed that the lag phase is involved in the adaptation of bacteria to conditions in the new media and may be influenced by several factors such as inoculum volume, physiological cells history and the characteristics of the original and the new growth medium [38,42,43]. It has been already reported that an increase in the concentration of the antimicrobial agent results in the extension of the lag phase [38,41,42,43]. As expected, the described studies comprise the greatest extent of antibiotics. Some reports of an extended lag phase and reduced growth by different tannins are available [38,44], on the contrary no studies of hop extracts or hop components as antimicrobial agents include a microbial growth kinetic analysis. The extension of the lag phase for Staphylococcus aureus was observed with the increasing concentration of HAE Styrian Eagle or αβ—AF extracts at all media strengths (Supplementary Material, Figures S1–S3). On the other hand, increasing concentration of β—AF extract exhibited the extension of the lag phase only at 75% and 150% media strengths (Figure 3). Bacteria use the lag phase extension as one of the mechanisms to adapt under stress conditions caused by antimicrobial agents. Bacteria synthesize enzymes and uptake the essential nutrients that are crucial for the cell growth and division [38]. On the other hand, hop resins (α-acids and β-acids) serve as mobile-carrier ionophores that catalyze the cell processes after they integrate into the bacterial cell membrane [10]. The electroneutral influx of molecules that are undissociated takes place and leads to proton exchange for divalent cations and the efflux of the formed complex is performed. Consequently, the protons accumulate into the cell and a decreased nutrient uptake leads to cell death [10,39]. This mechanism of inhibition of bacterial growth by hop extracts is further supported by the fact that lupulones and humulones represent nonpolar molecules and consequently exhibit greater hydrophobicity [25].



The average generation time of Staphylococcus aureus is 35 min, obtained under aerobic conditions [45]. In accordance with the scientific literature, the average generation time of Staphylococcus aureus negative control (considering negative controls of all medium strengths) in this study is 32.9 min. Generation times of bacteria mostly depend on the organism itself and on the incubation conditions. The generation times are generally extended with the increasing hop extract concentration (at concentrations lower than MIC), although the results are not as conclusive as they are for the lag phase duration (Figure 4). This could be a consequence of a diauxic growth of Staphylococcus aureus bacteria upon the addition of hop extracts, as well as a consequence of other inequalities in the bacteria growth rate. That makes the generation time rather difficult to determine. Collectively, according to the results obtained in this study, it may be safely assumed that Staphylococcus aureus prolongs its generation time to survive under increasing concentrations of hop components.





3. Materials and Methods


3.1. Plant Materials


Hop cones were obtained from the hop gene bank maintained at the Slovenian Institute of Hop Research and Brewing, Žalec, Slovenia (Savinjski golding, Aurora, Styrian Wolf, Styrian Eureka, Styrian Dragon, Styrian Eagle and Styrian Fox, all Slovenian varieties) as well as at the Hop Research Institute, Žatec, Czech Republic (P169 Canada (a wild Canadian hop), P157 Belgium (a wild Belgium hop), Nugget (a USA variety), Decorativny (a Russian variety), Chocotsu No. 17 (a Japanese variety) and Early Promise (a English variety). Samples of hop cones were picked up from 5 different plants (from the upper, medium and lower part of the plant) at the time of technological ripeness of each included genotype.



The hop cones were air dried up to 10.1–12.1% of final moisture. Samples were vacuum packed and stored in the dark at 4–8 °C.




3.2. Hop Extract Preparation


The HAE of each hop genotype were obtained by using 150 mL acetone/water (9:1, v/v). The solvent was added to 10 g of grounded hop cones. The maceration took place overnight (24 h) by stirring in the dark. The extraction mixtures were filtered, the filtrate was collected and the hydroacetonic solvent was evaporated by rotavapor (Buchi, Switzerland, Uster). In the following step, the liquid/liquid extraction of the hop components was performed by adding chloroform/water (1:1, v/v) solvent. The chloroform phase was collected, and chloroform was again removed by rotary evaporation. The obtained hop extracts are referred to as HAE throughout the text. HAE, obtained by this procedure were used for subsequent antimicrobial activity tests.




3.3. Purification of Hop Extracts


The β-acids rich fraction (β-AF), and the combination of α-acids and β-acids rich fraction (αβ-AF) was obtained from Hopsteiner (Mainburg, Germany) and from Labor Veritas (Zϋrich, Switzerland), respectively.



Xantohumol (Figure 5) was isolated from the HAE extract of the Styrian Eagle variety by using preparative HPLC and three successive chromatographic steps on reverse phase (C18) chromatographic columns. All preparative chromatographic separations were performed on the puriFlash® 5.250 chromatographic system (Interchim SA, France), equipped with UV/Vis and ELSD detectors and an autosampler. In all cases, three solvents were used (A: water with 0.1% formic acid; B: acetonitrile with 0.1% formic acid; C: isopropanol with 0.1% formic acid). The initial purification was performed on the PF-50C18HP-F0025 flash chromatographic column, using the following gradient: t = 0–20 min, A = 90%, B = 10%, C = 0%; t = 21 min, A = 0%, B = 100%, C = 0%; t = 22–30 min, A = 0%, B = 100%, C = 0%; t = 31 min, A = 0%, B = 0%, C = 100%; t = 32–43 min, A = 0%, B = 0%, C = 100%; t = 44 min, A = 90%, B = 10%, C = 0%; t = 45–48 min, A = 90%, B = 10%, C = 0%. The flash purification was followed with two successive separations on a US10C18HQ-250/212 chromatographic column, using the following gradient: 0–30 min: A = 40%, B = 60%, C = 0%; t = 31 min, A = 0%, B = 0%, C = 100%; 31–38 min, A = 0%, B = 0%, C = 100%; t = 39 min, A = 40%, B = 60%, C = 0%; 39–44 min, A = 40%, B = 60%, C = 0%. After each separation, fractions were analyzed using the HPLC method described below (Section 3.4). Fractions with sufficient purity were collected.



The LC-MS analysis of the sample was performed using Acquity H-Class UHPLC instrument (Waters, USA), equipped with the Acquity TUV detector (Waters, Milford, MA, USA) and Quattro Premier triple quadrupole mass detector (Waters, Milford, MA, USA) calibrated to a mass resolution of 1 Da (0.75 Da at 0.5 peak height). The mass detector was equipped with an atmospheric pressure ionization interface, enabling the ESI or APCI modes of ionization. The MS Scan and Daughter scan modes of operation were employed during data acquisition yielding a “full picture” of the sample components and corresponding structural information about them, respectively.



The separation was performed on Acquity BEH C18 (100 × 2.1 mm, 1.7 µm) column (Waters, Milford, MA, USA). The eluent flow rate was set to 0.25 mL/min. The elution profile used two solvents, 0.1% aqueous formic acid (A) and acetonitrile (B): 0–0.5 min, 5% B in A; 0.5–12.0 min, 5–90% B in A (linear gradient); 12.0–15.0 min, 90% A in B.



The obtained compound’s identity was verified by comparing spectra and retention times to spectra and retention times of a corresponding standard (XH, Sigma, ≥96%—HPLC). Additional identity confirmation of the compound was obtained using 1H NMR and LC/MS spectroscopy [46] and the description of the 1H NMR spectra is included in Supplementary Material.




3.4. HPLC Determination of Chemical Composition of Purified Hop Extracts (HAE)


According to Analytica—EBC 7.7 method [47] HPLC was employed to determine the α- and β-acids in hop extracts. Extracts were filtered through a disposable syringe filter, Chromafil Xtra PET-45/25 (Macherey-Nagel, Dueren, Germany) and a 10 µL injection loop on the HPLC injector was used. The separation was achieved on the Nucleodur 5–100 C18, 125 × 4 mm HPLC analysis column (Macherey-Nagel, Dueren, Germany). The isocratic mobile phase consisting of distilled water, methanol (J.T.Baker, USA) and 85% aqueous solution of ortophosphoric acid (MERCK, Germany, Taufkirchen) in a ratio of 775/210/9 (v/v/v) was used, and the detection was carried out with a Diode array detector (DAD) set at 314 nm for α-and β-acids and 370 nm for detection of xantohumole, respectively. The quantification was performed by the external standard ICE4 (NATECO2, Wolnzach, Mainburg, Germany) for α-and β-acids and by XH 90% (Steiner Hopfen GmBH, Germany). All solvents were of analytical grade purity.




3.5. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) Determination


Broth dilution method was used to determine the antimicrobial susceptibility [48]. In vitro antibacterial activity of hop extracts (HAE, β-AF, αβ-AF) and pure XH was assayed against Staphylococcus aureus ATTC 29213 and Lactobacillus acidophilus ATTC 4356.



Sample preparation. Tested samples (HAE of different hop varieties, β-AF, αβ-AF and pure XH) were dissolved in 100% dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) before the analysis. High concentrated DMSO hop extract solutions were mixed with microbial media (Table 7) to reach the optimal extract concentration, although the final DMSO concentration (on 96-well microplates) did not exceed 5% (i.e., the concentration without the effect on the microbial growth).



Preparation of inoculum—Staphylococcus aureus. Bacterial culture was prepared in Mueller Hinton Broth (MHB, Sigma-Aldrich, St. Louis, MO, USA). In order to obtain an equal bacterial concentration, the turbidity of the bacterial medium was measured using Tecan Infinite 1000PRO. Moreover, a calibration curve was prepared. A bacterial concentration of 5∙105 CFU/mL [37] was applied in the assay (the final concentration on 96-well plate was 2.5∙105 CFU/mL). An overnight bacterial culture was used for each assay.



Preparation of inoculum—Lactobacillus acidophilus. Bacterial culture was prepared in De Man Rogosa and Sharpe Broth (MRSB, Sigma-Aldrich, St. Louis, MO, USA). To obtain an equal bacterial concentration the turbidity of the bacterial medium was again measured using Tecan Infinite 1000PRO (Switzerland). A bacterial concentration of 5∙105 CFU/mL [37] was applied in the assay (the final concentration on 96-well plate was 2.5∙105 CFU/mL). Two-day (at 35 °C) bacterial culture was used for each assay.



The antimicrobial activity assessment. To evaluate the antimicrobial activity of investigated samples, a broth microdilution assay was used on 96-well microplates. Optical density was determined spectrophotometrically by measuring OD595 on Tecan Infinite 1000PRO. Prepared samples were placed into 96-well microplates and serial dilutions were performed horizontally according to the plates. A total of 100 µL of hop samples (HAE) diluted in media (with 5% DMSO) were placed into every well. The 100 µL medium was added as a background control (for every sample concentration). Positive controls were prepared from the culture medium and bacterial suspension only (without hop extracts). One more positive control was performed in each assay, a medium (containing 5% DMSO) and bacterial suspension. To determine microbial turbidity, 100 µL of inoculum was added into wells [28]. Measurements were performed every 10 min and plate shaking was applied before every measurement [48]. The temperature was set according to the optimal incubation temperature for the corresponding bacteria (Table 7) and the measurements were performed for 24 h [32]. Dependency graphs of OD595 versus time were plotted. MICs were determined as the lowest concentration of samples where no microbial growth could be detected. Based on the metabolic activity [37], OD595 values lower than 0.05 were interpreted as the ones without bacterial growth.



Minimum bactericidal concentration (MBC) values for each bacterium were also determined. For this purpose, bacterial medium agar plates were prepared (Table 7). In total, 100 µL of mixture (bacterial suspension with tested sample) was taken from the microtiter plate used for the MIC determination and inoculated onto agar plates. Agar plates were incubated aerobically for 24 h for Staphylococcus aureus and for 48 h for Lactobacillus acidophilus at the bacterial optimal temperature (Table 6). MBC values were determined as the lowest concentration of the sample that kills ≥ 99.9% of the initial bacterial inoculum.




3.6. Statistical Analyses


Mean values and standard deviation were calculated using Excel (Microsoft, New York, NY, USA). Correlations between the chemical composition and the MIC values against Staphylococcus aureus and Lactobacillus acidophilus were determined using SPSS Statistic (IBM, version 21, Armonk, NY, USA). The Spearman correlation coefficient was applied to interpret the correlations. Here, R < 0.2 indicates a very weak correlation, R = 0.2–0.4 indicates a weak correlation, R = 0.4–0.6 indicates a moderate correlation, R = 0.6–0.8 indicates a strong correlation and R = 0.8–1 indicates a very strong correlation. Likewise, decreasing negative values indicate a stronger inverse correlation.




3.7. The Effect of Growth Medium Strength on MIC


The concentration of the MHB medium used was varied. The medium strength was changed from half to one and a half of the concentration recommended by the producer. Medium concentrations of 50%, 75%, 100% and 150% were used. The effect of the growth medium strength was studied for Staphylococcus aureus and the samples β-AF, αβ-AF and HAE of Styrian Eagle.




3.8. Determination of Generation and Lag times


To obtain the bacterial growth parameters, a fitting of Equation (1) [42,49] to the experimental growth curve was performed.


  ln  N   N 0    =  A exp   {  − exp  [     µ e   A   (  λ − t  )  + 1  ]   }   



(1)




where N represents the cell number at time t and N0 is the cell number at the beginning (t = 0). The cell number is determined by OD595 measurement. µ represents the maximum specific growth rate and A the maximum number of a cell during the experiment. λ represents the lag time duration. The fitted parameters were obtained in Excel by using the least square method. The model was fitted to samples that were used in the determination of the growth medium strength effect on MIC. Thus, the sample concentrations used in this model were only those below the MIC value and the positive controls. According to the observed diauxic growth for all included hop samples, a fitting model was optimized until optical density had stabilized. The graph of the generation time and lag time duration against the sample concentration and medium strength was plotted.





4. Conclusions


Extracts (hydroacetonic) of diverse hop genotypes (Slovenian and world-wide) exhibit different antimicrobial activities against two Gram-positive bacteria (Staphylococcus aureus and Lactobacillus acidophilus). Styrian Dragon, Aurora, Styrian Wolf and Dekorativny exhibited the greatest antibacterial activity against Staphylococcus aureus, whereas Savinjski golding, Aurora, Styrian Dragon and Chocotsu No.17 exhibited the greatest antibacterial potential against Lactobacillus acidophilus. When taking into consideration the chemical composition of hop extracts and their antimicrobial activity, XH contributes less than α-acids and β-acids. The antimicrobial activity comparison of different hop components (XH, αβ-AF extract, β-AF extract) was determined, showing the best results for the β-AF extract (where the main determined compounds were colupulone and n+adlupulone). Strong inverse correlations of MIC and MBC values were obtained with XH, cohumulone, n+adhumulone, colupulone and n+adlupulone contents, suggesting that identified chemical hop compounds are directly responsible for its antimicrobial activity. Moreover, our results comprise a step forward in the mechanistic understanding of how bacteria Staphylococcus aureus fight against hop compounds in the environment by inducing lag phase extension and generation time prolongation. We also demonstrated that the concentration of the growth medium does not significantly affect the MIC values; therefore, the antibacterial activity of hop extracts is not a consequence of their direct interactions with the growth medium. Different hop extracts used in our study rank as potential antibacterial agents which could be applied in pharmaceutical, veterinary, food and cosmetic industries.
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	α-acids and β-acids rich fraction



	β-AF
	β-acids rich fraction



	XH
	xanthohumol



	HPLC
	high performance liquid chromatography



	LAB
	lactic acid bacteria



	MHB
	Mueller Hinton broth







References


	



Brglez Mojzer, E.; Knez Hrncic, M.; Skerget, M.; Knez, Z.; Bren, U. Polyphenols: Extraction Methods, Antioxidative Action, Bioavailability and Anticarcinogenic Effects. Molecules 2016, 21, 901. [Google Scholar] [CrossRef] [PubMed]

	



Buffet-Bataillon, S.; Tattevin, P.; Bonnaure-Mallet, M.; Jolivet-Gougeon, A. Emergence of resistance to antibacterial agents: The role of quaternary ammonium compounds—A critical review. Int. J. Antimicrob. Agents 2012, 39, 381–389. [Google Scholar] [CrossRef] [PubMed]

	



Kumar Verma, S.; Verma, R.; Xue, F.; Kumar Thakur, P.; Girish, Y.R.; Rakesh, K.P. Antibacterial activities of sulfonyl or sulfonamide containing heterocyclic derivatives and its structure-activity relationships (SAR) studies: A critical review. Bioorg. Chem. 2020, 105, 104400. [Google Scholar] [CrossRef]

	



Kavanagh, K.T.; Abusalem, S.; Calderon, L.E. The incidence of MRSA infections in the United States: Is a more comprehensive tracking system needed? Antimicrob. Resist. Infect. Control 2017, 6, 34. [Google Scholar] [CrossRef] [PubMed]

	



Gibbons, S. Anti-staphylococcal plant natural products. Nat. Prod. Rep. 2004, 21, 263–277. [Google Scholar] [CrossRef] [PubMed]

	



Abreu, A.C.; McBain, A.J.; Simoes, M. Plants as sources of new antimicrobials and resistance-modifying agents. Nat. Prod. Rep. 2012, 29, 1007–1021. [Google Scholar] [CrossRef]

	



Bartmanska, A.; Walecka-Zacharska, E.; Tronina, T.; Poplonski, J.; Sordon, S.; Brzezowska, E.; Bania, J.; Huszcza, E. Antimicrobial Properties of Spent Hops Extracts, Flavonoids Isolated Therefrom, and Their Derivatives. Molecules 2018, 23, 2059. [Google Scholar] [CrossRef]

	



Simpson, W.J.; Smith, A.R. Factors affecting antibacterial activity of hop compounds and their derivates. J. Appl. Bacteriol. 1992, 72, 327–334. [Google Scholar] [CrossRef]

	



Garcia-Garcia, J.H.; Galán-Wong, L.J.; Pereyra-Alférez, B.; Damas-Buenrostro, L.C.; Pérez, E.; Cabada, J.C. Distribution of Lactobacillus and Pediococcus in a Brewery Environment. J. Am. Soc. Brew. Chem. 2018, 75, 312–317. [Google Scholar] [CrossRef]

	



Karabin, M.; Hudcova, T.; Jelinek, L.; Dostalek, P. Biologically Active Compounds from Hops and Prospects for Their Use. Compr. Rev. Food Sci. Food Saf. 2016, 15, 542–567. [Google Scholar] [CrossRef]

	



Bocquet, L.; Rivière, C.; Dermont, C.; Samaillie, J.; Hilbert, J.-L.; Halama, P.; Siah, A.; Sahpaz, S. Antifungal activity of hop extracts and compounds against the wheat pathogen Zymoseptoria tritici. Ind. Crops Prod. 2018, 122, 290–297. [Google Scholar] [CrossRef]

	



Knez Hrncic, M.; Spaninger, E.; Kosir, I.J.; Knez, Z.; Bren, U. Hop Compounds: Extraction Techniques, Chemical Analyses, Antioxidative, Antimicrobial, and Anticarcinogenic Effects. Nutrients 2019, 11, 257. [Google Scholar] [CrossRef]

	



Zanoli, P.; Zavatti, M. Pharmacognostic and pharmacological profile of Humulus lupulus L. J. Ethnopharmacol. 2008, 116, 383–396. [Google Scholar] [CrossRef] [PubMed]

	



Kores, K.; Kolenc, Z.; Furlan, V.; Bren, U. Inverse Molecular Docking Elucidating the Anticarcinogenic Potential of the Hop Natural Product Xanthohumol and Its Metabolites. Foods 2022, 11, 1253. [Google Scholar] [CrossRef]

	



Stern, A.; Furlan, V.; Novak, M.; Stampar, M.; Kolenc, Z.; Kores, K.; Filipic, M.; Bren, U.; Zegura, B. Chemoprotective Effects of Xanthohumol against the Carcinogenic Mycotoxin Aflatoxin B1. Foods 2021, 10, 1331. [Google Scholar] [CrossRef] [PubMed]

	



Natarajan, P.; Katta, S.; Andrei, I.; Babu Rao Ambati, V.; Leonida, M.; Haas, G.J. Positive antibacterial co-action between hop (Humulus lupulus) constituents and selected antibiotics. Phytomedicine 2008, 15, 194–201. [Google Scholar] [CrossRef] [PubMed]

	



Larson, A.E.; Yu, R.R.Y.; Lee, O.A.; Price, S.; Haas, G.J.; Johnson, E.A. Antimicrobial activity of hop extracts against Listeria monocytogenes in media and in food. Int. J. Food Microbiol. 1996, 33, 195–207. [Google Scholar] [CrossRef]

	



Weber, N.; Biehler, K.; Schwabe, K.; Haarhaus, B.; Quirin, K.W.; Frank, U.; Schempp, C.M.; Wolfle, U. Hop Extract Acts as an Antioxidant with Antimicrobial Effects against Propionibacterium Acnes and Staphylococcus Aureus. Molecules 2019, 24, 223. [Google Scholar] [CrossRef]

	



Cornelison, J.M.; Watkins, S.E.; Rigby, L.; Segal, J.B.; Waldroup, P.W. Evaluation of Hops (Humulus lupulus) as an Antimicrobial in Broiler Diets. Intern. J. Poult. Sci. 2006, 5, 134–136. [Google Scholar]

	



Pollach, G.; Hein, W.; Beddie, D. Application of hop β-acids and rosin acids in the sugar industry. Zuckerindustrie 2002, 127, 921–930. [Google Scholar]

	



Juste, A.; Krause, M.S.; Lievens, B.; Klingeberg, M.; Michiels, K.A. Protective effect of hop beta-acids on microbial degradation of thick juice during storage. J. Appl. Microbiol. 2008, 104, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Abram, V.; Čeh, B.; Vidmar, M.; Hercezi, M.; Lazić, N.; Bucik, V.; Možina, S.S.; Košir, I.J.; Kač, M.; Demšar, L.; et al. A comparison of antioxidant and antimicrobial activity between hop leaves and hop cones. Ind. Crops Prod. 2015, 64, 124–134. [Google Scholar] [CrossRef]

	



Alonso-Esteban, J.I.; Pinela, J.; Barros, L.; Ćirić, A.; Soković, M.; Calhelha, R.C.; Torija-Isasa, E.; de Cortes Sánchez-Mata, M.; Ferreira, I.C.F.R. Phenolic composition and antioxidant, antimicrobial and cytotoxic properties of hop (Humulus lupulus L.) Seeds. Ind. Crops Prod. 2019, 134, 154–159. [Google Scholar] [CrossRef]

	



Arsene Andreja, L. Study on antimicrobial and antioxidant activity and phenolic content of ethanolic extract of Humulus lupulus. Farmacia 2015, 63, 851–857. [Google Scholar]

	



Arruda, T.R.; Pinheiro, P.F.; Silva, P.I.; Bernardes, P.C. A new perspective of a well-recognized raw material: Phenolic content, antioxidant and antimicrobial activities and α- and β-acids profile of Brazilian hop (Humulus lupulus L.) extracts. Lwt 2021, 141, 110905. [Google Scholar] [CrossRef]

	



Haas, G.J.; Barsoumian, R. Antimicrobial Activity of Hop Resins. J. Food Prot. 1994, 57, 59–61. [Google Scholar] [CrossRef]

	



Jirovetz, L.; Bail, S.; Buchbauer, G.; Denkova, Z.; Slavchev, A.; Stoyanova, A.; Schmidt, E.; Geissier, M. actory evaluation of an essential oil of hop cones (Humulus lupulus L.) from Bavaria and some of its main compounds. Sci. Pharm. 2006, 74, 189–201. [Google Scholar] [CrossRef]

	



Klancnik, A.; Piskernik, S.; Jersek, B.; Mozina, S.S. Evaluation of diffusion and dilution methods to determine the antibacterial activity of plant extracts. J. Microbiol. Methods 2010, 81, 121–126. [Google Scholar] [CrossRef]

	



Schurr, B.C.; Hahne, H.; Kuster, B.; Behr, J.; Vogel, R.F. Molecular mechanisms behind the antimicrobial activity of hop iso-alpha-acids in Lactobacillus brevis. Food Microbiol. 2015, 46, 553–563. [Google Scholar] [CrossRef]

	



Shen, C.; Sofos, J.N. Antilisterial activity of hops beta acids in broth with or without other antimicrobials. J. Food Sci. 2008, 73, M438–M442. [Google Scholar] [CrossRef]

	



Andrews, J.M. Determination of minimum inhibitory concentrations. J. Antimicrob. Chemother. 2001, 48, 5–16. [Google Scholar] [CrossRef] [PubMed]

	



Bocquet, L.; Sahpaz, S.; Bonneau, N.; Beaufay, C.; Mahieux, S.; Samaillie, J.; Roumy, V.; Jacquin, J.; Bordage, S.; Hennebelle, T.; et al. Phenolic Compounds from Humulus lupulus as Natural Antimicrobial Products: New Weapons in the Fight against Methicillin Resistant Staphylococcus aureus, Leishmania mexicana and Trypanosoma brucei Strains. Molecules 2019, 24, 1024. [Google Scholar] [CrossRef] [PubMed]

	



Kramer, B.; Thielmann, J.; Hickisch, A.; Muranyi, P.; Wunderlich, J.; Hauser, C. Antimicrobial activity of hop extracts against foodborne pathogens for meat applications. J. Appl. Microbiol. 2015, 118, 648–657. [Google Scholar] [CrossRef] [PubMed]

	



Anjum, N.; Maqsood, S.; Masud, T.; Ahamd, A.; Sohail, A.; Momin, A. Lactobacillus acidophilus: Characterization of the Species and Application in Food Production. Crit. Rev. Food Sci. Nutr. 2014, 541, 1241–1251. [Google Scholar] [CrossRef]

	



Ahn, H.; Kim, J.; Kim, W.J. Isolation and characterization of bacteriocin-producing Pediococcus acidilactici HW01 from malt and its potential to control beer spoilage lactic acid bacteria. Food Control. 2017, 80, 59–66. [Google Scholar] [CrossRef]

	



36. Cermak, P.; Olsovska, J.; Mikyska, A.; Dusek, M.; Kadleckova, Z.; Vanicek, J.; Nyc, O.; Sigler, K.; Bostikova, V.; Bostik, P. Strong antimicrobial activity of xanthohumol and other derivatives from hops (Humulus lupulus L.) on gut anaerobic bacteria. Acta Pathol. Microbiol. Et Immunol. Scand. 2017, 125, 1033–1038. [Google Scholar] [CrossRef]

	



Stumpf, S.; Hostnik, G.; Primozic, M.; Leitgeb, M.; Salminen, J.P.; Bren, U. The Effect of Growth Medium Strength on Minimum Inhibitory Concentrations of Tannins and Tannin Extracts against E. coli. Molecules 2020, 25, 2947. [Google Scholar] [CrossRef]

	



Stumpf, S.; Hostnik, G.; Primozic, M.; Leitgeb, M.; Bren, U. Generation Times of E. coli Prolong with Increasing Tannin Concentration while the Lag Phase Extends Exponentially. Plants 2020, 9, 1680. [Google Scholar] [CrossRef]

	



Sakamoto, K.; Koningsb, W.N. Beer spoilage bacteria and hop resistance. Int. J. Food Microbiol. 2003, 89, 105–124. [Google Scholar] [CrossRef]

	



Gerhauser, C. Broad spectrum anti-infective potential of xanthohumol from hop (Humulus lupulus L.) in comparison with activities of other hop constituents and xanthohumol metabolites. Mol. Nutr. Food Res. 2005, 49, 827–831. [Google Scholar] [CrossRef]

	



Theophel, K.; Schacht, V.J.; Schluter, M.; Schnell, S.; Stingu, C.S.; Schaumann, R.; Bunge, M. The importance of growth kinetic analysis in determining bacterial susceptibility against antibiotics and silver nanoparticles. Front. Microbiol. 2014, 5, 544. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Qiu, Y.; Shi, H.; Yin, H. The importance of lag time extension in determining bacterial resistance to antibiotics. Analyst 2016, 141, 3059–3067. [Google Scholar] [CrossRef]

	



Rolfe, M.D.; Rice, C.J.; Lucchini, S.; Pin, C.; Thompson, A.; Cameron, A.D.; Alston, M.; Stringer, M.F.; Betts, R.P.; Baranyi, J.; et al. Lag phase is a distinct growth phase that prepares bacteria for exponential growth and involves transient metal accumulation. J. Bacteriol. 2012, 194, 686–701. [Google Scholar] [CrossRef]

	



O’Donovan, L.; Brooker, J.D. Effect of hydrolysable and condensed tannins on growth, morphology and metabolism of Streptococcus gallolyticus (S. caprinus) and Streptococcus bovis. Microbiology 2001, 147, 1025–1033. [Google Scholar] [PubMed]

	



Belay, N.; Rasooly, A. Staphylococcus aureus Growth and Enterotoxin A Production in an Anaerobic Environment. J. Food Prot. 2002, 65, 199–204. [Google Scholar] [CrossRef] [PubMed]

	



Huszcza, E.; Bartmanska, A.; Tronina, T. Glycosylation of Xanthohumol by Fungi. Tübingen Z. Für Nat. 2008, 63, 557–560. [Google Scholar] [CrossRef]

	



European Brewery Convention. Analytica EBC-method 7.7, α- and β-Acids in Hops and Hop Products by HPLC. 2012. Available online: https://brewup.eu/ebc-analytica/hops-and-hop-products/and-acids-in-hops-and-hop-products-by-hplc7/7.7 (accessed on 8 December 2022).

	



Wiegand, I.; Hilpert, K.; Hancock, R.E. Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163–175. [Google Scholar] [CrossRef]

	



Zwietering, M.H.; Jongenburger, I.; Rombouts, F.M.; Riet, K.V. Modeling of the Bacterial Growth Curve. Appl. Environ. Microbiol. 1990, 56, 1875–1881. [Google Scholar] [CrossRef]








[image: Plants 12 00120 g001 550] 





Figure 1. Figure of hop (Humulus lupulus L.) cones. 
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Figure 2. The effect of growth medium strength on MIC values for Staphylococcus aureus. HAE Styrian Eagle stands for the hydroacetonic purified extract of Styrian Eagle hop variety, β-AF stands for the β acids rich fraction, αβ-AF stands for the αβ acids rich fraction. The medium strength is described in percentage, the 100% medium strength means it was prepared as recommended by the producer. The 50% medium strength means half of the concentration recommended by the producer. The 75% medium strength represents three quarters of the concentration recommended by the producer. The 150% medium strength represents one and a half of the concentration recommended by the producer. Average values (n = 3) with corresponding standard deviations are presented. 
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Figure 3. The effect of different concentrations of hop extracts on the lag phase duration of Staphylococcus aureus; (A) HAE Styrian Eagle, (B) αβ-AF extract, (C) β-AF extract. 
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Figure 4. The effect of different concentrations of hop extracts on the generation time of Staphylococcus aureus; (A) HAE Styrian Eagle, (B) αβ-AF extract, (C) β-AF extract. 
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Figure 5. Xanthohumol chemical structure. 
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Table 1. The chemical composition of pure hop cones of different hop varieties included in our study, evaluated by HPLC.






Table 1. The chemical composition of pure hop cones of different hop varieties included in our study, evaluated by HPLC.





	
Samples

	
Xanthohumol

	
Cohumulone

	
n+adhumulone

	
Colupulone (%)

	
n+adlupulone




	

	
Hop Cones

(%, w/w)

	
Hop Cones

(%, w/w)

	
Hop Cones

(%, w/w)

	
Hop Cones

(%, w/w)

	
Hop Cones

(%, w/w)






	
Aurora

	
1.39

	
2.83

	
9.10

	
2.19

	
1.91




	
Savinjski golding

	
1.39

	
2.83

	
9.10

	
2.19

	
1.91




	
Styrian Wolf

	
0.61

	
1.10

	
3.45

	
1.04

	
1.13




	
Styrian Dragon

	
0.61

	
1.10

	
3.45

	
1.04

	
1.13




	
Styrian Eureka

	
1.19

	
3.16

	
13.88

	
1.72

	
2.54




	
Styrian Fox

	
1.62

	
2.68

	
10.37

	
1.64

	
1.74




	
Styrian Eagle

	
0.70

	
1.52

	
5.99

	
2.65

	
3.91




	
Chocotsu No.17 S168 Japan

	
0.51

	
0.98

	
2.33

	
0.67

	
0.56




	
Nugget (USA) S222

	
0.59

	
0.26

	
1.18

	
1.01

	
1.73




	
Belgium S367 P157

	
0.24

	
0.25

	
1.10

	
0.62

	
0.85




	
Dekorativny (Russia) S248

	
1.54

	
2.04

	
6.50

	
1.52

	
1.72




	
Early promise (England) S68

	
1.55

	
2.86

	
10.12

	
1.97

	
1.91




	
Canada P169 S369

	
4.74

	
0.50

	
1.18

	
1.15

	
1.43




	
Caucasus S353 P15

	
1.03

	
0.65

	
2.19

	
1.49

	
1.99
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Table 2. The chemical composition of HAE extracts of different hop varieties included in our study, evaluated by HPLC.






Table 2. The chemical composition of HAE extracts of different hop varieties included in our study, evaluated by HPLC.





	
Samples

	
Xanthohumol

	
Cohumulone

	
n+adhumulone

	
Colupulone

	
n+adlupulone

	
UI *




	

	
(%, w/w)

	
(%, w/w)

	
(%, w/w)

	
(%, w/w)

	
(%, w/w)

	
(%, w/w)






	
Aurora

	
2.49

	
10.95

	
34.50

	
8.96

	
8.08

	
35.02




	
Savinjski

golding

	
1.17

	
4.90

	
14.41

	
4.61

	
5.26

	
69.65




	
Styrian Wolf

	
2.90

	
14.26

	
47.38

	
9.45

	
9.34

	
16.66




	
Styrian Dragon

	
0.97

	
4.70

	
18.50

	
8.41

	
13.35

	
54.07




	
Styrian

Eureka

	
0.42

	
1.57

	
6.17

	
0.96

	
1.11

	
89.76




	
Styrian Fox

	
1.65

	
9.47

	
25.75

	
6.13

	
6.14

	
50.86




	
Styrian

Eagle

	
2.00

	
11.52

	
47.80

	
6.58

	
10.80

	
21.31




	
Chocotsu No.17 S168

Japan

	
2.23

	
2.78

	
9.88

	
7.54

	
13.57

	
64.01




	
Nugget (USA) S222

	
0.90

	
2.44

	
7.51

	
2.26

	
2.62

	
84.26




	
Belgium S367 P157

	
1.97

	
5.14

	
14.60

	
6.80

	
8.22

	
63.27




	
Dekorativny

(Russia) S248

	
1.05

	
1.84

	
5.76

	
3.19

	
4.73

	
83.42




	
Early promise (England) S68

	
0.88

	
3.47

	
7.89

	
2.46

	
2.37

	
82.93




	
Canada P169 S369

	
0.86

	
4.17

	
4.52

	
3.86

	
2.52

	
84.08




	
Caucasus S353 P15

	
0.70

	
1.74

	
7.07

	
3.19

	
4.62

	
82.68








* UI—unidentified.
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Table 3. The chemical composition of pure components/purified extracts included in our experiment, evaluated by HPLC.






Table 3. The chemical composition of pure components/purified extracts included in our experiment, evaluated by HPLC.





	Samples
	Xanthohumol

(%, w/w)
	Cohumulone

(%, w/w)
	n+adhumulone

(%, w/w)
	Colupulone

(%, w/w)
	n+adlupulone

(%, w/w)
	UI *

(%, w/w)





	αβ-AF
	0.03
	12.76
	72.79
	4.90
	4.44
	5.07



	β-AF
	0.00
	0.21
	0.61
	16.90
	15.23
	67.05



	XH
	97.99
	0.00
	0.00
	0.00
	0.00
	2.01







* UI—unidentified.
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Table 4. The MIC and MBC values of investigated hydroacetonic hop extracts (HAE) determined against Staphylococcus aureus and Lactobacillus acidophilus.






Table 4. The MIC and MBC values of investigated hydroacetonic hop extracts (HAE) determined against Staphylococcus aureus and Lactobacillus acidophilus.





	
HAE Sample

	
Staphylococcus aureus

ATTC 29213

	
Lactobacillus acidophilus

ATCC 4356




	
MIC *

(µg/mL)

	
MBC

(µg/mL)

	
MIC *

(µg/mL)

	
MBC

(µg/mL)






	
Aurora

	
15.6 ± 11.0

	
31.3

	
62.5 ± 0.0

	
375.0




	
Savinjski golding

	
19.5 ± 7.8

	
31.3

	
62.5 ± 0.0

	
375.0




	
Styrian Wolf

	
15.6 ± 0.0

	
31.3

	
83.3 ± 36.1

	
375.0




	
Styrian Dragon

	
9.8 ± 3.9

	
15.6

	
62.5 ± 0.0

	
375.0




	
Styrian Eureka

	
19.5 ± 7.8

	
31.3

	
104.2 ± 36.1

	
750.0




	
Styrian Fox

	
19.5 ± 7.8

	
31.3

	
83.3 ± 36.1

	
93.8




	
Styrian Eagle

	
19.5 ± 7.8

	
31.3

	
104.2 ± 36.1

	
187.5




	
Chocotsu No.17 S168 Japan

	
27.3 ± 7.8

	
62.5

	
62.5 ± 0.0

	
375.0




	
Nugget (USA) S222

	
31.3 ± 0.0

	
62.5

	
125.0 ± 0.0

	
750.0




	
Belgium S367 P157

	
31.3 ± 0.0

	
125.0

	
208.3 ± 72.2

	
750.0




	
Dekorativny (Russia) S248

	
15.6 ± 0.0

	
31.3

	
104.2 ± 36.1

	
187.5




	
Early Promise

(England) S68

	
54.7 ± 15.6

	
62.5

	
83.3 ± 36.1

	
˃750.0




	
Canada P169 S369

	
˃250.0

	
˃250.0

	
62.5 ± 0.0

	
750.0




	
Caucasus S353 P15

	
˃250.0

	
˃250.0

	
83.3 ± 36.1

	
750.0








* MIC values were determined in four replicates, the average ± standard deviation is given in the table.
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Table 5. The MIC and MBC values of investigated purified samples against Staphylococcus aureus and Lactobacillus acidophilus.






Table 5. The MIC and MBC values of investigated purified samples against Staphylococcus aureus and Lactobacillus acidophilus.





	
Purified Sample

	
Staphylococcus aureus

ATTC 29213

	
Lactobacillus acidophilus

ATCC 4356




	
MIC *

(µg/mL)

	
MBC

(µg/mL)

	
MIC *

(µg/mL)

	
MBC

(µg/mL)






	
αβ-AF

	
27.3 ± 7.8

	
62.5

	
26.1 ± 9.0

	
500.0




	
β-AF

	
7.8 ± 0.0

	
31.3

	
20.8 ± 9.0

	
500.0




	
XH

	
˃1250.0

	
˃1250.0

	
˃500.0

	
˃500.0








* MIC values were determined in four replicates, the average ± standard deviation is given in the table.
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Table 6. Spearman’s rank correlation coefficients (R) between chemical parameters and antimicrobial properties of hop extracts.






Table 6. Spearman’s rank correlation coefficients (R) between chemical parameters and antimicrobial properties of hop extracts.





	Parameter
	Xan
	Coh
	Nadh
	Col
	Nadl
	Ui
	MIC La
	MBC La
	MIC St
	MBC St





	Xan
	1.000
	0.780 **
	0.785 **
	0.836 **
	0.789 **
	−0.829 **
	−0.820
	−0.601
	−0.492
	−0.326



	Coh
	0.780 **
	1.000
	0.873 **
	0.770 **
	0.587 *
	−0.877 **
	−0.952 **
	−0.486
	−0.385
	−0.345



	Nadh
	0.785 **
	0.873 **
	1.000
	0.755 **
	0.719 **
	−0.934 **
	−0.965 **
	−0.537 *
	−0.506
	−0.505



	Col
	0.836 **
	0.770 **
	0.755 **
	1.000
	0.867 **
	−0.878 **
	−0.827 **
	−0.465
	−0.519
	−0.337



	Nadl
	0.789 **
	0.587 **
	0.719 **
	0.867 **
	1.000
	−0.798 **
	−0.723 **
	−0.577 **
	−0.490
	−0.361



	Ui
	−0.829 **
	−0.877 **
	−0.934 **
	−0.878 **
	−0.798 **
	1.000
	0.943 **
	0.606 *
	0.494
	0.416



	MIC La
	−0.820 **
	−0.952 **
	−0.965 **
	−0.827 **
	−0.723 **
	0.943 **
	1.000
	0.521
	0.459
	0.425



	MBC La
	−0.604 *
	−0.486
	−0.537 *
	−0.465
	−0.577 *
	0.606 *
	0.521
	1.000
	0.681 *
	0.678 *



	MIC St
	−0.492
	−0.385
	−0.506
	−0.519
	−0.490
	0.494
	0.459
	0.681 **
	1.000
	0.933 **



	MBC St
	−0.326
	−0.345
	−0.505
	−0.337
	−0.361
	0.416
	0.425
	0.678 **
	0.933 **
	1.000







Abbreviations: Xan-Xanthohumol; Coh-Cohumulone; Nadh-n+adhumulone; Col-Colupulone; Nadl-n+adlupulone; Ui-Unidentified; MIC La-MIC against Lactobacillus acidophillus; MBC La-MBC against Lactobacillus acidophillus; MIC St-MIC against Staphylococcus aureus; MBC St-MBC against Staphylococcus aureus. ** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.
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Table 7. List of microorganisms and media included in the experiment. The incubation conditions are also reported.






Table 7. List of microorganisms and media included in the experiment. The incubation conditions are also reported.





	Microorganism
	Staphylococcus aureus

ATTC 29213
	Lactobacillus acidophilus

ATCC 4356





	Broth (for MIC)
	Mueller Hinton Broth
	De Man Rogosa and Sharpe Broth



	Agar (for MBC)
	Mueller Hinton Agar
	De Man Rogosa and Sharpe Agar



	Incubation temperature
	37 °C
	35 °C



	Preculturing before the assay
	overnight
	two days



	Antimicrobial activity test
	MIC, MBC
	MIC, MBC
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