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    Abstract 
 

Prenylated flavonoids and isoflavonoids (i.e. (iso)flavonoids) are typically 

produced in the legume (Fabaceae) family as part of plant’s defence 

mechanism. Prenylation, i.e. the substitution with a C5-isoprenoid moiety, is 

acknowledged for conferring the antimicrobial properties of prenylated 

(iso)flavonoids. The first aim of this thesis was to enhance the amounts and 

diversity of prenylated (iso)flavonoids in planta using the well-studied legume, 

soybean. Second, the antimicrobial properties of prenylated (iso)flavonoids 

against the Gram-positive pathogen, methicillin-resistant Staphylococcus 

aureus (MRSA) and the food spoilage yeast, Zygosaccharomyces parabailii 

were explored. Lastly, insights into the mode of action of antimicrobial 

prenylated (iso)flavonoids were sought through in silico and in vitro means. 

Sensitization of soybean seedlings with reactive oxygen species (ROS), 

generated through H2O2 and FeSO4, prior to microbial elicitation enhanced the 

production of prenylated isoflavonoids (glyceollins), compared to the 

traditional fungal elicitation without priming. Application of the most stable 

ROS, H2O2, together with AgNO3, prior to microbial elicitation enhanced the 

production of prenylated isoflavones and a coumestan with promising 

antibacterial activity, in addition to glyceollins. A systematic study on 106 

prenylated (iso)flavonoids tested against MRSA showed that 75% of the di-

prenylated (iso)flavonoids and 40% of the mono-prenylated ones were active 

with minimum inhibitory concentrations (MIC) ≤ 25 μg/mL. Formal and partial 

charge, hydrophobic volume and uneven distribution of hydrophobic moieties 

were correlated to antimicrobial activity. The different molecular properties 

suggested potentially distinct interactions of the different prenylated 

(iso)flavonoid subclasses with the microbial membrane. Two mono-prenylated 

isoflavonoids from different subclasses were found to be very active towards 

the food spoiler and weak organic acid-resistant Z. parabailii (MIC ≤ 12.5 

μg/mL, pH 4.0). Killing of Z. parabailii was evidenced within 15 min of exposure 

to these compounds, accompanied with different deformations of the yeast 

membrane. Prenylated (iso)flavonoids can be powerful antimicrobials to be 

used as therapeutics or food preservatives, when their toxicity profile against 

human cells has been verified. The quantitative models developed provide 

useful information on the design of new antimicrobial prenylated 

(iso)flavonoids.  
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 CHAPTER 

1.  

General Introduction 

 

The quest for promising, naturally-derived antimicrobial agents with 

fundamentally different modes of action from the traditional antimicrobials, is 

imperative. Molecules with more than one phenolic ring, the so-called polyphenols, 

are specialized metabolites constitutively present in plants. These polyphenols can 

be decorated with a C5-isoprenoid (prenyl) moiety as a result of the plant’s 

strategy to defend itself from invaders. This property may render prenylated 

phenolic compounds interesting antimicrobial properties. Although effort has been 

put into exploring the mode of action of these molecules, only small steps have 

been made. Prenylated phenolics are a diverse group of molecules that can 

possess different backbones which are decorated with the prenyl group, as well 

as other functional groups, at different locations and various configurations. 

However, this large molecular diversity cannot be easily covered in clear-cut 

structure activity relationships (SARs), which would be the first step in 

understanding the mode of action of these molecules. In addition, all the different 

features decorating prenylated phenolics can make a difference in their 

antimicrobial properties. Hence, investigation and better understanding of overall 

molecular properties contributing to antimicrobial activity is necessary. Despite 

the large chemical diversity of prenylated phenolics, their abundance, even in 

stressed plants, is low which limits their use. Novel, non-laborious ways for 

efficient production of chemically diverse prenylated phenolics are still under 

investigation. The need for natural agents that possess antimicrobial activities 

towards key microorganisms and ways of enhancing their production will be 

elaborated in this chapter. 
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1.1. Increased demand for novel, natural and 
promising antimicrobial agents 

1.1.1. Food preservation 

Microbial food spoilage is related to food borne illnesses, food waste, substantial 

economic losses and to a negative impact on brand names, posing a major health 

and economic challenge. 

The most common spoilage and pathogenic bacteria in foods are Listeria 

monocytogenes, Escherichia coli O157, Salmonella typhimurium, Staphylococcus 

aureus, Bacillus cereus, Campylobacter jejuni, Clostridium perfringens [1]. Yeasts 

become more relevant than bacteria during food preservation. Yeast species such 

as Zygosaccharomyces bailii, Zygosaccharomyces rouxii, Debaryomyces hansenii, 

Kluyveromyces lactis and Saccharomyces cerevisiae are often encountered in high 

sugar and/or acid products such as salad dressings, fruit juices, wine, mayonnaise, 

chocolate and soft drinks [2]. 

To prevent the growth of these problematic microorganisms, various 

preservation techniques are employed in the food industry, together with regular 

quality, safety and hygienic controls [3-5]. Thermal processing, packaging, 

irradiation, water activity decrease, and the use of chemical preservatives are 

some of the means utilized to ensure food safety and stability. Heat treatment and 

synthetic preservatives are thought to be the most effective means to control the 

growth of notorious microorganisms [6,7].  

Weak organic acids, such as sorbic and benzoic acid are extensively used in 

large-scale food and soft drink preservation, as they are highly effective against 

most microbial species especially at low pH [8]. However, major safety concerns 

about these molecules have led to restriction in their use and to a negative 

reputation among consumers [8,9]. Furthermore, spoilage yeasts have developed 

several resistance mechanisms towards carboxylate weak acids, such as enzymatic 

degradation, limitation of diffusional entry of the acid, activation of efflux pumps 
[8], and phenotypic heterogeneity [10]. This necessitates the addition of these 

molecules in very high and unpermitted levels (mM concentrations) in food 

products [8]. 

Although, single preservation techniques can be powerful, they might 

compromise food quality [11] and/or they are poorly perceived by the consumers 
[8]. Nowadays, where interactions between the different techniques are better 

known, combinations are frequently used [12]. This so-called “hurdle technology” 

pertains the sequential use of multiple preservation “hurdles” against the growth 

of problematic microorganisms. These hurdles are thought to act synergistically 

balancing food safety, stability and quality [13]. However, certain microorganisms 

might still survive hurdle technology [14]. 

The need to employ more sustainable food preservation practices without 

compromising the quality and safety of food products has led to a growing demand 

https://www.sciencedirect.com/topics/food-science/zygosaccharomyces
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 1 
for novel, milder yet effective preservation alternatives. In this thesis, prenylated 

(iso)flavonoids are explored as promising, alternative food preservatives. 

1.1.2. Clinical setting 

The use of antibiotics for the treatment of infectious diseases is one of the most 

revolutionary breakthroughs of modern medicine. With the advent of penicillin 

(1929) and then actinomycin (1940), antibiotics faced a golden discovery era for 

approximately 30 years [15]. In the late ‘60s, the discovery rate of novel scaffolds 

dropped and mainly relied on optimization/modification of already existing ones 
[16]. This, along with the (irrational) use of antibiotics in multiple settings (clinical, 

agricultural, food, and veterinary) [17], led to antimicrobial resistance (AMR). 

Around this time, the clinical usage of methicillin to treat Staphylococcus 

aureus (SA) began and soon after, SA started to develop resistance towards this 

antibiotic (MRSA strain). Similarly, 20 years later, the emergence of vancomycin‐

resistant enterococci (VRE) MDR‐Mycobacterium tuberculosis emerged and 

gradually spread in clinical settings and communities worldwide. After the 1990s, 

AMR started to supersede drug discovery and scaffold optimization [18]. The wide 

range of AMR mechanisms include enzymatic inactivation of the drug e.g. by 

acetylation, adenylation and phosphorylation [19], modification of drug targets, 

changing cell permeability through porin loss or increase in expression of efflux 

pumps, and mechanical protection provided by biofilm formation [20]. Being in the 

AMR era already for a decade, severe, unprecedented complications peril public 

health, environmental and economic welfare [21]. At the moment, drug-resistant 

diseases cause the death of at least 700,000 people annually (33% of which die 

from multidrug-resistant tuberculosis) [22]. The World Health Organization has 

named AMR as one of the three most important public health threats of the 21st 

century [22]. This thesis deals with the potency of prenylated (iso)flavonoids as 

novel, natural antimicrobial agents. 

1.2. Yeast and bacterial cell envelop 
The microbial cell envelop is a complex multi-layered structure (Figure 1.1) that 

protects microorganisms from their hostile environment [23]. For Gram-positive 

bacteria and yeasts, the cell envelop consists of an outermost layer, the cell wall, 

which is the first barrier that antimicrobials need to cross, and the cytoplasmic 

(plasma) membrane, which keeps the interior of the cell separate from the 

extracellular environment [23]. Gram-negatives, however, possess an additional 

outer membrane that is separated from the inner one by the periplasm [24]. 

Although the overall make-up of the cell envelop is similar across bacteria and 

fungi (yeasts), the composition of the two cell envelop constituents, i.e. cell wall 

and cytoplasmic membrane, is markedly different.  

The cell wall of Gram-positive bacteria is composed of a thick peptidoglycan 

layer (accounts for 50% of the weight of the wall [25]) through which teichoic acids 

(which can account for up to 50% of the mass of the cell wall [26]) are threaded. 
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Teichoic acids are negatively charged and this charge is screened by divalent 

cations (mainly Ca2+ and Mg2+). Teichoic acids do not influence the permeation of 

charged molecules [27] and have minimal effect on the penetration of hydrophobic 

substances. An important form of teichoic acid is the lipoteichoic acids, which 

connect the cell wall to the cytoplasmic membrane [27]. In contrast, the yeast cell 

wall is an ensemble of cross linked β-1,3 and β-1,6 glucans (35-55% of wall mass) 

with mannoproteins and a layer of chitin (1.5-6.0% wall mass in S. cerevisiae [28]) 

bound to the glucan network. Mannoproteins form a fibrillar layer in the most 

external part of the yeast cell walls [29].  

The cytoplasmic membrane of Gram-positive and Gram-negative bacteria is 

primarily made of phospholipids, whereas that of yeasts (e.g. S. cerevisiae), 

additionally contains approximately 30% of sphingolipids [30] and a significant, yet 

undefined amount of sterols [31]. In the membrane of these microbial types, 

integral proteins, influx transporters and transmembrane efflux pumps are located 
[19,23,32].  

Even though the inner membrane and the inner leaflet of the outer membrane 

(OM) of Gram-negatives are primarily made of phospholipids, the outer leaflet of 

the OM is mostly made of negatively charged lipopolysaccharides (LPS), which are 

stabilized on the surface of the OM by divalent cations. Contrary to teichoic acids 

in Gram-positives, LPS are thought to limit the penetration of hydrophobic 

molecules more in Gram-negatives [23,33]. Moreover, small hydrophilic channels, 

known as porins, exert additional size and hydrophobicity barriers in the Gram-

negatives [33]. Porins have also been identified in some Gram-positive mycobacteria 
[34-36] and at least one porin has been reported in yeasts, mainly transporting water 

and glycerol [37]. The efflux pumps present in Gram-negatives efficiently extrude 

compounds both from the cytoplasm and the periplasm as they span from the inner 

to the outer membrane [38]. 
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Figure 1.1. Simplified representation of bacterial and yeast cell envelop focusing on the main 
similarities and differences in architecture. Arrows indicate routes of antimicrobial influx and 
efflux. Based on Silhavy et al. (2010) and Schreuder et al. (1996) [23,39]. 

1.3. Opportunities offered by plants - prenylated 
(iso)flavonoids as potent antimicrobials 

Due to the growing prevalence of drug-resistant pathogens and preservative-

resistant food-spoilage microorganisms, novel, powerful antimicrobial agents with 

fundamentally different modes of action from the currently used substances are 

sought. A promising alternative can be offered by plants.  

Plants have been acknowledged as sources of essential oils and extracts used 

for food preservation and as therapeutics since prehistory [40,41]. Rational drug 

discovery started with the isolation of morphine, the famous painkiller and sleep-

inducer from opium. This discovery triggered the discovery of a series of plant-

derived therapeutics [42]. Subramani et al. (2017) has provided an overview of 

plant-derived molecules and extracts reported during 2005-2015, which have been 

used against multi-drug-resistant pathogens [43]. Triterpenes from the leaves 

Planchonia careya [44] and flavonoids from the roots of Sophora flavescens targeted 

both MRSA and VRE [45,46]. 

The Fabaceae (Leguminosae) is the third largest plant family [47] and was listed 

as one of the most important medicinal plant families on a worldwide scale [48], 

with more than 490 medicinal plant species [49]. Recently, the Leguminosae was 

ranked as the family with the most species (in total 28) able to cure tuberculosis 
[50]. The main secondary metabolites in legumes include alkaloids, cyanogens, 
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peptides, phenolic compounds, polyketides, and terpenoids [51]. The Papilionoideae 

subfamily of Fabaceae is the largest producer of prenylated flavonoids and 

isoflavonoids (collectively termed in this thesis as (iso)flavonoids) [52,53]. 

Prenylated (iso)flavonoids are appreciated for their wide range of bioactivities, 

including antioxidant, (anti)estrogenic, anti-inflammatory, antitumor and 

antimicrobial activities [54].  

1.3.1. Structural diversity of prenylated (iso)flavonoids 

(Iso)flavonoids are synthesized through the phenylpropanoid pathway (Figure 

1.2) using phenylalanine as a building block. Phenylalanine is converted into p-

coumaroyl-CoA through cinnamate [55]. p-Coumaroyl-CoA is condensed with three 

malonyl-CoA units, either by chalcone synthase (CHS) to yield chalconaringenin, 

or by CHS and chalcone reductase (CHR) to yield isoliquiritigenin. These two 

chalcones are further cyclized into the corresponding 2-aryl benzopyrans 

(flavonoids), naringenin and liquiritigenin. Isoflavonoids (3-aryl benzopyrans) 

derive after aryl rearrangement from the C2 to the C3 of the benzopyran moiety 

of the flavonoid. This rearrangement is catalysed by 2-hydroxyisoflavanone 

synthase (2-HIS) and 2-hydroxyisoflavanone dehydratase (2-HID) and yields the 

simplest isoflavonoids, daidzein and genistein, from liquiritigenin and naringenin, 

respectively [56]. Because (iso)flavonoids contain a C6–C3–C6 framework, they are 

often related to xanthones (C6-C1-C6) [57], but xanthones are synthesized via the 

acetate-shikimate pathway in plants [58]. 

 

Figure 1.2. Simplified biosynthetic pathway of (iso)flavonoids. The main enzymes involved are: 
CHS, chalcone synthase; CHR: chalcone reductase; CHI, chalcone isomerase; 2-HIS: 2-
hydroxyisoflavanone synthase; 2-HID: 2-hydroxyisoflavanone dehydratase. Adapted from Dixon 
et al. (1999) [59]. 
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To date, 8 and 13 different subclasses have been described for flavonoids and 

isoflavonoids, respectively. This chemical diversity mainly stems from the level of 

oxidation of the C-ring [60,61]. Isoflavonoid subclasses with an additional 

heterocyclic ring (D-ring) are also encountered in legumes, which account for their 

increased diversity compared to flavonoids [62,63]. The main (iso)flavonoid 

subclasses frequently encountered in legumes are shown in Figure 1.3. 

 

 

Figure 1.3. Most frequently encountered (iso)flavonoid subclasses. The subclass-dependent 
IUPAC numbering is also demonstrated. For the subclasses where the numbering is not shown, 
these are numbered similarly to first subclass in the row. Greek letters denote possible positions 
for prenyl substitution in flavonoids and isoflavonoids, independent of the subclass. 

The extensive chemical diversity of (iso)flavonoids generated from the 

different subclasses becomes even larger due the occurrence of different 

substituents on the (iso)flavonoid backbone. The most common decoration in 

(iso)flavonoids involves hydroxyl, O-methyl, glycosyl and, as mentioned, prenyl-

groups. Prenyl-substituted (iso)flavonoids are the main focus of this thesis. 

Prenylation refers to substitution of a molecule with five-carbon (prenyl), ten-

carbon (geranyl or lavandulyl) or fifteen carbon (farnesyl) isoprenoid moieties. This 

thesis exclusively deals with five-carbon isoprenoid groups. Prenyl groups can 

adopt multiple configurations; a chain (3-dimethylallyl or 3-methylbut-2-enyl) or 

a five-membered ring (2”-isopropenylfuran) or a six- membered ring (2,2-

dimethylpyran) coupled to a vicinal hydroxyl group (Figure 1.4). Additional chain 

prenyl-configurations depending on the presence of hydroxylation and position of 

unsaturation, such as 2-methylbut-3-en-2-yl [64], 3-methylbut-1-enyl [65] have 

been also encountered in nature. 
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Figure 1.4. Prenyl configurations encountered in this thesis (in red).  

Both C- and O-prenylation have been described in plants, but C-prenylation is 

more dominant [66]. Furthermore, prenylation mainly occurs at the A- and the B-

rings, although prenylation at the C-ring can be also encountered [67]. 

1.3.2. Enhancing the biosynthesis of prenylated 

(iso)flavonoids 

1.3.2.1. Induction of plant’s defence mechanism as an alternative to 

chemical or enzymatic production systems 

To study SARs and mode of action of prenylated (iso)flavonoids extensive 

structural variation is essential. Still, the quantities and induced chemical diversity 

of prenylated (iso)flavonoids are restrictive. Several strategies have been 

employed to increase the yields of and diversify the prenylated (iso)flavonoids 

produced. Chemical synthesis [68-71], biotransformation using transgenic yeasts 

expressing either plant prenyltransferases [72,73] or microbial prenyltransferases [74-

76] have been employed. Nevertheless, complications like limited scaffold diversity 
[77], expensive and environment-unfriendly reagents and harsh conditions have 

been associated with chemical synthesis [65]. Similarly, the high substrate- and 

regio-specificity of plant prenyltransferases may prevent the achievement of wide 

structural diversity [78]. The low conversion yields (<10%) [74] and the possible 

antifungal activities of the resulting compounds limit the use of microbial 

production systems.  

Higher plants can be considered as a biochemical factory of prenylated 

(iso)flavonoids as part of their defence mechanism. This defence mechanism can 

be mobilized in vivo leading to enhanced amounts and/or chemical diversity of 

prenylated (iso)flavonoids. Elicitation, for example, has been described as one of 

the most practically feasible techniques for the production of specialized 

metabolites. Elicitation is defined as the application of a small concentration of a 

substance, which induces or improves the biosynthesis of metabolites [79]. 

Elicitation proceeds through activation of a signal‐transduction cascade that leads 

to activation or de novo biosynthesis of transcription factors, which in turn regulate 

the expression of biosynthetic genes involved in specialized metabolites [80]. 

Factors such as type and concentration of elicitor, treatment duration, plant’s age 

and cultivar can crucially influence the effectiveness of elicitation [81,82].  
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Elicitors are conventionally classified into biotic and abiotic agents depending 

on their nature (Figure 1.5). Biotic elicitors can be exogenous such as live 

microorganisms or their constituents (e.g. yeast cell wall or fungal cell wall 

oligosaccharides [83,84]) or endogenous, such as plant-derived fragments [79,85,86]. 

Abiotic elicitors include chemical and physical stressors or plant’s signalling 

molecules (the latter are sometimes classified under biotic elicitors).  

 

Figure 1.5. Overview of agents that stimulate plant’s defense mechanism. Based on Shakya et al. 
(2019) [87]. 

Besides elicitors, plant’s defence mechanism can also be conditioned by so-

called primers. Interestingly, the same agents that can function as elicitors can 

also act as primers [88], making priming and elicitation two highly intertwined 

concepts. Priming is a low-cost (although there might be some allocation and/or 

ecological costs) defensive state, activated by a priming stimulus and functions as 

a warning signal for a subsequent stress (challenging stimulus, i.e. elicitation). 

Primed plants are reported to deploy defence responses in a faster, stronger, 

and/or more sustained manner after the perception of a later elicitor [89,90]. In 

contrast, elicitation, without prior priming, leads plants into an immediate, fully 

activated defence state which is accompanied with high fitness costs. Priming per 

se is traditionally thought to involve minimal or no gene expression changes [91-94]. 

It should however be noted that advanced analytical tools (e.g. –omics) [95] showed 

that priming can induce direct defensive changes in the plant [88], rendering the 

concepts of priming and elicitation more strongly intertwined than already 

suggested by the similarity in the sensitizing agents. It is postulated that a primed 
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plant stores defence-related information until exposure to a challenging stimulus 

(i.e. elicitation). In the time span between the perception of the priming and the 

elicitation stimulus, the so-called memory, the defence responses, which are 

marginally induced upon priming, return to basal levels [96]. Nevertheless it is not 

clear whether fitness costs also return to basal levels when memory is asserted. 

Defence responses include alterations in signalling pathways and associated 

molecules and production of specialized metabolites e.g. phenolics [95]. Overall, 

priming is anticipated to lead to a positive cost-benefit balance upon a subsequent 

elicitation. The effects of priming on the memory, fitness and robustness of defence 

responses are shown in Figure 1.6.  

 

Figure 1.6. Effect of priming on the memory, fitness and defence responses of a plant. Primed 
(green) and unprimed (blue) plants are subjected to a challenging stimulus (i.e. elicitation). The 
area under the curve represents the extent of induction of defence responses. Adapted from 
Martinez-Medina et al. (2016) [96].  

1.3.2.2. In planta methods for the biosynthesis of prenylated 

phenolics 

Several techniques have been employed for the production of prenylated phenolics 

in plants (Table 1.1). Soybeans, mostly in the form of seedlings, are the most 

studied legume with respect to the production of prenylated isoflavonoids. 6a-OH-

pterocarpans (glyceollins) are predominantly induced in elicited soybeans, 

occasionally followed by the induction of prenylated isoflavones and prenylated 

coumestans [97,98]. The highest amounts of prenylated isoflavonoids reported in 
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soybean, is 2 mg daidzein equivalents/g DW obtained in Rhizopus-elicited seedlings 
[97,98]. However,  elicitation of plant cell and organ cultures of Hypericum 

perforatum [99] or in peanuts [100] resulted in 50 times higher yields of prenylated 

xanthones and of prenylated stilbenoids, respectively. In general, elicitation with 

microorganisms is considered highly successful, but it relies on the intricate 

interactions between the plant and the microorganism. For example, glyceollins 

are produced only in incompatible interactions (successful plant defence) [101,102] 

and not in compatible interactions (successful infection leading to disease) [103]. 

Abiotic agents can be alternatively used for the induction of prenylated 

phenolics (Table 1.1) as an effort to limit the biological variability that might arise 

both from the plant and the live microbial elicitors. Degousee et al. (1994), for 

example, used reactive oxygen species (ROS), the key signalling molecules 

accumulated in response to abiotic and biotic stresses [104] to specifically stimulate 

the production of glyceollins [105].  

Some more sophisticated treatments have been also applied to increase the 

biosynthesis of prenylated isoflavonoids in soybeans. Combination of different 

elicitors, such as a live preparation of a fungus or a fungal cell wall glucan elicitor 

(WGE) with abiotic agents, such as UV-light or heavy metal salts [98,106], have been 

reported (Table 1.1). WGE combined with AgNO3 resulted in an additive 

accumulation of glyceollin I [106]. The two agents were found to act via different 

modes. WGE induced major changes in gene transcripts related to the biosynthesis 

of glyceollins (mimicking basically the mode of action of the live fungus [107,108]), 

whereas AgNO3 inhibited the degradation of glyceollin I while accelerating the 

hydrolysis of a glycosylated isoflavonoid precursor. Light combined with fungal 

elicitation resulted in a synergistic accumulation of prenylated isoflavonoids (60% 

higher than fungal elicitation alone) [98]. Light was reported to stimulate the 

production of the precursors, malonyl-CoA and coumaroyl-CoA [109] enhancing the 

levels of isoflavonoid precursors (e.g. daidzein) available for prenylation [98]. 

Furthermore, priming prior to elicitation is sometimes used. For example,  

signalling molecules were used to prime H. perforatum before fungal elicitation for 

the enhanced production of xanthones and flavonoids [110]. Likewise, signalling 

molecules were employed to both prime and elicit broccoli for the production of 

glucosinolates [111]. 

In contrast, priming followed by elicitation has not been reported for soybean. 

However, as seen in Table 1.1, some reports that claim simple elicitation of 

soybeans, use forms of wounded seedlings (incised or crumbled) prior to elicitation 
[106,112]. Wounding is a widely acknowledged priming stimulus which is associated 

with minimal (or no) induction of defence responses per se [98,113]. Thus, some 

treatments from Table 1.1 should have been termed as priming plus elicitation 

treatments. This is an example of how easily the concept of priming can be ignored.  

In this thesis, we aimed to use sophisticated treatments, including 

sensitization of seedlings before the traditional microbial elicitation, to improve the 

amounts and diversity of prenylated isoflavonoids biosynthesized in soybeans. We 
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used important signalling molecules such as ROS or the most stable ROS 

representative, H2O2 and the heavy metal salt, AgNO3, as abiotic agents and the 

fungus, Rhizopus oligosporus/oryzae (benchmark treatment) or a rhizobacterium 

(Bacillus subtilis) as biotic agents. 

For the sake of consistency, we distinguish the concepts of priming and 

elicitation for the sensitization treatment on the basis of defence responses. When 

a sensitization stimulus induces lower production of defence metabolites, i.e. 

prenylated isoflavonoids, than the benchmark treatment, this will be called a 

priming treatment. If the sensitization stimulus induces equal or higher production 

of prenylated isoflavonoids than the benchmark, then this treatment is considered 

an elicitation treatment.  

1.3.3. Antimicrobial potency of prenylated (iso)flavonoids 

induced 

Substantial amount of evidence has demonstrated the remarkable antimicrobial 

potency of prenylated (iso)flavonoids against bacteria, fungi, and yeasts [120-123]. 

Based on Gibbons et al. (2004), purified compounds with MIC values equal or lower 

than 15 µg/mL are considered as compounds with very high antimicrobial activity; 

compounds with MIC values from 15 up to and including 25 µg/mL are considered 

as having good activity, whereas compounds with MIC values from 25 up to and 

including 100 µg/mL are considered as having moderate antibacterial activity. Pure 

compounds with MIC values higher than 100 µg/mL are usually considered as 

having low activity [124]. In Figure 1.7 and Table 1.2, examples of prenylated 

(iso)flavonoids with high antimicrobial activity are depicted. 

The antimicrobial potency of prenylated (iso)flavonoids is comparable to, and 

in some cases even better than, conventional antibiotics (Table 1.2). For example, 

sedonan C showed a MIC value of 7.6 µg/mL against S. cerevisiae which is 

comparable to the MIC value of fluconazole [125]. Gancaonin Q had an MIC value of 

0.6 µg/mL, whereas the antibiotic gentamycin had a 2-fold higher MIC [126]. 

Interestingly, when prenylated (iso)flavonoids are tested against more than one 

strain of the same species, they show activity within a very narrow range (usually 

2-fold difference at the most). In contrast, antibiotics can have larger ranges of 

MIC values across different strains. For example, erybraedin A and eryzerin C 

showed MIC values of 1.6-3.1 µg/mL and 6.3 µg/mL against 4 strains of VRE, 

respectively, whereas vancomycin inhibited the VRE strains at concentrations of 

12.5-100 µg/mL [127]. Similarly, candidone and neobavaisoflavone inhibited the 

growth of two strains of Klebsiella pneumoniae at a concentration of 8 µg/mL, 

whereas chloramphenicol showed a MIC range of 16-128 µg/mL against these two 

strains [128].  
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 1 
Double chain prenylated (iso)flavonoids are highly effective against Gram-

positive bacteria, due to their efficient partitioning in the membrane [129]. In 

contrast, chain, mono-prenylated (iso)flavonoids have shown high potency towards 

Gram-negative bacteria, as they do not suffer from hydrophobicity restrictions 

posed by porin-mediated influx, as di-prenylated isoflavonoids do [129]. In this 

respect, Araya-Cloutier et al. (2018) found that mono-prenylated isoflavonoids 

exert their activity towards E. coli only under the presence of an efflux pump 

inhibitor (EPI) [129]. However, other studies which demonstrated the activity of 

prenylated (iso)flavonoids against Gram-negatives do not mention the use of an 

EPI [128,130]. The antimicrobial potency of prenylated (iso)flavonoids against yeasts 

is far less studied than that against bacteria. To date, both mono- and di-

prenylated compounds, have been acknowledged for their remarkable antifungal 

activities (Figure 1.7), although, much less evidence is available for the latter.  

From Figure 1.7 and Table 1.2, it becomes also apparent that the 

antimicrobial potency of prenylated (iso)flavonoids is not specific to certain 

subclasses or degree of hydroxylation.   

 

Figure 1.7. Examples of prenylated (iso)flavonoids with high antimicrobial activity (MIC ≤ 25 
μg/mL) grouped based on the targeted microbial species (i.e. Gram-positive, Gram-negative, and 
yeast). Numbers refer to those in Table 1.2. Molecule 12 was tested in the presence of an efflux 
pump inhibitor [129]. 
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1.3.4. SARs of prenylated (iso)flavonoids as antimicrobials 

Several efforts have been made to identify correlations between molecular 

structures and (bio)activity in a so-called structure-activity relationships study 

(SARs). Prenylation has always been the classical explanation for the increased 

antimicrobial potency of prenylated (iso)flavonoids, representing one of the most 

known SARs. Another frequently shown SAR supports that hydroxylation of the 

prenyl group is detrimental for activity [131,136]. Moreover, double prenylation has 

been correlated with high antimicrobial activity against Gram-positive bacteria and 

the absence of activity against Gram-negative bacteria [129,137]. Notably, most di-

prenylated (iso)flavonoids were found to be inactive against yeasts [126,138]. 

However, not all prenylated (iso)flavonoids are potent antimicrobials and not all 

double prenylated (iso)flavonoids are active against Gram-positives [139,140] and 

inactive against yeasts [67,125,141].  

Furthermore, (iso)flavonoid subclasses do not always follow the same SARs. 

For example, even though prenylation at the C6 position is more favourable than 

at the C8 in isoflavones [142], the opposite applies for flavanones [138,143]. Similarly, 

C3’-prenylation is preferred over C6-prenylation in flavanones, but C6 is the 

preferred prenylation position in isoflavones [129]. In the same way, O-methylation 

has been shown detrimental for prenylated pterocarpenes and isoflavanones 
[144,145], beneficial for prenylated pterocarpans, isoflavans and flavanones [146] and 

indifferent in the activity of prenylated isoflavones.  

All the above show that often SARs, based on the presence and location of 

substituents, fail to explain the entire correlation between chemical diversity and 

antimicrobial properties of prenylated (iso)flavonoids. Overall molecular properties 

(such as hydrophobicity, shape and hydrogen bonding) have been shown important 

determinants for activity [129,147].  

1.3.5. Mode of action of prenylated (iso)flavonoids 

The mode of antimicrobial action of prenylated (iso)flavonoids has not been 

elucidated. Nevertheless, a few reports have provided insights in how prenylated 

(iso)flavonoids exert their activity. Most evidence supports disruption of 

membrane’s integrity by for example, permeabilization [148-151] or alteration of 

membrane’s fluidity [152,153] or its thermotropic properties [154]. Moreover, inhibition 

of efflux pumps [155], disruption of membrane phospholipid synthesis [151], DNA 

fragmentation [156], inhibition of the bacterial respiratory chain  [157] and direct 

interaction with the bacterial peptidoglycan layer [149] have been demonstrated for 

prenylated (iso)flavonoids. Most mechanistic information derives from 

investigations on bacterial cells and model systems. Information on the mechanism 

of action of prenylated (iso)flavonoids against yeasts is scarce and limited to 

Candida species [121,156]. In this thesis, we investigated the mode of membrane-

activity of prenylated (iso)flavonoids against a notorious food spoilage yeast. 
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1.4. In silico tools to complement antimicrobial 
research 

To rationalize the correlation between chemical diversity and antimicrobial 

properties and to get insights in their mode of action, in silico (computational) tools 

are increasingly explored in science. In silico tools are intended to complement in 

vivo and in vitro experimentation rather than standing alone [158,159].  

Depending on the availability of structural information, a structure-based 

and/or a ligand-based approach can be employed [160]. When 3D-information on 

the target is available, then the structure-based approach can estimate the 

interaction energies for all molecules under investigation [159]. Structure-based 

approaches mainly include molecular docking and structure-based pharmacophore 

modelling [161]. Ligand-based approaches circumvent all kinds of limitations 

associated with the target, making them easier to implement and thus highly 

beneficial in early drug discovery [162]. These approaches rely on the analysis of 

features of structurally similar ligands with respect to their biological activity [163]. 

Ligand-based approaches include QSAR, virtual screening and ligand-based 

pharmacophore modelling [161]. In this thesis, a ligand-based approach is 

employed, as for many natural antimicrobials, including prenylated (iso)flavonoids, 

the target has not yet been established. 

QSAR remains an efficient method for building mathematical models, which 

attempts to find a statistically significant correlation between the chemical 

structure and a continuous (pMIC, pEC50, Ki, etc.) or categorical/binary (active-

inactive, toxic-nontoxic, etc.) biological property using regression and classification 

techniques, respectively [164]. QSAR analyses can be a useful in silico tool to identify 

important molecular signatures underlying the antimicrobial potency of prenylated 

(iso)flavonoids. Molecular signatures in computational studies are captured by 

mathematical representations known as molecular descriptors [165]. 

Robust QSAR models are built on a large set of compounds (at least 25 

compounds or data points) covering a wide chemical space [166]. The modelling set 

is split into the training set (80%) and the test set (20%). Ideally, this division 

must be performed in a way that data points representing both the training and 

the test set are distributed within the whole descriptor space occupied by the entire 

dataset. Furthermore, each point of the test set should be close to at least one 

point of the training set. This approach ensures that the similarity principle can be 

employed for the activity prediction of the test set [166]. This rational splitting is 

usually performed with the help of clustering algorithms, such as hierarchical 

clustering, maximum dissimilarity method, Kennard-Stone method, etc. [166]. The 

training set is used to construct models using different numbers of descriptors. The 

statistical internal performance of the models, together with their predictive ability 

against the test set, determines the best model. Generally, the statistically 

compliant model with the lowest number of descriptors is selected to prevent 

overfitted and/or difficult to interpret models [167]. Nonetheless, for mechanistic 
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interpretations of the QSAR models, the frequency of the selected descriptors in 

all statistical compliant models is analysed. 

In principle, any robust and highly predictive model can predict any compound 

that fits in the applicability domain (AD) of the model [168]. The AD represents the 

space formed by the knowledge or information of the training set and for which it 

is appropriate to make predictions for new compounds [169]. The AD can be 

visualized through a William’s plot where the boundaries on the x-axis are defined 

by the critical leverage value (h*) and the boundaries on the y-axis by 3 times the 

standard deviation of the standardized residuals of the molecules. The h* equals 

3p’/n where p’ is the number of variables in the model plus one and n the number 

of training objects [170].  

The importance of an external validation set to additionally assess the 

predictive power of the selected, best model is increasingly highlighted [171]. The 

external validation set can be any set of molecules which has not entered model’s 

training and selection process [172,173] but fits in the AD of the selected model. The 

QSAR modelling and validation workflow is displayed in Figure 1.8. 

Araya-Cloutier et al. (2017) used in silico ligand-based methods, such as 

QSAR and pharmacophore modelling with 30 molecules to elucidate the molecular 

properties important for antibacterial activity [129]. This QSAR analysis indicated 

the importance of hydrophobicity and shape in the antibacterial activity of 

prenylated (iso)flavonoids against L. monocytogenes and E. coli. However, the 

QSAR model was built on the entire dataset (i.e. without performing any splitting) 

due to the limited database size. More recently, Sadgrove et al. (2020) performed 

QSAR modelling of 74 (prenylated) (iso)flavonoids from the Erythrina species 

against (MR)SA [147]. The large dataset employed facilitated the splitting of the 

modelling dataset into a training and a test set (but no external evaluation was 

performed). The model correlated activity with properties such as hydrogen-

bonding, hydrophobicity, primary oxygens and charge distribution. Unfortunately, 

the outcomes of the model were not used for mechanistic interpretation [147]. 

The focus of this thesis is to perform a QSAR study on an extended, strictly 

defined set of prenylated (iso)flavonoids tested against MRSA and mechanistically 

relate the findings to the mode of action.  
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Figure 1.8. Predictive QSAR modeling and validation workflow based on Golbraikh et al. (2000) 
[166]. 

1.5. Aim and outline of the thesis 
The aim of this thesis is binary. The first aim is to improve and diversify the in 

planta production of prenylated (iso)flavonoids in the well-studied legume, 

soybean. The second aim is to explore the antimicrobial properties of prenylated 

(iso)flavonoids and their mode of action by using in vitro and in silico means 

against pathogenic and spoilage microorganisms.  

In Chapter 2, the concept of priming prior to, the commonly used, elicitation 

is employed to enhance the production of prenylated pterocarpans, usually present 

in elicited soybeans. This was investigated by using different agents to prime the 

seedlings of one soybean cultivar and evaluate the robustness of the most effective 

treatment for a second cultivar. Liquid chromatography coupled to mass 



General Introduction 

21 
 

 1 
spectrometry was used to identify and quantify the prenylated isoflavonoids and 

their precursor isoflavonoids in the extracts. In Chapter 3, we further optimized 

the most effective treatment described in Chapter 2, to diversify the production 

of prenylated isoflavonoids. The newly induced molecules, belonging to the 

isoflavone subclass, were predicted as potent antibacterials based on previously 

developed QSAR models. In Chapter 4, QSAR and pharmacophore modelling were 

performed with an extended set of 77 prenylated (iso)flavonoids to elucidate, 

understand and mechanistically correlate the properties underlying antibacterial 

activity against MRSA. In Chapter 5, the antifungal properties of prenylated 

(iso)flavonoids against a notorious food spoilage yeast Z. parabailii were 

investigated and insights into their mode of action were obtained. Finally, in 

Chapter 6, the main findings of this PhD research are discussed and possibilities 

in utilising prenylated (iso)flavonoids as antimicrobials are given . 
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 CHAPTER 

2.  

Enhanced biosynthesis of the natural 

antimicrobial glyceollins in soybean 

seedlings by priming and elicitation 
 

Glyceollins are a class of antimicrobial prenylated pterocarpans produced in 

soybean seedlings upon fungus elicitation. Priming with reactive oxygen species 

(ROS) prior to elicitation with Rhizopus oligosporus/oryzae (R) was investigated 

for its potential to enhance glyceollin production. ROS-priming prior to R-

elicitation (ROS + R) increased glyceollin production (8.6 ± 0.9 µmol/g dry weight 

(DW)) more than 4-fold compared to elicitation without priming (1.9 ± 0.4 µmol/g 

DW). Furthermore, ROS-priming was superior to two physical primers which were 

used as benchmark, namely slicing (5.0 ± 0.6 µmol glyceollins/g DW) and 

sonication (4.8 ± 1.0 µmol glyceollins/g DW). Subsequently, the robustness of 

ROS + R was assessed by applying it to another soybean cultivar, where it also 

resulted in a significantly higher glyceollin content than R-elicitation without 

priming. ROS-priming prior to elicitation provides opportunities for improving the 

yield in large-scale production of natural antimicrobials due to the ease of 

application and the robustness of the effect across cultivars. 

 

 

Based on: Kalli, S.; Araya-Cloutier, C.;, Lin, Y.; de Bruijn, W. J. C.; Chapman, J.; & Vincken, J.-P. 

Enhanced biosynthesis of the natural antimicrobial glyceollins in soybean seedlings by priming and 

elicitation. Food Chemistry, 317, 126389 (2020). 
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2.1. Introduction  
Leguminosae is one of the largest plant families and many of its species are known 

to be excellent sources of potent antimicrobial compounds. Soybeans (Glycine 

max) are able to produce isoflavonoids. A family of C5-isoprenoid (prenyl)-

substituted isoflavonoids with a pterocarpan backbone, collectively known as 

glyceollins, is accumulated in stressed soybeans [1-3]. The production of 

antimicrobial glyceollins is one of soybeans’ main defence responses to counteract 

stress. Glyceollins have been well documented to exert bioactivities, including 

antibacterial and antifungal properties [4-6]. Due to their antimicrobial properties, 

glyceollins can serve as promising candidates for natural food preservation. 

Glyceollins exist predominantly as a mixture of three isomers: the pyran-ring 

prenylated isomers, glyceollins I and II, and the furan-ring prenylated isomer, 

glyceollin III. Glyceollin I is a C4-prenylated pterocarpan, whereas glyceollins II 

and III are C2-prenylated pterocarpans. Glyceollins derive from daidzein, the 

simplest, non-prenylated isoflavone which is further transformed into the 

pterocarpan, glycinol (Figure 2.1A). In some soybean cultivars, glyceollin 

induction is accompanied by a minor induction of prenylated isoflavones, which are 

also acknowledged for their high antimicrobial potency [2,6]. 

It has been widely reported that plants transiently sensitized prior to fungus 

infection (the latter also commonly known as elicitation, Figure 2.1B), 

demonstrate enhanced expression of their defence responses, including the 

production of antimicrobial compounds (Figure 2.1C). This sensitization process, 

known as priming, enables the plant to mount a faster and/or stronger activation 

of defence responses to a subsequent elicitation [7]. In this way, plants minimize 

their energy expenditure to respond to elicitation and are able to induce stronger 

responses upon subsequent stress [8]. It is hypothesized that inactive signal 

amplifiers are accumulated in the plant during priming, which are activated upon 

subsequent elicitation (Figure 2.1C) [9,10].  

Priming can be achieved by external application of chemicals, colonization of 

the roots by beneficial microbes or by physical damage to the plant (e.g. wounding) 
[11]. Chemical priming usually involves the external application of endogenous 

signalling molecules [12]. Reactive oxygen species (ROS), for example, serve a 

multifaceted role in plants’ defence mechanism. They follow successful microbial 

infection [13] as they are rapidly and transiently produced in an “oxidative burst”. 

In this way, they act as intracellular signalling molecules that regulate defence 

gene activation. ROS is also the main regulator of whether the plant will enter the 

cell death phase due to a prolonged oxidative phase, or whether it will enter the 

“primed” state upon adequate redox scavenging [14].  
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Figure 2.1. Defensive prenylated isoflavonoids produced in soybeans to counteract stress. These 
defensive molecules in soybeans derive from the isoflavone, daidzein and the pterocarpan, 
glycinol [2] (A). Effect of direct elicitation on plant’s defence responses (in the form of 
antimicrobial compound production) and overall fitness of the plant (B). Effect of plant-priming 
prior to elicitaion on plant’s defence responses (in the form of antimicrobial compo und 
production) and overall fitness of the plant (C). Priming can be induced by chemicals, by physical 
damage, or by beneficial microorganisms. The intensity of the red glow surrounding the plant 
refers to the extent to which its defence mechanism is activated. The red boxes represent the 
production of antimicrobials. Green dots represent inactive signal amplifiers that become 
activated (green dots with red glow) upon elicitation, while yellow dots show disease symptoms 
of the plant. Adapted from Conrath et al. (2009) [14]. 

 

The main distinctive characteristics of the processes of priming and elicitation 

are summarized in Table 2.1. Priming always takes place prior to elicitation, as it 

activates dormant defence mechanisms in anticipation of a major stress response, 

which is then triggered by elicitation [15]. The intensity by which the two processes 

stimulate the defence mechanisms is another major difference. The short-term and 

transient nature of priming results in weak and local activation of the signal 

transduction pathway, whereas the more prolonged nature of elicitation leads to 

strong and more systemic activation of defence signal cascades. Furthermore, it 

has been shown that primed and elicited plants demonstrated lower fitness costs, 

i.e. increased growth rates [8], leading to increased secondary metabolism 

compared to directly elicited plants. The main similarity of the two concepts is that 

agents that are used for priming can be used for elicitation and vice and versa. 
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One molecule that acts as a direct elicitor in one species, can act as a primer in 

others [9]. 

Table 2.1. Main distinctive characteristics of priming and elicitation in plants [8,9,16-18]. 

Process Duration of event Way of application 

Activation of defence 

responses 

(incl. production of 

antimicrobials) 

Plant’s 

fitness 

costs 

Priming Short (h) Imbibition + Low 

Elicitation Long (d) Spraying ++ High 

Priming + elicitation Short (h), Long (d) Imbibition + Spraying +++ Moderate 

 

The multifaceted, central role of ROS in signal transduction pathway prompted 

us to use ROS as a primer of soybean seedlings prior to Rhizopus-elicitation. The 

priming effect of ROS is compared with that of wounding, which is considered a 

traditional primer [19]. We hypothesize that priming prior to elicitation enhances 

the diversity and the quantities of glyceollins produced by soybean seedlings. 

Additionally, we expect that ROS-priming is more robust and less laborious than 

wounding. The robustness of ROS-priming prior to Rhizopus-elicitation was 

examined across two soybean cultivars. To our knowledge, this is the first report 

on the use of  reactive oxygen species prior to fungus elicitation to enhance the 

biosynthesis of potent natural antimicrobials, glyceollins. 

2.2. Materials and methods 

2.2.1. Materials 

A mixture of soybeans (Glycine max) from different soybean lines of unknown 

origin (mixCv) was kindly provided by FRANK Food Products (Twello, the 

Netherlands). Soybeans (Glycine max) from the cultivar ‘Envy’ were purchased 

from Vreeken’s Zaden (Dordrecht, the Netherlands). Tempeh starter culture (a 

mixture of Rhizopus oligosporus and Rhizopus oryzae) was purchased from 

TopCultures (Zoersel, Belgium). H2O2 (30 % (w/w) and standards of daidzein (≥ 

98 %) and genistein (≥ 98 %) were purchased from Sigma Aldrich Chemie B.V. 

(Zwijndrecht, the Netherlands). ULC-MS grade acetonitrile (ACN) with 0.1 % (v/v) 

formic acid (FA), water with 0.1 % (v/v) FA, methanol (MeOH) were purchased 

from Biosolve BV (Valkenswaard, the Netherlands). Iron (II) sulfate heptahydrate, 

sodium hypochlorite 14% (v/v) n-Hexane and ethanol 96% (v/v) were purchased 

from VWR International B.V. (Amsterdam, the Netherlands) and NaCl was 

purchased from Fisher Scientific (Landsmeer, the Netherlands). Peptone 

physiological salt solution (PPS) was purchased from Tritium Microbiologie 

(Eindhoven, the Netherlands). 
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2.2.2. Methods 

2.2.2.1. Germination, priming, and elicitation 

Soybeans were treated in a modified sprouting machine (MikroFarmTM EQMM; Easy-

Green, San Diego, CA, USA). The machine was modified to provide appropriate 

experimental conditions for both the soybeans and the fungus. The temperature 

was maintained at 30 ˚C by a heating mat with a thermostat and by a styrofoam 

box covering and insulating the machine. Humid air was generated by a fog 

generator (minifogger; Conrad, Hirschau, Germany) placed in the equipment’s 

water compartment. Fog was generated every 3 h, with a duration of 15 min. In 

addition, a fan attached to the machine homogeneously distributed the fog for 4 s 

per 20 s. 

In all treatments, seeds were subjected to three phases: soaking (1 day), 

germination (2 days i.e. “early”, unless stated otherwise), elicitation (1-5 days) 

(Figure 2.2). Prior to the soaking step, the seeds (50 g) were surface sanitized 

with 4 % (w/v) NaOCl for 5 min at room temperature and then thoroughly rinsed 

with demineralized water. The surface-sterilized seeds were soaked for 24 h at 25 

˚C in demineralized water. The soaked seeds were placed in sterilized cartridges, 

which were then placed in the sprouting machine. Before this, the machine was 

sterilized according to the cleaning protocol provided by the manufacturer. After 

soaking, seeds were drained and germinated for 2 days at 30 ˚C and 100 % RH.  

In “Early” priming experiments, priming and elicitation treatments were 

sequentially applied on 2-day old germinated seeds (seedlings) (Figure 2.2). In 

“Late” priming experiments, the treatments were performed on the 4-day old 

germinated seedlings. “Late” priming experiments were performed only in ‘Envy’. 

For wounding-based priming, two wounding methods were used: slicing (S) and 

sonication (SO). Slicing was performed by cutting each cotyledon individually with 

a sterilized knife. First, the opposite side of the hilum was longitudinally cut to 

separate the cotyledon. Next, the newly-exposed cotyledon surface was cut in two 

parallel slices to form approximately 2-mm thick slices [3]. For SO-priming, seeds 

were immersed in demineralized water and were sonicated for 10 seconds. 

Wounding-based priming was performed only on mixCv.  

For ROS-priming of the seedlings, seedlings were immersed in 1 mM FeSO4 

solution (10 mL/g dry seed) for 30 min and continuously swirled. Then, the metal 

solution was drained and the seedlings were immersed in 1 M H2O2 solution (10 

mL/g dry seed) for another 30 min and continuously swirled to generate ROS 

according to Degousee et al. (1994) [13]. Subsequently, the H2O2 solution was 

drained and the seedlings were thoroughly rinsed with water. 

𝐹𝑒 (𝐼𝐼) +  𝐻2𝑂2 →  𝐹𝑒 (𝐼𝐼𝐼) + 𝐻𝑂− + 𝐻𝑂∙ (Eq.2.1) 

Wounded or ROS-treated seedlings were then immediately inoculated with a 

suspension of fungal sporangia (Rhizopus-elicitation) of approximately 107 CFU/mL 

in PPS (0.4 mL/g dry seed). All treatments were performed in the dark and in three 

independent replicates. 
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Figure 2.2. Timeline of priming and elicitation experiments in soybean seedlings of two cultivars; 
mixCv and ‘Envy’. 

2.2.2.2. Soybean seedling extraction 

Seedlings were freeze-dried and subsequently milled in a bead mill (Cryomill 

MM440; Retsch GmbH, Haan, Germany) into fine powder with large beads of 20 

mm at a frequency of 30 s-1, for 30 s. Seedling extraction was performed using a 

speed extractor (E-916; Büchi, Flawil, Switzerland). Approximately 300 mg of the 

powder was mixed with fat-free quartz sand (0.3-0.9 mm, Büchi) and filled into 

the extraction cells. Samples were defatted in a two-cycle programme (55 min, 40 

°C, 100 atm) with 25.5 mL 96 % (v/v) n-hexane per cycle, and (iso)flavonoids 

were extracted in a three-cycle programme (75 min, 40 °C, 100 atm) with 25.5 

mL 96 % (v/v) EtOH per cycle. The ethanol extract was evaporated under reduced 

pressure in a Syncore evaporator at 40 °C. The dried extract was re-dissolved to 

a concentration of5 mg/mL in MeOH and stored at −20 °C. All samples were 

centrifuged (15,000g, 5 min; room temperature) prior to analysis. The hexane 

extract was found to be isoflavonoid-free and was not considered further. 

2.2.2.3. Compositional analysis by RP-UHPLC-PDA-ESI-MS 

Samples were analysed by RP-UHPLC-MS on an Accela UHPLC system (Thermo 

Scientific, San Jose, CA, USA) equipped with a pump, autosampler, PDA detector, 

and ESI-ion trap-MS. Injection volume was 1 µL and the extract was separated on 

an Acquity UPLC BEH C18 column (2.1 mm i.d. × 150 mm, 1.7 µm particle size; 

Waters, Milford, MA, USA) with a VanGuard (5mm × 2.1mm i.d., 1.7 μm) guard 

column of the same material (Waters, Milford, MA). Water acidified with 0.1 % 

(v/v) formic acid and 1 % (v/v) ACN, eluent A, and ACN acidified with 0.1 % (v/v) 

formic acid, eluent B, were used as solvents at a flow rate of 300 µL/min. The 

following elution gradient was used: 0-1 min, isocratic at 9% B; 1-3 min, linear 
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gradient from 9-25% B; 3-10 min, linear gradient from 25-50% B; 10-13 min, 

isocratic at 50% B; 13-23 min, linear gradient from 50-100% B; 23-28 min, 

isocratic at 100% B; 28-29 min, linear gradient from 100-9% B; 29-34 min, 

isocratic at 9% B. Column oven and autosampler temperatures were set at 45 °C 

and 15 °C, respectively. The PDA detector was set to measure from 200-600 nm. 

Mass spectrometric analysis was performed on a Velos Pro (Thermo Scientific) 

equipped with a heated ESI-MS probe coupled to in-line to the RP-UHPLC system. 

Nitrogen was used as a sheath and an auxiliary gas. Spectra were acquired over 

an m/z range of 150 – 1,500 Da in both positive ionization (PI) and negative 

ionization (NI) modes. Data-dependent MS2 analysis was performed on the most 

intense ion by collision-induced dissociation (CID) with normalized collision energy 

of 40%. For both modes, the ion transfer tube (ITT) temperature was 350 ˚C. The 

S-lens RF level 55 and the source voltage was 3.5 kV for NI and 4.0 kV for PI 

mode. A dynamic mass exclusion approach was used, in which a compound 

detected 3 times as most intense was subsequently excluded for the following 5 s, 

allowing data-dependent MS2 of less intense co-eluting compounds. The system 

was tuned with genistein in both PI and NI mode via automatic tuning using Tune 

Plus (Xcalibur 2.1, Thermo Scientific). 

2.2.2.4. Tentative annotation and quantification of phytochemicals 

Isoflavonoids were tentatively annotated based on UVmax and MS spectral data, 

obtained by Xcalibur (v.2.2, Thermo Scientific). The identities of the peaks were 

previously determined in our laboratory [1,3,20]. In brief, full MS and MS2 scans 

provided information regarding the molecular weight of the isoflavonoids and 

substitutions of the phenolic skeleton by means of characteristic neutral losses. 

The configuration of the prenyl group (chain or ring-closed) attached to the 

skeleton was determined by typical neutral losses in MS2 positive mode: a neutral 

loss of 56 Da (C4H8) was used to distinguish a prenyl chain, whereas a ring-closed 

prenyl typically showed neutral losses of 42 Da (C3H6), 56 Da (C4H6), 70 Da (C3H6 

+ H2O) and 15 Da (CH3).  

The quantification of (iso)flavonoids was based on the ultraviolet (UV) 

absorbance at 280 nm. A standardized six-point (1-100 µg/mL) calibration curve 

based on an external standard of daidzein (R2 = 0.995) was used for the 

quantification of (iso)flavonoids. Compounds were first converted to mg daidzein 

equivalents per g of dry weight of the seedling (mg DE /g dry weight (DW)). Then, 

the quantities of each compound were corrected for the differences in molar 

extinction coefficients between the standards and the compounds of interest, using 

Lambert-Beer’s law (Eq.2.2) (see Table S2.1 for an overview of the molar 

extinction coefficients used [1,20,21]).  

BBAA CC  =   (Eq.2.2) 

Ultimately, the quantities of the compounds were expressed in µmol 

isoflavonoid per gram of seedling’s dry weight (µmol/g DW).  
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2.2.2.5. Statistical analysis 

Statistical analysis was performed using the SPSS Statistics (version 23, IBM, 

Armonk, NY, USA). Differences in the amounts of isoflavonoid subclasses between 

pairs of treatments were evaluated for significance (p < 0.05) with independent 

samples t-test. Over-time differences in the amounts of isoflavonoid subclasses 

within the same treatment were assessed with Tukey’s post hoc multiple 

comparison test (p < 0.05). 

2.3. Results and Discussion 

2.3.1. Chromatographic profile of germinated and treated 

soybean seedlings 

The composition of the extracts of germinated (control), Rhizopus-elicited (R), 

ROS-primed (ROS) and ROS-primed before Rhizopus-elicited (ROS + R) soybeans 

of mixCv is shown in Figure 2.3. UHPLC-PDA-MS analysis of the extracts from 

germinated and treated soybeans showed that (iso)flavonoid profiles were 

modulated upon priming and/or elicitation, as expected [3,22]. The diversity of 

compounds increased when germinated seedlings were R-elicited or primed with 

ROS. Peaks 2 and 10-12 (Figure 2.3) were mainly induced upon the treatments. 

The diversity of the compounds increased further when seedlings were treated with 

ROS + R (peaks 6, 7 and 9).  

2.3.2. Annotation of isoflavonoids in treated soybean 

seedlings 

In total, 12 isoflavonoids, belonging to the subclasses of pterocarpans and 

isoflavones, were annotated in mixCv seedlings. Saponins (peak 13 and 14, Table 

S2.2) were also present in the extracts but due to their weak antimicrobial 

potential [20], they were not considered further. 

The germinated control soybeans predominantly contained the glycoside 

daidzin (1) and malonylated glycosides of daidzein (3) and genistein (4), the two 

major isoflavones present in soybean. Upon R-elicitation, soybeans of mixCv 

accumulated glycinol (2), the non-prenylated pterocarpan precursor of all 

glyceollins (Figure 2.3) and the three main glyceollin isomers (i.e. glyceollin I-III) 

(10-12). Upon ROS-treatment, the aglycones daidzein (5) and genistein (8) were 

also annotated. ROS + R led to accumulation of glycitein (6), a methoxy-

isoflavone, glyceofuran (7), the detoxification product of glyceollin II [3] and 

glyceollidin II (9), the chain-prenylated glycinol, which is an intermediate to 

glyceollins II and III. Prenylated isoflavones and prenylated coumestans were not 

detected in mixCv, contrary to what was anticipated [2]. 
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Figure 2.3. RP-UHPLC-PDA (UV 280 nm) profiles of ethanol extracts of germinated (control), 
Rhizopus (R)-elicited, reactive oxygen species (ROS)-primed, and ROS-primed prior to Rhizopus 
elicitation, (ROS + R)- treated seedlings of soybean mixCv. The chromatograms refer to seedlings 
three days after priming and/or elicitation. Peak numbers refer to compounds in Table S2.2. 

2.3.3. ROS-priming is superior to physical priming 

The glyceollin content of the seedlings was monitored daily for five days after 

applying the different treatments, to determine the optimal end-time with respect 

to maximum glyceollin induction. The content of glyceollins together with the levels 

of their biosynthetic precursors in the treated mixCv-soybeans over five days are 

shown in Figure S2.1 and Figure S2.2. The (ROS + R)-treated seedlings of mixCv 

showed a gradual increase in the glyceollin accumulation over time, reaching a 

clear maximum of 8.6 ± 0.9 µmol/g DW on the 3rd day after fungus inoculation 

(Figure S2.2). This finding is in line with a study where maximal glyceollin levels 

were observed 40 h after elicitation of 3d-old soybean seedlings with 

hydroperoxides [13]. A maximum after 3 days was also observed for the glyceollin 

content of the seedlings upon other treatments (Figure S2.2), thus henceforth all 

treatments were compared based on the samples taken three days after fungus 

inoculation.  
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Figure 2.4. Content (µmol/g DW) of glycosylated isoflavonoids (white bars) and  glyceollins 
(black bars) in seedlings of the two soybean cultivars, mixCv and ‘Envy’. Vertically striped grey 
bars represent the non-prenylated pterocarpan precursor of glyceollins, glycinol, in mixCv (A), 
grey dotted bars represent the non-prenylated aglycone, daidzein and horizontally striped grey 
bars represent daidzein’s hydroxylated derivative, genistein in ‘Envy’. For “Early” treatments, the 
metabolite content on 4th day after priming and/or elicitation is shown, whereas for “Late” 
treatments that on the 3rd after priming and/or elicitation is shown (B). Asterisks signify the 
statistical increase between the treatments and the benchmark Rhizopus-elicited sample on the 
corresponding isoflavonoid subclass in each cultivar (p < 0.05). Error bars indicate the standard 
deviation of the three biological replicates. The germination controls are presented for 
comparison. 
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In Figure 2.4A, the glyceollin content of the seedlings upon different 

treatments is compared. Glyceollin levels in ROS + R-treated seedlings were more 

than four times higher (8.6 ± 0.9 µmol/g DW) than those in the ROS-treated 

seedlings (1.6 ± 0.3 µmol/g DW) and the R-elicited seedlings (1.9 ± 0.3 µmol/g 

DW). ROS + R stimulated the accumulation of both glyceollin subclasses, i.e. C2- 

and C4-prenylated, compared to R-elicited seedlings (Figure 2.5). The extent of 

increase was larger for the C2-glyceollins (five-fold increase) than for C4-

glyceollins (three-fold increase). ROS + R also accumulated significantly more 

glycinol on the 3rd day after fungus inoculation (Figure 2.4A). The induction of 

glycinol in the (ROS + R)-treated seedlings was thrice more than that in the ROS-

treated seedlings (0.2 ± 0.01 µmol glycinol/g DW) and the R-elicited seedlings (0.5 

± 0.01 µmol glycinol/g DW).  

Priming by sonication or slicing prior to Rhizopus elicitation (SO + R or S + R) 

yielded similar amounts of glyceollins, i.e. 4.8 ± 0.9 µmol/g DW for SO+R and 5.0 

± 0.6 µmol/g DW for S+R (Figure 2.4A). Overall, all three types of priming prior 

to Rhizopus-elicitation significantly increased the glyceollin levels of elicited 

seedlings, compared to R-elicitation without priming. In mixCv, ROS-priming was 

almost twice as effective as physical priming (i.e. sonication or slicing) prior to 

Rhizopus-elicitation in stimulating glyceollin production (Figure 2.4A).  

Additionally, ROS + R yielded more reproducible inductions than physical 

priming (SO + R or S + R) in time (Figure S2.2). This might be attributed to the 

more systemic and homogeneous effect that imbibition of the seedlings in the ROS 

solution, compared to the more localized effect of slicing.  

2.3.4. ROS + R protocol for induction of glyceollins in mixCv 

is not directly extrapolatable to ‘Envy’ 

To assess the robustness of ROS + R, the treatment was also applied to a second 

soybean cultivar, ‘Envy’. This soybean cultivar possessed the capacity to produce 

a wider variety of prenylated (iso)flavonoids (Figure S2.3 and Table S2.2).  

Overall, the isoflavonoid profile of seedlings of ‘Envy’ was similar to that of 

mixCv. The main differences between ‘Envy’ and mixCv were that ‘Envy’ 

constitutively contained the 4-prenyl coumestrol, phaseol (15) and that it 

accumulated four prenylated isoflavones (17-20) upon priming and/or elicitation. 

These prenylated isoflavones were tentatively annotated as Bprenyl daidzein (17), 

Aprenyl daidzein (18), Aprenyl genistein (19) and Bprenyl genistein (20) [3] (Table 

S2.2). Due to the absence of treatment effects on phaseol and the inconsistent 

treatment effects on prenylated isoflavones (Figure S2.3), these compounds are 

not further discussed in this study.  

Remarkably, the primed and/or elicited seedlings of ‘Envy’ did not accumulate 

glycinol, as opposed to the findings for mixCv. ROS + R on ‘Envy’ led to maximal 

glyceollin accumulation of 1.5 ± 0.3 µmol/g DW on the 4th day after the fungus 

inoculation (Figure S2.4), which was lower than those in the unprimed R-elicited 

seedlings and similar to those of the ROS-treated seedlings (Figure 2.4B, 
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“Early”). However, ROS + R synergistically induced non-prenylated aglycones (2.2 

± 0.3 µmol/g DW) compared to Rhizopus-elicited (0.7 ± 0.1 µmol/g DW) and ROS-

treated seedlings (0.2 ± 0.01 µmol/g DW) (Figure 2.4B, “Early”). This synergistic 

accumulation of non-prenylated aglycones, mainly comprised of daidzein and 

genistein, was observed in all time points of ROS + R (Figure S2.4). It seemed as 

if the ROS + R-treated seedlings were not sufficiently prepared to make use of the 

large biosynthetic pool of aglycone isoflavonoids for the production of prenylated 

derivatives. 

2.3.5. ROS + R was adaptable to elicit prenylated isoflavonoid 

production in both soybean cultivars  

Unexpectedly, ROS + R, as such, was not successful in enhancing the glyceollin 

content more than R without priming in ‘Envy’, as opposed to its effect in mixCv. 

However, the increase in the non-prenylated precursors in the ‘Envy’-soybean 

seedlings urged us to apply the treatments at a later stage of seedling germination. 

Seedlings’ age has been established to affect their competency to accumulate 

glyceollins [23]. Therefore, the treatment was applied also on the 4 th day of 

germination of ‘Envy’ (“Late” application) in addition to the 2nd day (“Early” 

application) that has been shown so far for both cultivars (Figure 2.4B). The aim 

was to investigate whether perhaps the ideal time point of elicitation was different 

for ‘Envy’ than mixCv and whether ROS + R could prove to be applicable in ‘Envy’ 

for glyceollin enhancement.  

In Figure 2.4B the effect of later application of the treatments on the different 

isoflavonoid subclasses in ‘Envy’ is compared. “Late” ROS + R had an enhancing 

effect on the accumulation of glyceollins compared to “Late” ROS or “Late” R. The 

treatment yielded the highest average of 4.6 ± 0.3 µmol glyceollins/g DW on the 

3rd day after fungus inoculation, even though there was no significant change in 

glyceollin levels over time (Figure S2.5). This finding is in line with the optimal 

day for glyceollin accumulation found in ROS + R-treated seedlings of mixCv.  

In comparison to “Early” application, “Late” ROS + R-treated seedlings 

accumulated far less non-prenylated aglycone isoflavonoids (Figure 2.4B). It 

seems that the seedlings of ‘Envy’ needed to be more developed to process the 

increased levels of non-prenylated biosynthetic precursors that accumulated upon 

the “Early” ROS + R-treatment. Moreover, glyceollin accumulation in “Late” R was 

lower compared to that in “Early” R, therefore “Early” R was used as a benchmark 

for assessing the effectiveness of the “Late” ROS + R-treatment (Figure 2.4B). 

“Late” ROS + R was statistically better with respect to glyceollin induction than the 

R-benchmark. Similar to mixCv, the treatment significantly enhanced the 

accumulation of both C2- and C4-glyceollins in ‘Envy’ compared to R (Figure 2.5). 

It is interesting to note that the two cultivars intrinsically accumulated different 

ratios of C2:C4-glyceollins (Figure 2.5, R-elicited). Thus, we propose that ROS 

+ R enlarges the diversity of generated potent antimicrobials, despite the intrinsic 
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tendency of soybean seedlings of different cultivars to favour the accumulation of 

a specific glyceollin subclass over the other. 

  

 

Figure 2.5. Influence of ROS-priming prior to R-elicitation (ROS + R) on the synthesis of the C2- 
(striped bars) and C4- (dotted bars) glyceollins in both soybean cultivars employed in this study. 
For ‘Envy’, the “Late” ROS + R is being shown. Error bars indicate the standard deviation of three 
biological replicates. Asterisks signify the statistical difference in each glyceollin subclass 
between R and ROS + R (p < 0.05). 

 

Overall, “Late” ROS + R was the superior treatment in ‘Envy’, yielding the 

highest overall metabolite content and the highest glyceollin content. ROS + R 

outperformed R with respect to the production of potent antimicrobials (i.e. 

glyceollins) three days after fungus inoculation, in both soybean cultivars employed 

in this study. The non-laborious application and the robustness of ROS across two 

soybean cultivars renders it promising as a priming candidate for large scale 

applications.  

2.3.6. ROS + R stimulated accumulation of non-prenylated 

aglycone biosynthetic precursors of glyceollins 

The similar effects of ROS + R in the two cultivars gives an insight on the possible 

effect of the treatment on the biosynthetic pathway of glyceollins. In both cultivars, 

“Early” ROS + R samples consistently accumulated less glycosylated isoflavonoids 

compared to the germination control and R samples (Figure 2.4). The increased 

accumulation of glycosylated isoflavonoids in the “Late” ROS + R is most likely due 

to the older age of the seedlings, rather than the treatment itself, since all 

treatments applied later induced higher accumulation of glycosides (Figure 2.4, 

Figure S2.4 and S2.5). Glycosylated isoflavonoids are the dormant isoflavonoid 

reserves in plants that become biologically active upon stress by splitting their 

sugar moiety [24]. In both cultivars, the decreased levels of glycosylated 

isoflavonoids were accompanied with an increase in aglycone isoflavonoids upon 
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“Early” ROS + R. In mixCv, deglycosylation resulted in the synergistic accumulation 

of the aglycone glycinol, which was produced at three times higher quantities than 

the additive response in ROS and R (Figure 2.4A). In ‘Envy’, daidzein was 

synergistically induced upon ROS + R treatment (two times more than the 

calculated additive response in ROS and R) (Figure 2.4B, “Early”), whereas 

glycinol was not detected at all. Based on the consistent decrease in glycosides 

and the concomitant increase in non-prenylated aglycones upon ROS + R, it seems 

that the treatment promotes deglycosylation of isoflavones. Moreover, the unequal 

reduction in molar content of glycosides and the simultaneous increase in glycinol 

in mixCv (Figure 2.4A) as well as the absence of glycinol in ‘Envy’ suggest that 

ROS + R may also stimulate de novo biosynthesis of daidzein in both cultivars. 

Similarly, increased accumulation of distant and more downstream precursors of 

defence-related secondary metabolites has been also reported during the post-

challenge primed stage of sorghum seedlings [25].  Given the increased 

accumulation of daidzein, we infer that conversion of daidzein to glycinol might be 

the rate-limiting step in ‘Envy’. Most likely, this is also the reason why ‘Envy’ was 

able to accumulate prenylated isoflavones. Prenylated isoflavones and glyceollins 

share daidzein as their non-prenylated aglycone precursor [26]. 

2.4. Conclusions 
In this work, we employed a key molecule in plant’s defence response (ROS) as a 

priming agent prior to Rhizopus-elicitation to stimulate the synthesis of soybean’s 

potent antimicrobials, glyceollins. Priming of soybean seedlings with reactive 

oxygen species (ROS + R) was almost twice as effective as physical priming 

(sonication or slicing) at stimulating the production of the natural potent 

antimicrobials, glyceollins. ROS + R enhanced the production of antimicrobial 

glyceollins 1.3 to 4-fold compared to unprimed Rhizopus-elicitation. The treatment 

had a stimulating effect on the content of non-prenylated aglycone precursors of 

glyceollins. Lastly, ROS + R stimulated prenylation at both positions (C2 and C4) 

of the glyceollin backbone, generating larger diversity of prenylated pterocarpans. 

This, together with the possibility for large-scale applicability and the robustness 

across cultivars of the ROS + R method, make ROS a promising primer for 

triggering the synthesis of antimicrobial compounds in soybean. 
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2.6. Supplementary information 

2.6.1. Supplementary figures 

 

Figure S2.1. Content (µmol/g DW) of R-elicited and ROS-primed seedlings of mixCv in 
glycosylated isoflavonoids (white bars), non-prenylated aglycone isoflavonoids (grey bars) and 
glyceollins (black bars) over five days. Error bars indicate the standard deviation of the three 
biological replicates. No statistical difference was proven for the amounts of the different 
isoflavonoid subclasses over time for any of the treatments (Tukey’s test, p < 0.05).
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Figure S2.2. Content (µmol/g DW) of ROS + R-, S+R- and SO+R-elicited seedlings of mixCv in 
glycosylated isoflavonoids (white bars), non-prenylated aglycone isoflavonoids (grey bars) and 
glyceollins (black bars) over five days. Error bars indicate the standard deviation of the three 
replicates. Bars with a different letter show significant day-to-day differences in the isoflavonoid 
content within the same treatment (Tukey’s test, p < 0.05). For demonstration purposes, 
isoflavonoid subclasses that were not influenced by the treatment over time were not statistically 
labeled. 
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Figure S2.3. RP-UHPLC-PDA (UV 280 nm) of EtOH extracts of germinated (G), Rhizopus (R)-
elicited, reactive oxygen species (ROS)-primed and ROS-primed prior to Rhizopus elicitation, ROS 
+ R seedlings of the soybean ‘Envy’ cultivar. The ROS + R-treatment was applied at an “Early” and 
a “Late” stage of the germination course. Peak numbers refer to compounds in Table S2.2. 

 

 
Figure S2.4. Content (µmol/g DW) in “Early” R-, ROS- and ROS + R-seedlings of ‘Envy’ cultivar in 
glycosylated isoflavonoids (white bars), non-prenylated aglycone isoflavonoids (grey bars) and 
glyceollins (black bars) over five days. Error bars indicate the standard deviation of the three 
biological replicates. Bars with a different letter show significant day-to-day differences in the 
isoflavonoid content within the same treatment (Tukey’s test, p < 0.05). For demonstration 
purposes, isoflavonoid subclasses that were not statistically influenced by th e treatment over 
time were not statistically labeled. 
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Figure S2.5. Content (µmol/g DW) in “Late” R-, ROS- and ROS + R-seedlings of ‘Envy’ cultivar in 
glycosylated isoflavonoids (white bars), non-prenylated aglycone isoflavonoids (grey bars) and 
glyceollins (black bars) over five days. Error bars indicate the standard deviation of the three 
biological replicates. Bars with a different letter show significant day-to-day differences in the 
isoflavonoid content within the same treatment (Tukey’s test, p < 0.05). For demonstration 
purposes, isoflavonoid subclasses that were not statistically influenced by the treatment over 
time were not statistically labeled. 

2.6.2. Supplementary tables 

Table S2.1. Molar extinction coefficients (ε) of isoflavonoids used for the quantification of 

compounds in soybean seedling extracts. 
Compound Subclass ε (AU/M·cm) Ref. 

Daidzein Isoflavone 13782 [1] 

Glycinol* Pterocarpan   

Glycitein Isoflavone 25388 [2] 

Genistein Isoflavone 31623 [3] 

Glyceollidin II Pterocarpan 4487 [4] 

Glyceollin III Pterocarpan 5115 [4] 

Glyceollin II Pterocarpan 6288 [4] 

Glyceollin I Pterocarpan 8634 [4] 

Glyceollin IV Pterocarpan 7377 [4] 

Glyceofuran Pterocarpan 4512 [4] 

* Glycinol was quantified using the ε of daidzein 
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Table S2.3. Characteristics of ROS + R on two soybean cultivars with different composition of 
inducible isoflavonoids. Upward and downward arrows represent statistically significant 
increase and decrease (p < 0.05) compared to the benchmark, R, respectively. Dashes refer to 
statistically insignificant change.   

ROS + R 

Prenylated isoflavonoids C2-glyceollins ↑ 

C4-glyceollins ↑ 

Prenylated isoflavones - 

Non-prenylated aglycone isoflavonoids  ↑ 

Glycosylated isoflavonoids  ↓ 

Optimal day after fungus inoculation*  3 

* with respect to maximum glyceollin accumulation 

2.6.3 Supplementary references 

[1]  Tahara, S., Ingham, J. L. & Mizutani, J. New coumaronochromones from white 

lupin, Lupinus albus L.(Leguminosae). Agricultural and Biological Chemistry 49, 

1775-1783 (1985). 

[2] Murphy, P. A., Barua, K. & Hauck, C. C. Solvent extraction selection in the 

determination of isoflavones in soy foods. Journal of Chromatography B 777, 

129-138 (2002). 

[3] Araya-Cloutier, C., den Besten, H. M., Aisyah, S., Gruppen, H. & Vincken, J.-P. 

The position of prenylation of isoflavonoids and stilbenoids from legumes 

(Fabaceae) modulates the antimicrobial activity against Gram positive 

pathogens. Food Chemistry 226, 193-201 (2017). 

[4] Van De Schans, M. G., Vincken, J.-P., De Waard, P., Hamers, A. R., Bovee, T. 

F. & Gruppen, H. Glyceollins and dehydroglyceollins isolated from soybean act 

as SERMs and ER subtype-selective phytoestrogens. The Journal of Steroid 

Biochemistry and Molecular Biology 156, 53-63 (2016). 

[5] Simons, R., Vincken, J.-P., Roidos, N., Bovee, T. F., van Iersel, M., Verbruggen, 

M. A. & Gruppen, H. Increasing soy isoflavonoid content and diversity by 

simultaneous malting and challenging by a fungus to modulate estrogenicity. 

Journal of Agricultural and Food Chemistry 59, 6748-6758 (2011). 

[6] Aisyah, S., Gruppen, H., Madzora, B. & Vincken, J.-P. Modulation of isoflavonoid 

composition of Rhizopus oryzae elicited soybean (Glycine max) seedlings by 

light and wounding. Journal of Agricultural and Food Chemistry 61, 8657-8667 

(2013). 

[7] Decroos, K., Vincken, J.-P., Van Koningsveld, G. A., Gruppen, H. & Verstraete, 

W. Preparative chromatographic purification and surfactant properties of 

individual soyasaponins from soy hypocotyls. Food Chemistry 101, 324-333 

(2007). 

[8] Feng, S., Saw, C. L., Lee, Y. K. & Huang, D. Fungal-stressed germination of 

black soybeans leads to generation of oxooctadecadienoic acids in addition to 

glyceollins. Journal of Agricultural and Food Chemistry 55, 8589-8595 (2007). 

 



 



 

 

 CHAPTER 

3  

Induction of promising antibacterial 

prenylated isoflavonoids from different 

subclasses by sequential elicitation of 

soybean 
 

Elicited soybean seedlings can produce prenylated isoflavonoids from 

different subclasses. Recently, we showed that priming with reactive oxygen 

species (ROS) specifically stimulated the production of glyceollins in Rhizopus 

spp.-elicited soybean seedlings (ROS + R). Herein, we achieved 

diversification of the inducible subclasses of prenylated isoflavonoids in 

soybean, by additional stimulation of two prenylated isoflavones and one 

prenylated coumestan. This was achieved by using a combination of the 

relatively long-lived ROS representative, H2O2, with AgNO3 prior to microbial 

elicitation. Microbial elicitation was performed with a live preparation of either 

a phytopathogenic fungus, Rhizopus spp. or a symbiotic bacterium, Bacillus 

subtilis. B. subtilis induced 30% more prenylated isoflavones than Rhizopus 

spp. in (H2O2 + AgNO3)-treated seedlings, without significantly compromising 

the total levels of glyceollins, compared to (ROS + R)-treated seedlings. The 

most abundant prenylated isoflavone induced (60% of the total prenylated 

isoflavones), 6-prenyl daidzein and a prenylated coumestan, phaseol, were 

predicted to be promising antimicrobials dased on previously developed 

quantitative structure-activity relationship (QSAR) models. Overall, we show 

that treatment with H2O2 and AgNO3 prior to microbial elicitation leads to the 

production of promising antibacterial isoflavonoids from different subclasses. 

Extracts rich in prenylated isoflavonoids may potentially be applied as natural 

antimicrobial agents. 

Based on: Kalli, S.; Araya-Cloutier, C.; de Bruijn, W.J.C.; Chapman, J., & Vincken, J.-P. 

Induction of promising antibacterial prenylated isoflavonoids from different subclasses by 

sequential elicitation of soybean. Phytochemistry, 179, 112496 (2020). 
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3.1. Introduction  
The increasing demand for novel, natural antimicrobials for food preservation [1] 

and for combating drug-resistant pathogens [2] has triggered research to find 

methods for efficient production of structurally diverse, yet chemically-related 

compounds. Stressed soybeans (Glycine max (L.) Merrill, Leguminosae) produce 

different subclasses of prenylated isoflavonoids as part of their defence 

metabolism, from their non-prenylated biosynthetic precursors, daidzein and 

genistein (Figure 3.1). Prenylated pterocarpans (glyceollins) and prenylated 

isoflavones are the most important subclasses, but prenylated coumestans have 

been also found in stressed soybeans [3-5].  

 

Figure 3.1. Simplified biosynthetic pathway of the main prenylated isoflavonoids and their 
corresponding subclasses encountered in stressed soybeans (Glycine max). The prenyl group in 
its different configurations is highlighted in red. The different prenyltransferases involved in the 
biosynthesis of the two main subclasses of prenylated isoflavonoids (i .e. glyceollins and 
prenylated isoflavones) are demonstrated. Both possible prenylation positions (C2 and C4) on 
the glycinol backbone for the synthesis of glyceollins are also depicted. Based on Suzuki et al. 
(2006), Yoneyama et al. (2016) and Dewick et al. (1982) [6-8]. 

 

Glyceollins as such, are mainly known for their antifungal properties [9], 

whereas they serve as absolute precursors of the powerful antibacterials, 
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dehydroglyceollins [10]. Some dehydroglyceollins, for example, were shown to be 

active against the Gram-positive bacterium, Listeria monocytogenes, with 

minimum inhibitory concentrations (MICs) of 15 μg/mL (47 μM), while for their 

precursors, MICs higher than 50 μg/mL were found. In contrast, the prenylated 

isoflavones, wighteone and isowighteone were found to be very potent against both 

L. monocytogenes and Escherichia coli (MICs 10-25 μg/mL, 30-74 μM) [10]. So far, 

the antimicrobial activity of prenylated coumestans is not well documented. 

Prenylated coumestans have been reported as moderately or no potent against 

Gram-positives [11,12], but potent against Gram-negatives [13]. 

The amounts of defence metabolites in plants are relatively low and dependent 

on plant’s physiological and developmental stage [14-17] as well as on environmental 

factors [18,19]. Plant elicitation, i.e. the stimulation of biosynthesis of these 

metabolites upon the addition of small amounts of elicitors [20], is one of the most 

practically feasible techniques for the induction of these molecules [21]. Elicitation 

is often intertwined with priming, as the agents that can induce elicitation can act 

also act as primers [21,22]. Priming refers to a physiological state that a plant 

acquires in response to warning signals (e.g. microbially-derived, physical and 

chemical stimuli) in its environment [22,23]. Contrary to elicitation, priming involves 

short (and sometimes repetitive) [24,25] exposure to the stimuli, preserves the 

fitness of the plant and involves no or minimal induction of defensive genes [26]. 

After priming, plant’s defence mechanisms are more effectively induced upon 

subsequent attack [22,23]. 

Different classes of agents, such as biotic, including live microorganisms or 

fragments thereof, and abiotic, including metal ions and endogenous signalling 

molecules can stimulate defence responses in different ways [27,28]. Regarding 

microbial stress, fungal elicitation is the most employed strategy to stimulate 

production of prenylated isoflavonoids in legumes [29-32]. On the contrary, reports 

on the efficiency of bacterial elicitation are scarce and often contradicting [33-36]. 

The most relevant and systematic study on soybean elicitation with plant-growth 

promoting (PGPR) bacteria was reported by Ramos-Solano et al. (2010) [34]. It was 

suggested that Bacillus spp. cause mobilization of non-prenylated aglycone 

isoflavones from soybeans’ roots to shoots where they may play a role in defence. 

This effect did not compromise soybeans’ growth. However, no subsequent analysis 

on prenylated isoflavonoids was performed. 

Plants might respond differently to microbial stresses due to variability in 

pathogen recognition [37,38] and discrepancies have been observed even between 

different hosts of the same plant species [39]. Therefore, alternatives to microbial 

stress are sought for more controllable and reliable inductions [40]. Exogenous 

application of chemicals is readily used as an abiotic stimulator of plants’ secondary 

metabolism [21,41,42]. Farrell et al. (2017), for example, reported specific 

biosynthesis of glyceollin I in soybean seeds by 1 mM silver nitrate (AgNO3) but 

not with the same concentration of CuCl2 [28]. Later, 1 mM AgNO3 was shown to 

upregulate prenyltransferases involved in the production of both glyceollins and 
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prenylated isoflavones in soybean [43]. Furthermore, endogenous signalling 

molecules are also exploited to chemically stress plants. Reactive oxygen species 

(ROS) generated through Fenton’s reaction (H2O2 + Fe (II)), have been 

exogenously applied alone [44] or as a primer prior to fungus elicitation to stimulate 

glyceollin biosynthesis [39].  

In this study, a combination of H2O2 and AgNO3 was selected to treat soybean 

seedlings prior to microbial elicitation to stimulate the production of prenylated 

isoflavonoids from different subclasses, including the more antibacterial prenylated 

isoflavones. H2O2, the freely diffusible and relatively long-lived representative of 

ROS, is expected to regulate the fast entry of the plant into the primed state [45]. 

AgNO3 is expected to specifically target the biosynthesis of prenylated isoflavonoids 
[28,43]. Ag (I) does not participate in Fenton’s reaction [46], as is known for Fe (II) 
[39,44], thus H2O2 and AgNO3 should act independently. As microbial elicitors, a 

phytopathogenic, live fungus preparation (a mixture of Rhizopus oligosporus and 

Rhizopus oryzae) [47,48] or a live bacterial preparation of a symbiotic bacterium 

(Bacillus subtilis) [49] were used. We hypothesized that the symbiont will affect less 

the fitness of soybeans seedlings, thereby allowing more extensive secondary 

metabolism. Last, the effect of soybeans’ development stage on the induction of 

prenylated isoflavonoids was also investigated, by applying the treatments in 2d- 

and 4d- old soybean seedlings. The treatments and the sequence by which they 

were applied to the seedlings are depicted in Figure 3.2. 

 

 

Figure 3.2. Timeline of (H2O2 + AgNO3)-treatment with or without subsequent microbial 
elicitation of soybean seedlings. Microbial elicitation was performed with a live preparation of 
either a phytopathogenic fungus, Rhizopus spp. or a symbiotic bacterium, Bacillus subtilis. “Early” 
and “Late” refer to the time point of application of the (H2O2 + AgNO3)-treatment to 2d- and 4d- 
germinated seedlings, respectively. 



 Induction of different prenylated isoflavonoid subclasses by sequential elicitation  

57 
 

 3 

3.2. Materials and methods 

3.2.1. Materials 

Soybeans (Glycine max (L.) Merrill, Leguminosae) from the cultivar Envy were 

purchased from Vreeken’s Zaden (Dordrecht, the Netherlands). Tempeh starter 

culture (mixture of Rhizopus spp. oligosporus and Rhizopus spp. oryzae) was 

purchased from TopCultures (Zoersel, Belgium). H2O2 (30 % (w/w)) and standards 

of daidzein (≥ 98 %) and genistein (≥ 98 %) were purchased from Sigma Aldrich 

Chemie B.V. (Zwijndrecht, The Netherlands). ULC-MS grade acetonitrile (ACN) with 

0.1 % (v/v) formic acid (FA), water with 0.1 % (v/v) FA, and methanol (MeOH) 

were purchased from Biosolve BV (Valkenswaard, the Netherlands). AgNO3 

(≥99.0%) was purchased from VWR International B.V. (Amsterdam, the 

Netherlands) and NaCl was purchased from Sigma Aldrich Chemie B.V.. n-Hexane 

and 96% (v/v) aqueous ethanol were obtained from VWR International B.V.. 

Bacillus subtilis (ATCC 6633) was kindly provided by the Laboratory of Food 

Microbiology of Wageningen University and Research (Wageningen, the 

Netherlands). Brain heart infusion broth was purchased from BD (Franklin Lakes, 

NJ, USA), malt extract agar (CM59) and bacteriological agar from Oxoid Ltd 

(Basingstoke, UK). Peptone physiological salt solution (PPS) was purchased from 

Tritium Microbiologie (Eindhoven, the Netherlands). Standards of prenylated 

isoflavones (lupiwighteone, isowighteone and neobavaisoflavone) were purchased 

from Plantech UK (Berkshire, UK). 

3.2.2. Methods 

3.2.2.1. Application of (H2O2 + AgNO3)-treatments to soybean 

seedlings 

Soybeans were treated in a modified sprouting machine (MikroFarmTM EQMM; Easy-

Green, San Diego, CA, USA) as described previously [39]. In all treatments, 50 g of 

seeds (~ 250) were subjected to three phases: soaking (1 day), germination (2 or 

4 days), elicitation (1-5 days) as described by Kalli et al. (2020) [39].  

Elicitation treatments were sequentially applied on 2-day old (“Early” 

application) or 4-day old (“Late” application) germinated seedlings. The 

(iso)flavonoid content of the sequentially elicited seedlings was subsequently 

monitored daily for five days. A time-line of the experimental set-up can be found 

in Figure 3.2. 

Treatment with H2O2+ AgNO3 was performed by first immersing the seedlings 

in 1 mM AgNO3 solution (10 mL/g dry seed) for 30 min under continuous swirling. 

Then, the seedlings were drained from the metal ion solution and subsequently 

immersed in a 1 M H2O2 solution (10 mL/g dry seed) for another 30 min and 

continuously swirled. Subsequently, the H2O2 solution was drained and the 

seedlings thoroughly rinsed with water. (H2O2 + AgNO3)-treated seedlings were 

subjected to microbial elicitation with either with the fungus, Rhizopus 
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oligosporus/oryzae (in brief, Rhizopus spp.) or with the rhizobacterium, Bacillus 

subtilis. For the fungal inoculation, a suspension of fungal sporangia was prepared 

by scrapping off the Rhizopus spp. culture, grown in malt extract agar plates, for 

7 days at 30 ˚C in the dark (approximately 107 CFU/mL). Bacterial cell suspensions 

were prepared by streaking Bacillus subtilis from a -80°C glycerol stock onto a 

brain heart infusion (BHI) agar plate and incubated for 24 h at 30°C in the dark. 

One colony was transferred to BHI broth (10 mL) and further incubated for 18 h at 

30°C in the dark. The overnight bacterial culture was diluted with BHI 

(approximately 107 CFU/mL). The microbial spore/cell suspensions (0.4 mL/g dry 

seed) were poured over the germinated seedlings and the inoculated seedlings 

were incubated for a maximum of 5 days at 30 ˚C and 100 % RH. All treatments 

were performed in the dark and in three independent replicates. An overview of 

the elicitation treatments discussed in this work can be found in Table 3.1. 

Table 3.1. Elicitation treatments performed on 2d-old (“Early” application) and 4d-old (“Late” 
application) soybean seedlings. 

Process Treatment a 

Abiotic elicitation H2O2+ AgNO3 

Microbial elicitation R 

B 

Sequential elicitation (H2O2
 
+ AgNO3) + R 

(H2O2
 
+ AgNO3) + B 

a R: Rhizopus spp., B: Bacillus subtilis 

3.2.2.2. Ethanolic extraction of defatted soybean seedlings 

Seedlings were extracted according to an established protocol [39]. In short, 

seedlings were freeze-dried and milled. The powder was defatted with hexane and 

extracted with 96% (v/v) aqueous ethanol. The ethanol extract was dried under 

reduced pressure, resolubilised in methanol at a concentration of 5 mg/mL and 

stored at −20 °C until analysis. All samples were centrifuged (15,000g, 5 min; 

room temperature) prior to analysis. 

3.2.2.3. Compositional analysis of ethanolic, seedling extracts by RP-

UHPLC-PDA-ESI-MS 

Samples were analysed by RP-UHPLC-MS on an Accela UHPLC system (Thermo 

Scientific, San Jose, CA, USA) equipped with a pump, autosampler, PDA detector, 

and ESI-ion trap-MS. Identical column, eluents, and gradient elution program were 

used as reported as described elsewhere [39]. Mass spectrometric analysis was 

performed on a Velos Pro (Thermo Scientific) equipped with an heated ESI-MS 

probe coupled to in-line to the RP-UHPLC system as described elsewhere [39].  
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3.2.2.4. Tentative annotation and quantification of isoflavonoids 

Annotation and quantification of phytochemicals was performed as described 

previously by Kalli et al. (2020) [39]. In short, isoflavonoids were tentatively 

annotated based on MS spectral data and identified based on the ultraviolet (UV) 

absorbance at 280 nm. 

A standardized six-point (1-100 µg/mL) calibration curve based on an external 

standard of daidzein (R2 = 0.995) was used for the quantification of (iso)flavonoids. 

Compounds were first converted to mg daidzein equivalents per g of dry weight of 

the seedling (mg DE /g DW). Then, the quantities of each compound were corrected 

for the differences in molar extinction coefficients between the standards and the 

compounds of interest, using Lambert-Beer’s law (Eq.3.1), using the molar 

extinction coefficients reported by Kalli et al. (2020) [39]. 

BBAA CC  = (Eq.3.1) 

Ultimately, the quantities of the compounds were expressed in µmol 

isoflavonoid per gram of seedling’s dry weight (µmol/g DW).  

3.2.2.5. Statistical analysis 

Statistical analysis was performed using the SPSS Statistics software package 

(version 23, IBM, Armonk, NY, USA). Differences in the amounts of isoflavonoid 

subclasses between pairs of treatments were evaluated for significance (p < 0.05) 

with independent samples t-test. Over-time differences in the amounts of 

isoflavonoid subclasses within the same treatment were assessed with Tukey’s post 

hoc multiple comparison test (p < 0.05). 

3.2.2.6. Prediction of antibacterial potency of 6-prenyl daidzein and 

phaseol 

The antibacterial potency of 6-prenyl daidzein and phaseol was predicted based on 

two already developed QSAR models for the bacteria, L. monocytogenes (Gram-

positive) and E. coli (Gram-negative) [10]. First, chemical structures were drawn in 

the modelling software (Molecular Operating Environment, MOE, v.2019.08, 

Chemical Computing Group). A conformational search (LowModeMD, RSM gradient 

0.1 kcal/mol/Å, other settings default) was performed and the conformation with 

the lowest energy was further refined using MOPAC force field (RSM gradient 0.01 

kcal/mol/Å). Optimized chemical structures were used to calculate different 

molecular descriptors available in MOE. 

Already proposed QSAR models for the prediction of prenylated (iso)flavonoids 

against L. monocytogenes (Eq.3.2) and E. coli (Eq.3.3) were used to calculate the 

minimum inhibitory concentrations (MICs) of 6-prenyl daidzein and phaseol.  

𝑦 = 2.71 + 0.4 ∗ 𝐾𝑖𝑒𝑟𝐴3 + 1.13 ∗ 𝑟𝑠𝑦𝑛𝑡ℎ − 0.07 ∗ 𝑣𝑠𝑢𝑟𝑓_𝐷𝐷12 − 0.16 ∗  𝑣𝑠𝑢𝑟𝑓_𝐼𝑊4 + 0.29 ∗

𝑣𝑠𝑢𝑟𝑓_𝐼𝐷8 (Eq.3.2) 

𝑦 = 1.60 + 𝑏_𝑐𝑜𝑢𝑛𝑡 ∗ 0.06 + 1.54 ∗ 𝑠𝑡𝑑_𝑑𝑖𝑚3 + 0.74 ∗ 𝑣𝑠𝑢𝑟𝑓_𝐼𝑊2 + 0.80 ∗ 𝑟𝑔𝑦𝑟 − 0.28 ∗

𝑣𝑠𝑢𝑟𝑓_𝐼𝑊4 (Eq.3.3) 
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Both compounds were found to fit within the applicability domains of the 

models, as determined by the standardization method [50]. 

3.3. Results and discussion 

3.3.1. Chromatographic profile and annotation of 

isoflavonoids in (H2O2 + AgNO3)-treated soybean 

seedlings 

The RP-UHPLC-PDA chromatograms of ethanol extracts of (H2O2 + AgNO3)-treated 

(and subsequently elicited) soybean seedlings are shown in Figure 3.3 and 

compared to the recently proposed ROS + R, i.e. (H2O2 + Fe (II)), which is used 

as a benchmark in this study. Treatment with (H2O2+ AgNO3) stimulated the 

production of 12 and 13 which were tentatively annotated as neobavaisoflavone 

(3'-prenyldaidzein) and 6-prenyl daidzein [51], respectively. When (H2O2
 
+ AgNO3)-

treated seedlings were subsequently elicited with Rhizopus spp. or Bacillus subtilis, 

the levels of prenylated isoflavones increased significantly. In addition to 12 and 

13, they also substantially accumulated phaseol (4-prenylcoumestrol) [3,5] (15), 

lupiwighteone (8-prenyl genistein) (16), isowighteone (3’-prenyl genistein) [51] 

(17) and the C2-glyceollin, glyceollin IV (18) [52]. Interestingly, compounds 12-

17 were weakly or not consistently induced over-time in ROS + R [39].  

All treated seedlings accumulated the three main glyceollin isomers, namely 

the only C4-glyceollin present in the extracts, glyceollin I (11) and the C2-

glyceollins, glyceollin II and III (9 and 10). In addition, the C2-glyceollins, 

glyceofuran (6) and glyceollidin II (8) were also identified [29]. The concomitant 

production of the newly induced prenylated isoflavones and prenylated coumestans 

together with glyceollins shows that the latter were not sacrificed at the expense 

of the former two [29,39]. This finding shows that (H2O2
 
+ AgNO3)-treatment prior 

to microbial elicitation results in diversification in the induced subclasses of 

prenylated isoflavonoids; from mainly glyceollins as induced by ROS + R [39] to the 

additional induction of prenylated isoflavones and of a prenylated coumestan 

(Figure 3.3). 

The major non-prenylated isoflavonoids typically found in soybeans, namely 

daidzein (4) and genistein (7) [6], together with their glycosides, daidzin (1),the 

malonylated glycoside of daidzein (6"‐O‐malonyldaidzin) (2) and of genistein (6"‐

O‐malonylgenistin) (3), were also identified in the extracts and represented more 

than 90% of the annotated peaks in the germination control (Figure 3.3). 

Soyasaponin βg (14), constitutively present in the soybeans, was not considered 

further due to its weak antimicrobial potential [51]. The annotated isoflavonoids all 

(H2O2 + AgNO3)-treated seedlings can be found in Table S3.1. 
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Figure 3.3. RP-UHPLC-PDA (280 nm) profiles of 96% (v/v) EtOH extracts of germinated (without 
any treatment application), ROS-primed and subsequently Rhizopus spp. (R)-elicited [39], (H2O2

 
+ 

AgNO3)-treated and (H2O2
 
+ AgNO3)-treated and subsequently R-elicited soybean seedlings. 

Extracts correspond to 7d-old seedlings, where treatments (if any) were applied on the 4 th day of 
germination. Peak numbers refer to compounds in Table S3.1. 

3.3.2. Abiotic elicitation with H2O2 + AgNO3 alone can 

circumvent biotic agents in the induction of glyceollins 

The effect of soybeans’ developmental stage on the induction of the different 

subclasses of prenylated isoflavonoids by the (H2O2 + AgNO3)-treatments was 

studied. For this, the treatments were applied to the seedlings at different 

moments, i.e. after 2 days of germination (“early”) and after 4 days of germination 

(“late”) (Figure 3.2). “Late” treatment with H2O2 + AgNO3 without subsequent 

elicitation triggered a 1.5-times increase in glyceollin levels compared to “Early” 

application, with a maximum of 4.5 ± 0.3 μmol/g DW on the 4th day after the 

treatment (Figure 3.4A). This finding further corroborates the fact that older 

soybean seedlings respond better to elicitation treatments with respect to 

glyceollin induction than their younger counterparts [14,17,39]. “Late” (H2O2+ 

AgNO3)-treatment without subsequent elicitation performed similarly to “Late” ROS 

+ R in the induction of glyceollins (4.6 ± 0.3 µmol glyceollins/g DW) when applied 

in 4d- and 3d- old seedlings, respectively, of the same soybean cultivar (Figure 

3.4A). This finding suggests that the purely chemical treatment resembles more 
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to elicitation than to priming, despite the short exposure of the seedlings to the 

agents. Furthermore, the “Late” (H2O2
 
+ AgNO3)-elicitation resulted in similar 

induction of C2- and C4- glyceollins (48:52, Table S3.3) whereas the “Late” ROS 

+ R was found to favour more the production of C4- glyceollins (36:64) [39] on the 

optimal day of the treatments. This finding shows that the newly proposed abiotic 

treatment might also lead to higher diversity of the induced glyceollins compared 

to the recently published ROS + R.  

Along with the increased levels of glyceollins, the treatment with H2O2+ AgNO3 

alone slightly triggered the production of approximately 0.3  ±  0.05 μmol/g DW 

prenylated isoflavones (on the 4th day after elicitation), regardless the time of 

application of elicitation (“Early” or “Late”) (Figure 3.4A).  

Last, seedlings treated with H2O2
 
+ AgNO3 consistently contained more than 

50% less glycosylated isoflavonoids (Figure 3.4A) compared to ROS + R (Figure 

S3.1) [39]. The most affected compound was 6"‐O‐malonyldaidzin (2) (Table S3.2 

and S3.5), which was approximately 75% less in the (H2O2 + AgNO3)-treatment. 

This seems to corroborate the hypothesis that AgNO3 stimulates specific 

deglycosylation of 6"‐O‐malonyldaidzin and subsequent generation of precursors 

for prenylation [28].  

Overall, we suggest the potential of a combined, purely abiotic elicitation 

treatment (H2O2 + AgNO3) to circumvent microbial agents (ROS + R) in the 

induction of glyceollins. Since all plants seem to share a similar signal transduction 

pathway, elicitation with chemicals will enable a more universally applicable and 

controllable approach than approaches involving biotic agents.  
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Figure 3.4. Isoflavonoid content (µmol/g DW) of “early” and “late” (H2O2 + AgNO3)-treated (A) 
and (H2O2 + AgNO3)-elicited prior to R- or B- elicited (B) soybean seedlings over five days. 
Isoflavonoids are classified into four main families (from top to bottom); i.e. glycosylated 
isoflavonoids (white), non-prenylated aglycones (patterned), glyceollins (light grey) and 
prenylated isoflavones (dark grey). Phaseol contents (black) are also depicted for sequential 
elicitation treatments (B). Error bars indicate the standard deviation of three biological 
replicates. Quantification of the individual isoflavonoids over-time per treatment can be found in 
Tables S3.2-S3.4. Statistical analysis (Tukey’s test, p < 0.05) of the over-time differences in each 
isoflavonoid subclass within the same treatment can be found in Table S3.8. 
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3.3.3. Microbial elicitation after (H2O2 + AgNO3)-elicitation 

boosts the production of prenylated isoflavones and of 

the prenylated coumestan, phaseol 

Elicitation with (H2O2 + AgNO3) without a subsequent microbial elicitation had a 

stimulatory effect on the induction of glyceollins and a smaller triggering effect on 

the production of isoflavones. When chemical elicitation was followed by microbial 

elicitation, the biosynthesis of prenylated isoflavones was enhanced further by 3-

4 times. Bacillus subtilis was more effective in inducing prenylated isoflavones than 

Rhizopus spp. when applied “late” in (H2O2 + AgNO3)-elicited seedlings, at all time-

points (Figure 3.4B). On the contrary, both microorganisms induced similar 

glyceollin levels in (H2O2
 
+ AgNO3)-elicited seedlings over time (Figure 3.4B). 

Interestingly, Rhizopus spp. (phytopathogenic) generally outperformed Bacillus 

subtilis (symbiont) in terms of glyceollin production when these were applied alone 

without prior elicitation (Figure S3.2). This discrepancy in the effects of the 

microorganisms, when used as direct elicitors or after elicitation, has not been 

reported before. It might be related to the differential recognition of B. subtilis as 

a symbiont or as a pathogen by non-elicited or already elicited soybeans, 

respectively. This differential recognition may have an effect on the balance 

between maintaining plant’s vitality and inducing the production of defensive 

metabolites [53,54].  

Unlike glyceollins, prenylated isoflavones were already maximally induced 

upon “early” application of the sequential elicitation treatment. Later application 

of the treatment did not lead to a consistent increase in prenylated isoflavones. 

Prenylation of isoflavonoids in soybean is catalysed via two classes of 

prenyltransferases, the glycinol prenyltransferases yielding glyceollins and the 

isoflavone prenyltranferases yielding prenylated isoflavones (Figure 3.1) [7]. Early 

induction of prenyltransferases involved in direct prenylation of isoflavones by 

AgNO3 has been shown before [43].  

The increased prenylated isoflavone accumulation in sequentially elicited 

seedlings, compared to only (H2O2 + AgNO3)-elicited ones, can be partially 

explained by the comparably low levels of glycosylated isoflavonoids observed in 

both cases (Figure 3.4A and B), compared to ROS + R (Figure S3.1). 

Nevertheless, the combined treatments seem to additionally upregulate the activity 

of isoflavone-specific prenyltransferase(s). 

Sequential elicitation treatments additionally stimulated the synthesis of 

phaseol (Figure 3.4B). Phaseol (4-prenyl coumestrol) derives from daidzein as a 

distant precursor [8], similarly to glyceollins and to prenylated isoflavones (Figure 

3.1). Seedlings accumulated more pronounced levels of phaseol upon late 

application of sequential elicitation, regardless the microbe used (Figure 3.4B). 

Even though phaseol has been reported before in soybean seedlings [3,4], there is 

no information on its antimicrobial potency. 
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3.3.4. “Late” elicitation with (H2O2 + AgNO3) prior to biotic 

elicitation, the new protocol for induction of a wide 

array of prenylated isoflavonoids subclasses 

Overall, abiotic elicitation prior to microbial elicitation and seedlings’ age seem 

important in improving the biosynthetic capacity of the soybean seedlings. Since 

the “Late” treatments resulted in maximum accumulation of all subclasses of 

prenylated (iso)flavonoids, i.e. glyceollins, prenylated isoflavones and the 

prenylated coumestan, the “Late” treatments are considered as optimal and are 

further compared (Figure 3.5).  

 

Figure 3.5. Content (µmol/g DW) of prenylated isoflavonoids in (H2O2 + AgNO3)-elicited (and 
subsequently B. subtilis (B)- or Rhizopus spp. (R)- elicited) soybean seedlings in comparison to 
the recently proposed priming and elicitation treatment, ROS + R published by Kalli et al. (2020) 
[39]. Prenylated isoflavonoids were classified into (from right to left): C4-glyceollins (light grey), 
C2-glyceollins (light grey striped), prenylated isoflavones (grey), and phaseol (dark grey). 
Treatments are shown at their optimum day (4d for (H2O2 + AgNO3)-elicited and 3d for the 
sequentially elicited or ROS + R treatments) after “late” application with respect to maximum 
prenylated isoflavonoid accumulation. Error bars indicate the standard deviation of the three 
biological replicates. Asterisks signify a statistically higher accumulation of a specific prenylated 
isoflavonoid subclass compared to the rest of the treatments (p < 0.05). 
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the studied microorganisms, B. subtilis induced the accumulation of 30% more 

prenylated isoflavones than Rhizopus spp. in (H2O2
 
+ AgNO3)-elicited seedlings 

(0.8 ± 0.1 μmol/g DW and 1.2 ± 0.1 μmol/g DW for R- and B- elicitation, 

respectively) (Figure 3.5). This increase in prenylated isoflavones was mainly 

attributed to the enhanced accumulation of 6-prenyl daidzein (60% of the total 

induced prenylated isoflavones, Table S3.4). Neobavaisoflavone was the second 

most strongly induced prenylated isoflavone (over 25% of the total induced 

prenylated isoflavones, Table S3.4) in sequentially elicited seedlings. 

Isowighteone and lupiwighteone make up the complete prenylated isoflavone pool 

(Table S3.4). Along with prenylated isoflavones, the prenylated coumestan, 

phaseol was induced at levels of 0.3 ± 0.06 μmol/g DW in sequentially elicited 

seedlings on the optimal day (3rd after the treatment) (Figure 3.5).  

Maximal induction of prenylated isoflavones upon the “late” subsequent 

elicitation treatments occurred without significantly compromising the levels of 

total induced glyceollins (3.8 ± 0.3 μmol/g DW for both R- and B- elicitation) 

compared to ROS + R (4.6 ± 0.3 μmol/g DW). This indicates that (H2O2+ AgNO3)-

elicitation prior to microbial elicitation is able to specifically induce prenylated 

isoflavones (Figure 3.5), whereas ROS-priming prior to R-elicitation targeted 

mainly glyceollin production [39].  

Overall, we propose elicitation of 4d-old (instead of 2d-old) soybean seedlings 

with H2O2 and AgNO3 before microbial elicitation for the simultaneous enhanced 

production of three subclasses of prenylated isoflavonoids (i.e. pterocarpans, 

isoflavones and coumestans) in soybean seedlings. The symbiont, B. subtilis was 

shown to be more effective than the phytopathogenic, Rhizopus spp. in the 

induction of prenylated isoflavones in sequentially elicited seedlings.  

As might be expected, the use of AgNO3 can rise safety and environmental 

concerns as metallic silver is anticipated to be deposited on the seedlings in the 

presence of H2O2 [46] and subsequently in the rinsing water (section 3.2.2.1). 

Cost-effective, simple technologies that recover silver from waste waters, 

minimizing its environmental impact are available (for an example, see [55] and for 

a review, see [56]). Furthermore, co-extraction of any residual silver present in the 

seedlings with the compounds of interest should be limited when pure organic 

solvents (e.g. ethyl acetate), known to maximize the extractability of prenylated 

isoflavonoids, are used [57].  

3.3.5. QSAR-based prediction of the antibacterial potency of 

6-prenyl daidzein and phaseol 

In this study, treated seedlings were extracted with 96% (v/v) EtOH to obtain and 

study the entire range of isoflavonoid families (glycosylated, aglycone and 

prenylated). As the antimicrobial activity of crude extracts (containing glycosylated 

and aglycone isoflavonoids) is low [51], enrichment of the extracts in prenylated 

isoflavonoids or purification of prenylated isoflavonoids are suitable strategies to 
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obtain potent, natural antimicrobials. Several reports on the antibacterial activity 

of purified prenylated isoflavonoids is available in literature [10,58,59]. In particular, 

certain prenylated isoflavones have been shown to be powerful antibacterial agents 

against the food-borne Gram-positive pathogen L. monocytogenes and the 

clinically-relevant Gram-negative pathogen E.coli [10]. Among the most abundant 

prenylated isoflavones induced by our proposed sequential elicitation protocol, 

neobavaisoflavone has showed high potency towards E.coli (20 µg/mL, 59 µM), in 

the presence of an efflux pump inhibitor, and more moderate activity against L. 

monocytogenes (50 µg/mL, 155 µM) [10]. 

The most strongly induced prenylated isoflavone by sequential elicitation, 6-

prenyl daidzein, and the prenylated coumestan, phaseol, have not been tested for 

their antimicrobial potency yet. To predict their antibacterial potency, the 

structures of molecules were inputed to MOE (Molecular Operating Environment) 

and molecular descriptors corresponding to these structures were calculated 

(Table S3.9). With these descriptors, the antibacterial potency of these two 

compounds against L. monocytogenes and E. coli was predicted by using QSAR 

models already developed against these two bacteria (Eq.3.2 and Eq.3.3, section 

3.2.2.6). The predicted antibacterial activity of 6-prenyl daidzein and phaseol can 

be found in Table 3.2. 6-Prenyl daidzein was predicted as very active, having a 

MIC value of 6.9 µg/ mL (21 µM) and 9.1 µg/ mL (28 µM) against L. monocytogenes 

and E. coli, respectively. Phaseol was predicted to be potent having a MIC value of 

36 µg/ mL (108 µM) and 23 µg/mL (69 µM) against the two bacteria, respectively. 

Based on these predictions, it is worthwhile to evaluate in-vitro the antibacterial 

activity of the purified compounds.  

Table 3.2. Antibacterial activity of 6-prenyl daidzein and phaseol as predicted by using already 
developed QSAR models for L. monocytogenes and E. coli [10]. 

Bacterium 

Predicted antibacterial activity 

pMIC in M (MIC, μM) 

6-Prenyl daidzein Phaseol 

L. monocytogenes 4.67 (21) 3.97 (108) 

E. coli* 4.55 (28) 4.16 (69) 

* Activity predicted in the presence of an efflux pump inhibitor (PAβN) 

3.4. Conclusions 
A combination of H2O2 and AgNO3 was used to induce different subclasses of 

prenylated isoflavonoids in microbially-elicited soybean seedlings. (H2O2
 
+ AgNO3)-

treatment without subsequent microbial elicitation was as effective in inducing 

glyceollins (4.5  ±  0.3 μmol/ g DW) as the recently proposed, priming and 

elicitation treatment (ROS + R). This finding suggests that abiotic elicitation may 

circumvent the use of microbial agents for glyceollin production. Additionally, 

treatment with H2O2 and AgNO3 triggered the synthesis of prenylated isoflavones, 
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which were substantially boosted (3-4 fold) by subsequent microbial elicitation. 

Elicitation with the symbiotic bacterium, Bacillus subtilis, induced 30% more 

prenylated isoflavones in (H2O2
 
+ AgNO3)-treatment seedlings than with the 

phytopathogenic fungus, Rhizopus spp. This increase was mainly attributed to the 

production of 6-prenyl daidzein (60% of the total induced prenylated isoflavones). 

Besides this, the prenylated coumestan, phaseol was boosted by the sequential 

elicitation treatments. The antibacterial potency of the newly induced 6-prenyl 

daidzein and phaseol was predicted by previously developed QSAR models. Both 

compounds were predicated to be promising antibacterials against L. 

monocytogenes and E.coli, although 6-prenyl daidzein was predicted to be 2-5 

times more potent than phaseol. 

We propose elicitation of 4d-old soybean seedlings with H2O2 and AgNO3 

before B. subtilis elicitation for the simultaneous induction of the three isoflavonoid 

subclasses: prenylated pterocarpans (glyceollins), isoflavones and coumestans. 

These results show that sequential elicitation can be used to produce extracts 

containing prenylated isoflavonoids from different subclasses, which, after 

enrichment or purification, may be used as natural antibacterial agents. 
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3.7. Supplementary information 

3.7.1. Supplementary figures 

 

 

Figure S3.1. Isoflavonoid content (µmol/g DW) of “early” and “late” ROS + R- treated soybean 
seedlings over five days published earlier by Kalli et al. (2020) [1] . Isoflavonoids are classified 
into four main families, i.e. glycosylated isoflavonoids (white), non-prenylated aglycones 
(patterned), glyceollins (grey) and prenylated isoflavones (dark grey). Error bars indicate the 
standard deviation of three biological replicates. 
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Figure S3.2. Isoflavonoid content (µmol/g DW) of “early” and “late” R- or B- elicited soybean 
seedlings over five days. Isoflavonoids are classified into four main families, i.e. glycosylated 
isoflavonoids (white), non-prenylated aglycones (patterned), glyceollins (grey) and prenylated 
isoflavones (dark grey). Error bars indicate the standard deviation of three biological replicates. 
Quantification of the individual isoflavonoids over-time per treatment can be found in Tables 
S3.5-S3.7. Statistical analysis (Tukey’s test, p < 0.05) of the over-time differences in each 
isoflavonoid subclass within the same treatment can be found in Table S3.8. 
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3.7.2. Supplementary tables 
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Table S3.9. Descriptors used for the calculation of the predicted antibacterial activity (pMIC , M) 
of 6-prenyl daidzein and phaseol against L. monocytogenes (Gram-positive) and E. coli (Gram-
negative) using already developed QSAR models (Eq.3.2 and 3.3, section 3.2.2.6). 

  6-Prenyl daidzein Phaseol 

L. monocytogenes 

KierA3 3.11 2.39 

rsynth 0.67 0.32 

vsurf_DD12 0.50 1.00 

vsurf_IW4 1.59 1.38 

vsurf_ID8 0.85 0.79 

pMIC in M (MIC, μM) 4.67 (21 µM) 3.97 (108 µM) 

E. coli 

bcount 44.0 44.0 

std_dim3 0.90 0.79 

vsurf_IW2 1.41 1.33 

rgyr 4.51 4.16 

vsurf_ID8 0.85 0.79 

pMIC in M (MIC, μM) 4.55 (28 µM) 4.16 (69 µM)  

 

3.7.3. Supplementary references 

[1] Kalli, S., Araya-Cloutier, C., Lin, Y., de Bruijn, W. J., Chapman, J. & Vincken, 

J.-P. Enhanced biosynthesis of the natural antimicrobial glyceollins in soybean 

seedlings by priming and elicitation. Food Chemistry, 126389 (2020). 

[2] Simons, R., Vincken, J. P., Bakx, E. J., Verbruggen, M. A. & Gruppen, H. A rapid 
screening method for prenylated flavonoids with ultra‐high‐performance liquid 

chromatography/electrospray ionisation mass spectrometry in licorice root 

extracts. Rapid Communications in Mass Spectrometry: An International 

Journal Devoted to the Rapid Dissemination of Up‐to‐the‐Minute Research in 

Mass Spectrometry 23, 3083-3093 (2009). 

[3] Aisyah, S., Gruppen, H., Madzora, B. & Vincken, J.-P. Modulation of isoflavonoid 

composition of Rhizopus oryzae elicited soybean (Glycine max) seedlings by 

light and wounding. Journal of Agricultural and Food Chemistry 61, 8657-8667 

(2013). 

[4] Araya-Cloutier, C., den Besten, H. M., Aisyah, S., Gruppen, H. & Vincken, J.-P. 

The position of prenylation of isoflavonoids and stilbenoids from legumes 

(Fabaceae) modulates the antimicrobial activity against Gram positive 

pathogens. Food Chemistry 226, 193-201 (2017). 

[5] Decroos, K., Vincken, J.-P., Van Koningsveld, G. A., Gruppen, H. & Verstraete, 

W. Preparative chromatographic purification and surfactant properties of 

individual soyasaponins from soy hypocotyls. Food Chemistry 101, 324-333 

(2007). 

 

 



 



 CHAPTER 

4.  

Prenylated (iso)flavonoids as agents against 

methicillin-resistant Staphylococcus aureus 

 

The high resistance towards currently used antibiotics has urged the development 

of new, natural therapeutics towards methicillin-resistant Staphylococcus aureus 

(MRSA). Prenylated (iso)flavonoids, present mainly in the Fabaceae, can serve as 

promising candidates. Herein, the anti-MRSA properties of 23 prenylated 

(iso)flavonoids were assessed in-vitro and in-silico. The di-prenylated 

(iso)flavonoids, glabrol (flavanone) and 6,8-diprenyl genistein (isoflavone), 

together with the mono-prenylated, 4’-O-methyl glabridin (isoflavan), were the 

most active anti-MRSA compounds (minimum inhibitory concentrations (MIC) ≤ 

10 µg/mL, 30 µM). The in-house activity data was complemented with literature 

data to yield an extended, curated dataset of 67 molecules for the development 

of robust QSAR prediction models. A model with four descriptors was obtained, 

having a good fit (R2
adj 0.61), low average prediction errors and a good predictive 

power (Q2) for the training (4% and Q2
LOO 0.57, respectively) and the test set (5% 

and Q2
test 0.75, respectively). Furthermore, the model predicted well the activity 

of an external validation set of 10 compounds (on average 5% prediction errors). 

Our best QSAR model was additionally assessed for its capacity to predict the level 

of activity (low, moderate, high) of prenylated (iso)flavonoids been tested against 

other Gram-positive bacteria. The model classified correctly 73% of these 

compounds. Last, a pharmacophore model was constructed and predicted the anti-

MRSA activity all (77) prenylated (iso)flavonoids with an accuracy of 65%. Based 

on the QSAR analysis and the pharmacophore results, prenylated (iso)flavonoids 

with fundamentally different molecular properties, such as acidic or highly 

hydrophobic, appeared equally effective anti-MRSA agents, suggesting potentially 

different mode of action.  

Based on: Kalli, S.; Araya-Cloutier, C.; Hageman, J.; Vincken, J.-P. Prenylated (iso)flavonoids as 

agents against methicillin-resistant Staphylococcus aureus - Insights into the molecular properties 

underlying antibacterial activity. Submitted for publication. 
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4.1. Introduction  
Staphylococcus aureus (SA) and its oxacillin-resistant form (methicillin-resistant, 

MRSA) is one of the leading causes of healthcare-associated infections worldwide 
[1]. Furthermore, MRSA has also emerged as a major cause of community-

associated and livestock infections [2]. In the United States, even though hospital-

associated MRSA infections decreased by 5.4% from 2013 to 2016, community-

associated infections increased by 1.6% [3]. In Europe, MRSA is a public health 

concern for Southern and Eastern European countries, in particular [4]. The World 

Health Organization has referred to MRSA as a high priority pathogen for the 

development of new therapeutics [5]. Over the last 30 years, only a few antibiotics 

have been approved as anti-MRSA agents, but MRSA has already developed 

resistance towards them [6]. 

Novel chemical scaffolds with different modes of action to currently used 

antibiotics are constantly being investigated [7]. Prenylated flavonoids and 

isoflavonoids, collectively termed as (iso)flavonoids, as well as stilbenoids, have 

shown promising antibacterial activity against clinically-relevant pathogens, 

including MRSA [8,9]. Prenylated phenolic compounds are a class of secondary 

defence metabolites produced by species of the Fabaceae family upon (a)biotic 

stress [10]. Attachment of the prenyl moiety (3,3-dimethylallyl) to a phenolic 

skeleton is known to increase its antibacterial potency, due to the increased 

hydrophobicity conferred to the molecule [11].  

Several efforts have been made in correlating essential structural features of 

prenylated (iso)flavonoids with their anti-MRSA activity. Clear structure-activity 

relationships (SARs) remain difficult to be established due to the extensive 

structural diversity of prenylated (iso)flavonoids. This chemical diversity stems 

mainly from the different (iso)flavonoid subclasses (21 known to date). 

(Iso)flavones, (iso)flavanones, isoflavans, pterocarpans, pterocarpenes, 3-

arylcoumarins, and 2-arylbenzofurans are some of the main (iso)flavonoid 

subclasses encountered in Fabaceae [10,12]. Chemical diversity increases further by 

the presence of substituents other than the prenyl group (hydroxyl, methoxyl), as 

well as the different configuration that the prenyl group can have (chain, pyran or 

furan). Therefore, SARs that apply to one subclass of prenylated (iso)flavonoids 

might not apply to another.  

Methylation is one of the most common decorations of prenylated 

(iso)flavonoids. Methylation at the C7, for example, slightly reduces the anti-MRSA 

activity of prenylated isoflavones [13,14], has no effect on the activity of prenylated 

isoflavans, while it was shown detrimental for prenylated coumarins [13]. Chain 

prenylation seems more favourable than ring prenylation in prenylated isoflavones 

with respect to anti-MRSA activity [14-16]. In contrast, the ring-prenylated 

pterocarpan, phaseollin (MIC 78 µM) is active, whereas its chain-prenylated 

analogue, phaseollidin has lower anti-MRSA activity (MIC 154 µM) [16]. Prenylation 

at C6 of isoflavones [14] is better for anti-MRSA activity than C8-prenylation [13], 
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whereas the opposite seems to be preferred for flavanones [17], consistent with the 

results for other G+ bacteria [18].  

Since prenylation-dependent hydrophobicity is not the only determinant of 

antibacterial activity, more systematic SARs are necessary to rationally portray 

how the overall molecular characteristics influence anti-MRSA activity. In silico 

tools, such as QSAR and pharmacophore modelling [19] can aid the elucidation of 

these molecular characteristics. Properties, such as shape (flexibility and 

globularity) and surface (hydrophilic/hydrophobic regions) of prenylated 

(iso)flavonoids, have been shown to contribute to their antibacterial activity 

against the Gram-positive, Listeria monocytogenes [18]. To date, the most 

systematic (Q)SAR study on the activity of (iso)flavonoids against SA or MRSA has 

been performed by Sadgrove et al. (2020) [20]. However, this study considered 

molecules only from Erythrina species (Fabacae) including non-prenylated, 

prenylated, geranylated (iso)flavonoids and a chromen-4-one derivative. By using 

regression QSAR modelling, the importance of hydrogen-bonding, hydrophobicity, 

primary oxygens and charge distribution was highlighted in this study [20]. 

However, the importance of these molecular properties with respect to the 

mechanism of action of these compounds was not addressed.  

In this study, a multiple linear regression model was developed from a curated 

dataset of 67 prenylated (iso)flavonoids from 9 subclasses tested only against 

MRSA by using a QSAR approach. The model was externally validated with an 

additional set of 10 prenylated (iso)flavonoids and further assessed for its capacity 

to predict the level of activity of prenylated (iso)flavonoids against other Gram-

positive bacteria (including SA, Staphylococcus epidermis, Bacillus subtilis, 

Enterococcus facealis, and Streptococcus mutans). In addition, a 3D 

pharmacophore model was developed to visualize the structural requirements for 

anti-MRSA activity. Both in-silico approaches were based on molecules from 

both in-house and literature activity data. For the in-house data, the activity (MIC 

values) of 23 prenylated compounds belonging to 6 subclasses was determined. 

4.2. Materials and methods 

4.2.1. Materials 

Prenylated isoflavonoids (glabrene, 3′-hydroxy-4′-O-methyl-glabridin, 4′-O-

methyl-glabridin, hispaglabridin A, hispaglabridin B, glyceofuran, glyceollidin II, 

glyceollin I, glyceollin II, glyceollin III, glyceollin IV, glyceollin V, 

dehydroglyceollidin II, dehydroglyceollin I, dehydroglyceollin II, dehydroglyceollin, 

III, dehydroglyceollin IV) and one prenylated flavanone (glabrol) were previously 

purified and chemically characterized [21,22]. Wighteone, lupiwighteone, luteone, 

2,3-dehydrokievitone, licoisoflavone A, neobavaisoflavone, iso-osajin and 6,8-

diprenygenistein were purchased from Plantech UK (Reading, UK). Isowighteone 

and anhydrotuberosin were purchased from ChemFaces (Wuhan, Hubei, China). 6-

Prenylnaringenin and ampicillin were purchased from Sigma Aldrich (St. Louis, MO, 
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USA). Psoralidin and 8-prenylnaringenin were purchased from Sanbio B.V. (Uden, 

the Netherlands). Glabridin was purchased from Wako (Osaka, Japan). Bacto brain 

heart infusion (BHI) broth was purchased from BD (Franklin Lakes, NJ, USA), 

tryptone soya broth (TSB) and bacteriological agar from Oxoid Ltd (Basingstoke, 

UK), and peptone physiological salt solution (PPS) from Tritium Microbiologie 

(Eindhoven, the Netherlands). Ethanol absolute (EtOH) was purchased from 

Biosolve (Valkenswaard, the Netherlands). 

4.2.2. Methods 

4.2.2.1. Antibacterial susceptibility assay 

Different prenylated (iso)flavonoids were tested for their antibacterial activity 

against MRSA 18HN (strain kindly provided by RIVM, Bilthoven, The Netherlands). 

Bacteria were streaked from a −80 °C glycerol stock onto a BHI agar plate and 

incubated 24 h at 37 °C. Next, one colony was transferred to BHI broth (10 mL) 

and further incubated for 18 h at 37 °C. These overnight cultures were diluted with 

TSB (final inoculum concentration 3.8 ± 0.4 log CFU/mL). Stock solutions of the 

different prenylated compounds were prepared in aqueous EtOH (70% v/v) or 

DMSO and subsequently diluted with TSB. A series of concentrations were tested 

ranging from 3.1 to 100 or 150 µg/mL (2.1% v/v solvent max.) of prenylated 

(iso)flavonoids. Equal volumes (100 µL) of bacteria and prenylated compound 

solutions in TSB were mixed into a 96-well plate. The 96-well plate was incubated 

in a SpectraMax M2e (Molecular Devices, Sunnyvale, CA, USA) at 37 °C with 

constant linear shaking. The optical density (OD) at 600 nm was measured every 

5 min for 24 h.  

Positive control (vancomycin, 2 µg/mL), negative control (TSB suspension of 

bacteria with 2.5% (v/v) max. solvent) and blanks (compounds and TSB medium 

with no bacteria) were considered for optical comparison and sterility control. 

Inhibition of growth was assessed by measuring the time to detection (TTD), i.e. 

the time to reach a change in OD of 0.05 units. When no change in OD (i.e. ΔOD 

<0.05) was observed after the 24 h of incubation, cell viability was verified by 

plate counting. Briefly, 100 µL of the well with no change in OD was decimally 

diluted in PPS solution and 100 µL of each dilution was spread onto BHI agar plates. 

Plates were incubated for 24 h at 37 °C and colonies were counted. The minimum 

inhibitory concentration (MIC) was defined as the lowest concentration of 

compound that resulted in a bacterial count equal or lower than that of the initial 

inoculum. The minimum bactericidal concentration (MBC) was defined as the lowest 

concentration of compound that resulted in > 99% bacterial inactivation from the 

initial bacterial inoculum. Prenylated compounds were tested in two independent 

biological reproductions, each performed in duplicate. 
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4.2.2.2. Inactivation kinetics 

An overnight MRSA culture was diluted to 4.4 ± 0.5 Log (CFU/mL) and mixed with 

prenylated phenolics at their MIC and 2xMIC. Samples were incubated in duplicate 

at 37 °C/125 rpm. At different time points (0, 2, 4, 6, 24 h), 100 µL of culture 

medium were taken and decimally diluted in PPS. Dilutions were spread on BHI 

agar plates and incubated overnight at 37 °C, after which colonies were counted. 

Vancomycin and ampicillin at 2 µg/mL were used as control antibiotics. 

4.2.2.3. QSAR modelling 

Database construction. An outline of the different steps followed for the QSAR 

modelling is demonstrated in Figure S4.1. First, 106 prenylated (iso)flavonoids 

together with their anti-MRSA activity were mined from 19 different studies (2000-

2017, Table S4.1). These studies where chosen under the premise that agar or 

broth (micro)dilution assays were used to determine the anti-MRSA activity. The 

activity data of prenylated (iso)flavonoids from 16 studies was combined with the 

activity data of the prenylated (iso)flavonoids generated in-house, to obtain a large 

dataset of 94 molecules with reported MIC values. The activity data from the 3 

other, randomly chosen, studies [23-25] was used to externally validate the model 
[26]. The choice for the construction of this independent external validation set was 

based on whole studies, instead of various molecules from different studies to 

minimize extreme experimental variability. Compounds where no specific MIC 

value was obtained (i.e. MIC was higher than the highest tested concentration), 

were excluded from the QSAR modelling study. When more than one MRSA strain 

was tested and a range of MIC values was given, or more than one MIC value per 

compound was available, the highest MIC value was used to consider the worst-

case scenario. Activity data [MIC values (µM)] was converted to pMIC [-log MIC 

(M)] (to improve the normality of the data distribution). 

Dataset curation. A defined dataset of 77 prenylated (iso)flavonoids with 

established MICs was intended to enter the training/test phase. To ensure uniform 

chemical diversity upon the splitting of the modelling set, two selection criteria 

were applied for the compounds used for the QSAR modelling. First, (iso)flavonoids 

with common chain prenylation (i.e. 3,3-dimethylallyl) and ring prenylation (2”-

isopropenylfuran and/or 2,2-dimethylpyran) were exclusively considered 

(criterion 1). Second, for each subgroup of mono- and di-prenylated compounds 

(in each subclass) two representative compounds had to be present, otherwise the 

subgroup was excluded (criterion 2). After these two selection criteria were 

applied, the modelling set of 70 complying compounds was split into a training set 

(80%, for model development) and test set (20%, for model selection based on 

model’s predictive power on the test set) [26] using the Kennard-Stone algorithm 

from the R-package prospectr (using principal components and retaining 95% 

explained variance) [27]. This procedure selects the best chemically representative 
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subset as a training set, avoiding overoptimistic splitting which might occur during 

random splitting [28]. 

Model development and validation. A genetic algorithm (GA) was used to select 

a small subset of descriptors best able to predict the antibacterial activity (pMIC). 

pMIC activity was modelled using multiple linear regression (MLR) using the 

selected descriptors. Model accuracy for a given set of predictors was determined 

by a leave-one-out cross validation (LOOCV) procedure and calculated as Q2
LOO. To 

exclude lucky or unlucky GA runs, every run was repeated 12 times with different 

starting seeds. Combinations of predictors with a Variance Inflation Factor (VIF) > 

5, indicating a strong inter-correlation, were effectively removed from the GA 

population by penalizing the fit during the GA run. GA parameters were optimised 

using a full factorial experimental design and were found to be population 

size=150, cross-over rate=0.6, mutation rate=0.3. The maximum number of 

iterations was set to 200 and elitism set to 8. The number of predictors to be 

selected during a GA run was fixed and varied between 2 and 7.  

The applicability domain (AD) of the models was calculated by means of the 

William’s plot. If the first GA run indicates the presence of outliers with high 

leverage then all outliers (including high residual outliers) are removed from the 

dataset and the GA is repeated until no high leverage outliers are detected. High 

leverage molecules are poorly fitting, highly impactful molecules that force the GA 

to accommodate them in the model, having great impact on its performance [29]. 

In our study, after the first GA-run, two molecules, glyceollin I (87) and glyceollin 

III (89) (Table S4.1) were flagged as high leverage molecules. Erysubin F (55) 

was highlighted as a high residual outlier. Erysubin F is reported to have an 

outstandingly low activity (MIC 100 µg/mL) for a double prenylated isoflavone [30]. 

All three molecules were removed from the dataset, the GA-MLR procedure was 

repeated once more and a new AD (AD’) was defined. The final dataset used for 

the development and selection of the best QSAR model comprised 67 prenylated 

(iso)flavonoids from 9 different (iso)flavonoid subclasses: 2-arylbenzofurans, 3-

arylcoumarins, flavanones, isoflavans, isoflavanones, isoflavenes, isoflavones, 

pterocarpans and pterocarpenes.  

Several internal and external statistical parameters which are typically used 

to assess the statistical performance of the models were calculated. Some of the 

internal ones include: the significance of the models and the descriptors 

individually (p-value < 0.05), the coefficient of determination, R2, and the adjusted 

R2 (R2
adj) which corrects for the difference in the number of descriptors, and the 

leave-one-out cross-validation coefficient of determination (Q2
LOO) which is used to 

assess the model’s internal predictivity. According to Tropsha et al. (2010), the R2 

and Q2
LOO should be > 0.6 and > 0.5, respectively [31]. Furthermore, the maximum 

variance inflation factor (VIFmax), which indicates potential inter-correlation of the 

descriptors in the generated models, should preferably be < 5 [32]. The accuracy of 

the prediction of the test set was assessed by calculating the Q2 for the test set 
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(Q2
test) according to Consonni et al. (2009), a calculation based on the number of 

training objects [33]. For both sets, the % of prediction error was calculated with 

the following formula: (pMICobserved-pMICpredicted) / pMICobserved *100. Last, the best 

QSAR model was further validated with the external validation set; an independent 

set of 10 compounds with established MICs which were verified to belong to the 

applicability domain of the selected model (AD’). Since the external validation set 

is completely independent from the training and the test set, model’s accuracy was 

assessed only by determining the prediction errors of this set. A threshold of 10% 

average prediction error was considered acceptable, which corresponds to 

maximum one 2-fold dilution difference between predicted and experimental 

values [34,35]. An average prediction error of 10% is also generally acceptable for 

the training set [36]. 

Prediction of activity of prenylated (iso)flavonoids against other Gram-

positive bacteria. The best QSAR model for MRSA was also used to predict the 

level of activity (low, moderate, high) of prenylated (iso)flavonoids tested against 

other Gram-positive bacteria. Thus, the antibacterial activity of 71 prenylated 

(iso)flavonoids tested against other Gram-positive bacteria was mined from 

literature (studies from 1988-2020). The compounds were gathered under the 

premise that they fall within the applicability domain of our QSAR-MRSA model. 

Furthermore, only compounds from the same subclasses as the ones used to 

construct the QSAR-MRSA were used, to avoid extreme extrapolation of the model. 

When the compounds were tested against different Gram-positive bacteria or when 

more than one MIC was available per compound, then the highest MIC was taken 

into account to consider the worst-case scenario.  

The quality of prediction was assessed by verifying that the compounds were 

still classified as active (MIC ≤ 25 μg/mL), moderately active (25 < MIC < 100 

μg/mL) or inactive (MIC ≥ 100 μg/mL) after the prediction [37]. Based on the nature 

of the MIC determination method (agar or broth dilution assays), misclassified 

compounds for which their predicted activity differed from their experimentally 

measured activity by one two-fold dilution (acceptable experimental error in 

dilution assays [34,35]), were considered as correctly predicted. 

4.2.2.4. Pharmacophore modelling 

A pharmacophore model was built using the pharmacophore elucidation query 

module of MOE. Since no definite target site of these compounds is known, a 

ligand-based pharmacophore methodology was employed. This is performed by 

aligning the different active ligands and determining the essential common 

chemical queries necessary for activity. All 77 compounds (curated training, test 

and external validation set) were used to extract the pharmacophore features. An 

activity threshold of pMIC ≥ 4.1 (MIC ≤ 25 μg/mL) was set to distinguish the active 

from the moderate/inactive antibacterials. The quality of the model was assessed 

based on its capacity to discriminate the active from the moderately active or 

inactive molecules. The overall accuracy refers to the percentage of correct 
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predictions, including both actives and inactive molecules. The positive accuracy 

(sensitivity) refers to the proportion of correctly predicted actives, indicating the 

sensitivity of the model. The negative accuracy (specificity) is calculated based 

on the percentage of correctly predicted inactives showing the specificity of the 

model. 

4.3. Results 

4.3.1. Experimental anti-MRSA activity of prenylated 

(iso)flavonoids 

Table 4.1 shows the antibacterial potency of prenylated (iso)flavonoids against 

MRSA 18HN. The classification of the compounds with respect to their anti-MRSA 

activity was based on literature of antimicrobial phytochemicals [37]. Compounds 

with MIC values  25 µg/mL were considered active, with most active being the 

ones having a MIC of  10 µg/mL. Compounds with MIC values between 25 and 

100 µg/mL were considered moderately active, whereas those with MIC values  

100 µg/mL were classified as inactive. The most active compounds experimentally 

tested in this study were the isoflavone, 6,8-diprenylgenistein (50) and the di-

prenylated flavanone, glabrol (13) which showed a MIC of 9 µg/mL, corresponding 

to 23 µM and 24 µM, respectively. These compounds share double chain prenylation 

in their backbones (Figure S4.2). The most active mono-prenylated compound 

was the ring-prenylated isoflavan, 4’-O-methylglabridin (17) with a MIC of 10 

µg/mL (30 µM). Inactive prenylated (iso)flavonoids with an established MIC tested 

were glyceollins I-III (87-89) (> 100 µg/mL, > 296 µM). The mono-prenylated 

compounds (51, 63, 68, 76, 85, 91, 101) and the di-prenylated hispaglabridin B 

(26) had negligible antibacterial activity against MRSA (TTD similar to that of the 

control at 100 µg/mL, therefore MIC >> 100 µg/mL) (Table S4.1). 
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Table 4.1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) of prenylated (iso)flavonoids tested in this study against MRSA 18HN.  

Subclass Name 
MIC 

μg/mL [μM] 

MBC 

μg/mL [μM] 

Flavanones 

6-Prenylnaringenin (12) 38 [110] 44 [129] 

Glabrol (13) 9 [24] 19 [48] 

Sophoraflavanone B (14) 22 [64] 25 [73] 

Isoflavans 

3'-OH-4'-O-Methylglabridin (16) 16 [44] 26 [73] 

4'-O-Methylglabridin (17) 10 [30] 23 [66] 

Glabridin (22) 13 [39] 19 [58] 

Hispaglabridin A (25) 44 [111] 44 [111] 

Isoflavones 

6,8-Diprenylgenistein (50) 9 [23] 16 [38] 

Isowighteone (64) 22 [65] 34 [102] 

Licoisoflavone A (65) 25 [71] 50 [141] 

Luteone (69) 25 [71] 44 [123] 

Neobavaisoflavone (70) 38 [116] 50 [155] 

Wighteone (74) 16 [46] 22 [65] 

Isoflavene Glabrene (49) 25 [78] 44 [136] 

Pterocarpans 

Glyceollidin II (86) 44 [129] 44 [129] 

Glyceollin I (87) 100 [296] n.a. 

Glyceollin II (88) 150 [443] n.a. 

Glyceollin III (89) 100 [296] n.a. 

Glyceollin IV (90) 44 [123] 75 [212] 

Pterocarpenes 

Dehydroglyceollidin II (98) 22 [68] 22 [68] 

Dehydroglyceollin I (99) 16 [49] 22 [68] 

Dehydroglyceollin II (100) 19 [59] 19 [59] 

Dehydroglyceollin IV (102) 44 [130] 50 [149] 

 

Figure 4.1 shows the inactivation kinetics of MRSA 18HN in the presence of 

the top three antibacterial prenylated (iso)flavonoids tested in this study. The di-

prenylated (iso)flavonoids, 6,8-diprenylgenistein (50) and glabrol (13) inactivated 

MRSA by > 99% in the first 2 h of contact at 2 x their MIC, whereas the mono-

prenylated isoflavan, 4’-O-methyl-glabridin (17) inactivated MRSA after 6 h also 

at 2 x its MIC. The control antibiotic vancomycin at its MIC decreased the initial 

inoculum by > 99% only after 24 h. The slow action of vancomycin against MRSA 

is in line with what has been shown before for MRSA and Streptococcus pneumoniae 
[38,39]. 
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Figure 4.1. MRSA 18HN inactivation kinetics in the presence of the three most antibacterial 
prenylated (iso)flavonoids tested in this study, at their MIC (light shade) and 2xMIC (dark shade). 
Control (black), vancomycin (2 µg/mL, red), 4’-O-methylglabridin (17) (blue), glabrol (13) 
(orange) and 6,8-diprenylgenistein (50) (green). 

4.3.2. Extended prenylated (iso)flavonoid dataset for QSAR 

modelling of anti-MRSA activity 

A QSAR study was performed to pinpoint overall molecular properties contributing 

to the anti-MRSA activity. To construct robust and reliable QSAR models, the 

experimental data shown above was combined with literature data to enlarge and 

diversify our collection of prenylated (iso)flavonoids. In total, 76 prenylated 

(iso)flavonoids with established MICs from 10 subclasses were collected (Table 

S4.1). This diverse set of compounds was curated (see criteria 1 and 2, in Dataset 

construction), which resulted in 70 molecules in the modelling set (Figure S4.1). 

During the training phase, genetic algorithm (GA) flagged glyceollin I (87), 

glyceollin III (89) and erysubin F (55) as outliers. Thus, QSAR modelling was 

performed based on a curated modelling set 67 of molecules from 9 subclasses. 

The best model was further externally validated with a set of 10 molecules from 

three studies independent from those used in the modelling set [26]. 

Similar to what was observed for our in-house data, more than 90% of the 

double prenylated (iso)flavonoids compiled from literature, showed a high anti-

MRSA activity (MIC ≤ 25 µg/mL, 8-64 μM), whereas half of the mono-prenylated 
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ones were active. Among the most powerful anti-MRSA agents from literature data 

(2, 20, 31, 32, 50, 62, 67, 78, 93, 104 and 106, Table S4.1) (MIC ≤ 10 µg/mL, 

8-23 μM), only orientanol B (93) is mono-prenylated. This molecule showed 

comparable activity to the in-house tested mono-prenylated isoflavan, 4’-O- 

methyl-glabridin (17). Both compounds are prenylated on the A-ring and possess 

the same type and amount of substituents, yet in different positions over the 

backbone (Figure S4.2). Structures of representative active anti-MRSA agents per 

isoflavonoid subclass derived from the extended dataset can be found in Figure 

S4.3.  

4.3.3. QSAR model development, selection and external 

validation  

The best GA-MLR-models obtained per number of descriptors and their statistical 

performance are listed in Table 4.2. 

Models with four or more descriptors complied with the thresholds of all 

validation parameters of the QSAR models, whereas models with less descriptors 

(2-3) gave relatively poor adjusted R2’s (R2
adj). Usually, a higher number of 

descriptors results in over-fitted/more complex, less interpretable models (Table 

4.2). Thus, we chose the four-descriptor model as the best, since it balances well 

statistical validity, predictivity of the training (Q2
LOO 0.57 and average prediction 

error of 4%, Table S4.1) and the test set (Q2
test 0.75 and average prediction error 

of 5%, Table S4.1) (Figure 4.2) and model’s interpretability. The model was also 

externally validated by predicting an independent set of 10 compounds (1, 19, 28-

30, 36, 37, 44, 46, 47) coming from three studies [23-25] and low average 

prediction errors (5%) were obtained (Table S4.1 and Figure 4.2). The 

applicability domain of the best 4-descriptor model can be found in Figure S4.4. 

In the chosen four-descriptor model, the hydrophobic volume at the 4th 

energetic level, i.e. -0.8 kcal/mol (vsurf_D4) was the most significant descriptor 

(p-value 2e-10), followed by the sum of hydrogen bond donor strengths of carbon 

atoms (h_emd_C, p-value 2e-4). In addition, the unbalance between the centre of 

mass of a molecule and the position of the hydrophilic regions around it (vsurf_IW7) 

and the van der Waals interaction energy (E_vdw) were the least significantly 

correlated descriptors (p-value 6e-3). Definitions of the descriptors can be found in 

Tables S4.2. 
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Figure 4.2. Correlation of the experimental and predicted anti-MRSA activity (pMIC, M) of 
prenylated (iso)flavonoids by using our best 4-descriptor QSAR model for the training, the test 
and the external validation sets. The applicability domain of the QSAR model can be found in 
Figure S4.4. 

4.3.4. Predicting the level of antibacterial activity of 

prenylated (iso)flavonoids against other Gram-

positive bacteria 

The QSAR model developed for MRSA was additionally assessed for its capacity to 

predict the level of activity (low, moderate, high) of prenylated (iso)flavonoids 

tested against other Gram-positive bacteria (Table S4.3). Thus, activity data (MIC 

values) of 71 prenylated (iso)flavonoids tested against SA, Staphylococcus 

epidermis, Bacillus subtilis, Enterococcus facealis and Streptococcus mutans was 

collected (Table S4.3 and Figure S4.5). The model predicted correctly the level 

of activity of 73% of the compounds (Figure S4.6). This shows that the model is 

robust enough to be used as a tool for quick screening for potent antibacterial 

prenylated (iso)flavonoids. Half of the incorrectly predicted molecules were 

flavanones (Table S4.3 and Figure S4.5), possibly due to the limited structural 

variation of flavanones in the training and test set (Table S4.1) used to develop 

the model.  
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4.3.5. Interpretation of most frequently used descriptors in 

statistically compliant models 

To obtain a deeper insight into the molecular properties essential for activity, we 

analysed the most frequently used descriptors, i.e. present in more than 40% of 

the statistically compliant models (R2
adj > 0.6 and Q2

LOO > 0.5) [31] (Figure 4.3). 

  

 

Figure 4.3. Descriptors most frequently selected by the GA to predict the anti-MRSA activity. The 
positive (+) or negative (-) correlation of each descriptor with anti-MRSA activity is shown next 
to the bars. Colour coding is used to indicate the different descriptor families. Green indicates the 
surface area, volume and shape (vsurf) descriptors, blue indicates the Hückel-theory (h) 
descriptor, orange represents the partial charge descriptors (PEOE_VSA) and purple is used to 
indicate the energy descriptor. Definitions of the descriptors can be found in Table S4.2. 

4.3.5.1. Hydrophobic volume and balanced hydrophilic fraction favour 

anti-MRSA activity 

The most frequently used descriptor family included the surface area, volume and 

shape descriptors, vsurf (green colour in Figure 4.3). These descriptors were 

calculated on multiple energetic levels, as volume and shape are influenced by the 

energy of the molecules [40].  

The descriptor vsurf_IW7 was present in all statistically compliant models. It 

represents the hydrophilic integy moment at -5.0 kcal/mol, an energy level known 

to be representative for polar and H-bond donor and acceptor regions [40]. It 

measures the unbalance between the centre of mass of a molecule and the position 

of the hydrophilic regions around it. Its negative correlation to the anti-MRSA activity 

suggests that the polar regions close to the centre of mass or balanced at opposite 

directions in the molecule favour the activity [41].  

The descriptor vsurf_CW3 quantifies the ratio between the hydrophilic surface 

and the total molecular surface [40] and was one of the most strongly correlated 

descriptors (4.7e-13-4.1e-09, Table S4.4). Its negative contribution to the anti-

MRSA activity indicates that a small hydrophilic fraction favours anti-MRSA activity. 
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All molecules with vsurf_CW3 of < 1.043 Å³ possessed high activity (except 

dehydroglyceollin IV (102) and hispaglabridin A (25)).  

The vsurf_DD12 descriptor quantifies the contact distance of lowest and the 

2nd lowest hydrophobic energy points of a molecule. Its positive, although weak 

contribution to activity (p-value, 4.7e-02-1.5e-01, Table S4.4) implies that the 

hydrophobically interacting groups or regions should be far away from each other 

and not localized closely together in the molecule [42]. 

Last, the vsurf_D4 descriptor is a measure of the hydrophobic volume at an 

energy level of -0.8 kcal/mol (known to account for polarizability and dispersion 

forces) [40]. This descriptor was positively correlated to activity indicating that 

larger hydrophobic surfaces are preferred. 

4.3.5.2. (Partial) charges favour anti-MRSA activity of prenylated 

(iso)flavonoids 

Formal positive charge. The second most frequently used, positively correlated 

descriptor in the QSAR models was the Hückel theory descriptor, h_pavgQ (blue 

colour in Figure 4.3). Hückel theory descriptors take into account local resonance 

and electron withdrawing effects [43]. This descriptor refers to the average total 

(formal) charge sum across protonation states at pH 7 [44], calculated based on the 

relative concentration of various protonation states of the molecule [45]. 

Isoflavones, (iso)flavanones and 3-aryl coumarins had generally higher values for 

this descriptor. Possibly, the presence of the carbonyl group on the C-ring of these 

subclasses enhances the acidity of hydroxyl protons (at C7 and C5) due to 

stabilization of the negative charge by resonance. In contrast, pterocarpans, 

pterocarpenes and isoflavans, lacking this carbonyl group, had low h_pavgQ 

values. Examples of the correlation of h_pavgQ with the activity can be found in 

Figure S4.7. 

Partial positive charge. The 2D partial charge descriptors, PEOE_VSA_PPOS and 

PEOE_VSA_+2 were frequently used, positively correlated variables in the QSAR 

models (orange in Figure 4.3). PEOE_VSA descriptors are calculated based on the 

Partial Equalization of Orbital Electronegativities method and capture electrostatic 

interactions [46]. PEOE_VSA_PPOS (p-value 3.6e-06 to 1.4e-05, Table S4.4) refers 

to the total positive polar van der Waals surface area (in Å2), where the partial 

charge is greater than +0.200e. In fact, this descriptor depends on the number of 

oxygen atoms within the molecule [47]. Isoflavones, isoflavanones and 3-aryl 

coumarins were the most oxygenated subclasses in the dataset and showed large, 

partially positive surface areas within the molecule (PEOE_VSA_PPOS > 35 Å2). 

PEOE_VSA_+2 (p-value 4.2e-03 to 1.6e-01, Table S4.4) refers to the sum of van 

der Waals (vdw) surface area for each atom (in Å2) of which the partial charge is 

between +0.100e and (including) +0.149e. Based on the level of significance of 

these two PEOE descriptors, small partial positive charges are less determinant of 

anti-MRSA activity compared to larger partial positive charges.  
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4.3.5.3. Van der Waals surface energy 

The energy descriptor E_vdw (purple colour in Figure 4.3) was also used as a 

positively correlated explanatory variable. This descriptor represents the van der 

Waals (vdW) component of the potential energy of the molecules [48]. Pterocarpans, 

pterocarpenes and 2-arylbenzofurans had clearly lower vdW interaction energies 

(E_vdW < 11.1 kcal/mol) than the rest of the subclasses. Pterocarpans and 

pterocarpenes are more rigid molecules than the other (iso)flavonoid subclasses 

due to the presence of an additional D-ring [18]. This higher rigidity should facilitate 

vdW interactions, due to lower entropic penalties on the rigid molecules compared 

to more flexible ones [49]. 2-Arylbenzofurans, despite the lack of the extra D-ring, 

contain a furan C-ring, which contributes to increased molecular planarity 

compared to a pyran [50] (Figure S4.8). Thus, the more rigid or planar a molecule 

is, the lower the vdW interaction energy and the lower the activity. This implies 

that other interactions, most likely electrostatic, are more important for activity. 

4.3.6. Pharmacophore modelling 

To understand further the effect of prenylation and of other substituents on the 

antibacterial activity against MRSA, a ligand-based pharmacophore model was 

developed. The analysis of the fit of the compounds in the 3D-pharmacophore 

model revealed four structural features mapping the active molecules; two 

aromatic ring features (orange) corresponding to the A- and B-ring of 

(iso)flavonoids, one hydrophobic feature representing the prenyl group (green) 

and a hydrogen donor projection feature referring to the position of a potential 

hydrogen bond partner (pink) (Figure 4.4A). The pharmacophore model 

constructed for MRSA had a 65% overall accuracy (sum of molecules predicted 

correctly), a 60% positive accuracy (active molecules predicted correctly) and a 

76% negative accuracy (inactive molecules predicted correctly). These accuracies 

are 20% higher than the accuracies derived when using a previously constructed 

pharmacophore model on L. monocytogenes [18]. The hits in pharmacophore search 

and the quality of fitting of each molecule to the model for MRSA and L. 

monocytogenes are shown in Table S4.5 and S4.6, respectively. 

The model predicted correctly all the active prenylated isoflavones, the most 

abundant subclass of the dataset, 70% of the active isoflavans, 50% of the active 

pterocarpans and 43% of the active pterocarpenes. Figure 4.4B illustrates 

examples of isoflavones prenylated at different positions with respect to their 

fitting quality into the pharmacophore model. Prenylated isoflavones on the β-

position (A-ring) and δ-position (B-ring) of the isoflavonoid backbone map all the 

essential pharmacophore features. In contrast, α-prenylation failed to map the 

hydrophobic moiety (A-ring). 

However, the model failed to predict the active di-prenylated isoflavanones 

(only the di-prenylated members of this subclass were active), while it correctly 

predicted analogue molecules such as di-prenylated isoflavones and di-prenylated 
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isoflavans. The simultaneous absence of a double bond in the C-ring and the 

presence of a carbonyl group in isoflavanones, contrary to isoflavones and 

isoflavans, respectively, seems to significantly affect the orientation of the B-ring 

(Figure S4.8). This different B-ring orientation could be the reason for the lack of 

fit of isoflavanones in the pharmacophore. Five molecules (8, 25, 29, 72 and 77, 

Table S4.1) were found to be false positives during the pharmacophore search 

(Figure S4.9); These molecules are typical examples of activity cliffs, i.e. 

structurally similar molecules with large difference in potency [51].  

 

Figure 4.4. Ligand-based pharmacophore model for active anti-MRSA (MIC ≤ 25 μg/mL) 
prenylated (iso)flavonoids. The colour of the spheres represents the following features: orange 
spheres represent aromatic rings, the green and the pink spheres represent hydrophobic features 
and hydrogen bond donor projections (i.e. features that denote the presence of possible hydrogen 
bond partners), respectively. Numbers represent the distance between the features in Ångström. 
The donor / acceptor projections have a radius of 1.2 Å, the aromatic features have a radius of 0.8 
Å and 1.0 Å, left and right respectively and the hydrophobic feature has a radius of 1.2 Å. 
Percentages correspond to the different prediction accuracies (overall, positive and negative) of 
the model (A). The fitting of molecules in the pharmacophore with respect to their potency are 
also illustrated (B). 

4.4. Discussion 

4.4.1. Hydrophobicity and electrostatic interactions are the 

main determinants for the anti-MRSA activity of 

prenylated (iso)flavonoids  

Traditionally, the antimicrobial potency of prenylated (iso)flavonoids was 

attributed to their increased hydrophobicity mainly due to the presence of the 

prenyl group [11,52]. Generally, the amphiphilic cytoplasmic membrane is 

hypothesized as the first target of potential antibacterials [53]. Prenylated 
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(iso)flavonoids are small enough to cross the open structure of the bacterial cell 

wall [54] and hydrophobic enough to access the membrane [55]. 

In this study, continuous hydrophobicity with balanced hydrophilic groups in 

the form of the descriptors vsurf_IW7, vsurf_D4 and vsurf_CW3, were the most 

strongly correlated properties to anti-MRSA activity, in accordance with previous 

results against the Gram-positive L. monocytogenes [18]. The contribution of the 

hydrophobic volume (vsurf_D4) and hydrophilic integy moment (vsurf_IW7) to the 

anti-MRSA activity is illustrated in Figure 4.5. Di-prenylated (iso)flavonoids are 

characterized by an extensive hydrophobic volume, as in molecules (79) and (60). 

In most cases, extensive hydrophobic volume accounts for the increased 

antimicrobial potency of the molecules [18]. Decreasing their hydrophobic volume 

by removal of one prenyl-group, as in molecules (77) and (59) indeed decreased 

the anti-MRSA activity. However, further removal of the C6a hydroxyl-group 

(molecule (77) to (97)) (Figure 4.5A) restored the hydrophobic volume to a 

certain extent, reduced the hydrophilic moments in the molecule (vsurf_IW7), 

leading to higher anti-MRSA activity.  

 

Figure 4.5. Surface maps of a series of active, moderately active and inactive prenylated 
pterocarpans (A) and isoflavones (B). (Iso)flavonoids from the same subclass (i.e. A or B) are 
analogues, differing only in the presence, absence or relocation of one functional group (indicated 
by the arrows). These structural differences influence their hydrophobic volume ( vsurf_D4, Å3) 
and the distribution of the hydrophilic regions (vsurf_IW7, Å) and therefore the anti-MRSA 
activity. Mildly polar regions are coloured in blue, H-bonding in orange and hydrophobic regions 
in green.  
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Interestingly, transferring the OH group from C5’ to C6’ (molecule (59) to 

(65)) (Figure 4.5B) restored the balance between the hydrophilic moments in the 

molecule, enhancing the anti-MRSA potency, even without influencing the 

hydrophobic volume.  

From the above it becomes evident that prenylated (iso)flavonoids scoring low 

in hydrophobicity can still be active anti-MRSA agents (e.g. molecule 65). This 

observation agrees with the findings of our pharmacophore model, where the 

importance of single, and not necessarily double, prenylation together with a 

hydrogen bond acceptor were highlighted. Charge was highlighted as the second 

most important molecular property for the antibacterial activity of prenylated 

(iso)flavonoids. Large positive partial charges (PEOE_VSA_PPOS and 

PEOE_VSA+2) and formal negative charges (h_pavgQ) suggest the importance of 

electrostatic interactions [46]. Sadgrove et al. (2020) also associated the 

importance of electrostatic interactions such as hydrogen-bonding with anti-

(MR)SA activity [20].  

4.4.2. New insights in the possible interaction of active anti-

MRSA agents with the cytoplasmic membrane  

Based on the main molecular properties highlighted by the QSAR study and the 

pharmacophore model, it is hypothesized that different active mono-prenylated 

anti-MRSA (iso)flavonoids might be differently taken up by the cell or interact with 

the membrane. Three ways of interaction of prenylated (iso)flavonoids with the 

cytoplasmic membrane are proposed (Figure 4.6).  

4.4.2.1. Acidic prenylated isoflavonoids might interact with both the 

membrane and with intracellular targets 

First, prenylated (iso)flavonoids with high potential to be charged at pH 7 are 

hypothesized to interact differently from the ones that remain neutral across the 

pH range. The average total formal charge sum across protonation states at pH 7 
[44] is represented by the descriptor, h_pavgQ (Table S4.2). Twenty percent of the 

active mono-prenylated (iso)flavonoids had an absolute h_pavgQ value higher than 

0.2. These molecules were considered acidic and both their dissociated and 

undissociated form were taken into account (Figure 4.6, left side). The subclass 

of isoflavones is the predominant representative subclass (83%) of acidic, active 

mono-prenylated (iso)flavonoids. All, but one, molecules of this category in our 

dataset are characterized by the presence of three or more free hydroxyl groups. 

Prenylated (iso)flavones have been shown experimentally to permeabilize the 

membrane of MRSA and other Gram-positive bacteria [18,56,57]. Yet, the exact 

mechanism of membrane permeabilization has not been thoroughly investigated.  

Recently, Li et al. (2018) showed that a very active (MIC 1 μg/mL, 2 μM) di-

prenylated xanthone (alpha-mangostin) forms membrane-spanning, 

intermolecular aggregates primarily through hydrogen bonding [55]. This was shown 
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through molecular dynamic simulation experiments. Aggregate formation 

ultimately led to membrane destabilization and subsequent water translocation 

across the membrane, without pore formation [55]. This is in line with the membrane 

permeabilization of Gram-positive bacteria observed by prenylated isoflavones 
[18,57]. Interestingly, it was specifically highlighted that the presence of three 

hydroxyl groups in alpha-mangostin are crucial for transmembrane aggregate 

formation, while their absence would make alpha-mangostin soluble in the lipid 

bilayer [55]. The formation of intermolecular hydrogen bonds possibly facilitates the 

unfavourable presence of polar groups into the hydrophobic interior of the 

membrane, stabilizing the cluster. Alpha-mangostin is structurally similar to the 

active isoflavones in our dataset, e.g. a mono-prenylated (wighteone, 74) and a 

di-prenylated one (lupalbigenin, 67), although the xanthone is more planar [58] 

(Figure S4.10). The hydrogen bond strengths of mangostin and the two analogue 

isoflavones were quantified (h_ema and h_emd descriptors, Table S4.2, Molecular 

Operating Environment, MOE). The sum of hydrogen bond donor (HBD) and 

acceptor (HBA) strengths for these molecules were comparable (HBD: 10.2 

kcal/mol for wighteone, 10.9 kcal/mol for lupalbigenin and 11.4 kcal/mol for 

mangostin; HBA: 4.6 kcal/mol for the two prenylated isoflavones and 5.6 kcal/mol 

for the xanthone). Since aggregate formation by the di-prenylated xanthone was 

shown to be primarily hydrogen-bond driven, possibly this mechanism of action is 

also employed by prenylated isoflavones given the similar degree of hydrogen-

bond capacity. 

Xanthone transmembrane aggregates were formed after a high enough 

concentration of the molecule reaches the lipid tail region of the membrane. 

Although wighteone (74) and lupalbigenin (67) have similar hydrogen-bond 

capacities, the presence of only one prenyl group in the former should increase the 

free energy barrier of membrane penetration compared to the latter [38]. Possibly, 

higher concentrations are needed for mono-prenylated isoflavones to form these 

aggregates than for their di-prenylated counterparts, something which is also 

reflected in the higher MICs observed for the former. 

The mechanism of membrane activity proposed by Li et al. (2018) considered 

only the undissociated form of the molecule [55]. A negative charge in the 

dissociated acidic isoflavones would be repelled by the polar (phosphate) head 

groups of the membrane and would not allow membrane penetration [55,59]. 

Instead, the dissociated acidic isoflavones might be transported to the cytosol 

through transmembrane carrier proteins or by active transport [60,61] (Figure 4.6B, 

blue star) similar to what has been shown for other anionic antibiotics, such as 

carbenicillin and quinolones [62]. The proposed membrane transportation of these 

molecules implies that the membrane is not the only target for their anti-MRSA 

activity and their mode of action is further complemented by activity inside the 

cytosol. Recently, a di-prenylated flavone was shown to inhibit the biosynthesis of 

phosphatidic acids in the cytosol, the repair mechanism of bacterial membranes 
[56] after membrane disruption. Noticeable inhibition (> 99%) of MRSA was 
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observed within 2 h of exposure to this prenylated flavonoid [56], similar to what 

was found in Figure 4.1.  

It is therefore proposed that the dissociated and undissociated forms of 

antibacterial acidic (iso)flavonoids might employ different modes of action (Figure 

4.6B, orange and blue stars). Internalization of antibacterials in different ways 

depending on their protonation state has been shown before for Gram-negatives 
[63]. 

 

Figure 4.6. Proposed classification of active (MIC ≤ 25 µg/mL) prenylated (iso)flavonoids based 
on their potential to be negatively charged at pH 7. Molecules with high potential to be dissociated 
at pH 7 (h_pavgQ ≥ 0.2), i.e. acidic, were considered for their dissociated and undissociated forms 
separately. Molecules that remain fully undissociated at pH 7 (h_pavgQ < 0.2), i.e. non-acidic, were 
considered neutral (A). Hypothesized interactions of active anti-MRSA prenylated (iso)flavonoids 
with the cytoplasmic membrane (B). Stars represent active acidic mono-prenylated 
(iso)flavonoids, whereas rectangular shapes represent active, neutral mono-prenylated 
(iso)flavonoids. Different glows around the shapes indicate hypothesized, predominant driving 
forces that mediate cellular uptake or interaction with the membrane; blue denotes a negative 
charge, orange indicates strong hydrogen bonding and green glow represents hydrophobicity -
driven interaction with the lipid bilayer. The intensity of red shading around phospholipids 
shows the level of compromise of membrane integrity.  
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4.4.2.2. Non-acidic prenylated isoflavonoids might be internalized by 

the membrane via diffusion 

Hydrogen-bonding, formal charge and hydrophobicity were the main molecular 

properties determining anti-MRSA activity. It was hypothesized that acidic 

prenylated isoflavonoids may interact with both the membrane and with 

intracellular targets, depending on their protonation state. Nevertheless, 80% of 

the active mono-prenylated isoflavonoids had an absolute h_pavgQ value of less 

than 0.2, meaning that these molecules remain neutral at the pH of the medium. 

This category of non-acidic prenylated (iso)flavonoids (Figure 4.6A, right side) 

comprised compounds with less than 3 hydroxyl groups and higher logP values 

(ranging from 3.7 to 5.0) than the acidic prenylated isoflavonoids ( logP ≤ 3.2 for 

the undissociated species). It is therefore hypothesized that hydrophobicity 

becomes the main driver for interaction of these molecules with the membrane [55]. 

Nevertheless, the presence of a few (< 3) hydroxyl groups in these molecules, may 

also trigger aggregate formation, similarly to the acidic, undissociated 

(iso)flavonoids. Individually or as aggregates, these molecules might be soluble 

within the lipid bilayer [55], due to their higher hydrophobicity, ultimately disturbing 

its integrity [62] (Figure 4.6B, green rectangulars). Contrary to prenylated 

isoflavones (the acidic group in Figure 4.6), a few examples from the non-acidic 

subclasses were shown not to permeabilize the cytoplasmic membrane, but have 

been hypothesized to still disrupt its integrity by other means [18].  

Interestingly, neutral prenylated isoflavonoids can be planar (pterocarpenes) 

or non-planar (pterocarpans and isoflavans), while acidic isoflavonoids included in 

this study are all non-planar. Notably, the two most active mono-prenylated 

isoflavonoids studied were the pterocarpan orientanol B (93) (six times more 

active than its pterocarpene analogue, dehydroglyceollin IV (102), Table S4.1 

and Figure S4.2) and the isoflavan 4′-O-methyl-glabridin (17). Both molecules 

adopt non-planar conformations (Figure S4.8). Planarity has been associated to 

the extent of insertion in the cytoplasmic membrane and the level of disruption of 

membrane integrity [63-65]. It has been hypothesized that non-planar molecules 

disrupt membrane integrity more effectively due to better interaction acyl chains 
[55,64,65], possibly leading to higher antimicrobial activity. In contrast, planar, 

molecules may interact less efficiently with the acyl chains, despite their rapid 

diffusion into the membrane. 

4.5. Conclusion 
In this study, QSAR analysis and pharmacophore modelling were performed in a 

diverse set of prenylated (iso)flavonoids as anti-MRSA agents. A quantitative QSAR 

model to predict the (level of) activity of prenylated isoflavonoids against MRSA 

and other Gram positive bacteria was successfully validated. From the QSAR 

analysis and the pharmacophore model, properties such as formal negative charge 

and hydrogen bonding or hydrophobicity were found to contribute the most to the 
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anti-MRSA activity. Information on the contribution of these molecular properties 

to the anti-MRSA activity can aid the design and development of novel antibacterial 

agents against Gram-positive bacteria. Last, it is proposed that active prenylated 

(iso)flavonoids with different primary molecular properties might employ different 

mechanisms for cell uptake or interaction with the cytoplasmic membrane.  
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4.8. Supplementary information 

4.8.1. Supplementary figures 

 

Figure S4.1. Outline of approach followed for QSAR modelling; AD: applicability domain; 
Numbers in brackets refer to the number of compounds comprised in each set. Colour intensity 
of the shadings shows the sequence of steps followed for model development, selection and 
external validation. 
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Figure S4.2. Structures of prenylated (iso)flavonoids with established MICs from Table S4.1.  
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Figure S4.2. Continued 
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Figure S4.2. Continued 
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Figure S4.3. Structures of representative active (MIC ≤ 25 µg/mL, 8-64 μM) mono- and di-
prenylated isoflavonoids against MRSA per subclass. Only mono-prenylated derivatives of 
isoflavenes, 2-aryl benzofurans and 3-aryl coumarins were present in the curated modelling and 
external validation sets (Table S4.1), whereas only di-prenylated isoflavanones were active anti-
MRSA agents. The prenyl groups are highlighted in red.  

 

Figure S4.4. Applicability domain of the selected best model for MRSA. The location of molecules 
from the training (triangles), test (black circles), external validation (grey circles) sets and the 

set of compounds tested against other Gram-positives (blue circles) are depicted [1]. 
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Figure S4.5. Structures of prenylated (iso)flavonoids tested against other Gram-positives (except 
MRSA) and used to assess the applicability of the best QSAR model developed on MRSA. The 
structures of the molecules that have also been tested against MRSA can be found  in Figure S4.2. 
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Figure S4.6. Prediction of level of antibacterial activity, ie . low (MIC ≥ 100 µg/mL , moderate (25 
< MIC < 100 µg/mL) and high (MIC ≤ 25 µg/mL) of prenylated (iso)flavonoids against other Gram -
positive bacteria by using the best QSAR model obtained for MRSA. Numbers refer to the 
prenylated (iso)flavonoids of Table S4.3; “G” in front of the numbers refer to molecules which 
have not been tested against MRSA. A yellow glow around the numbers demonstrates that their 
level of activity was predicted correctly. Compounds for which the predicted activity differed by 
one two-fold dilution from their experimentally determined one were still considered as correctly 
predicted [2,3].  
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Figure S4.8. Examples of energy minimized structures of mono-prenylated isoflavonoids from 
selected subclasses. Rotatable bonds refer to the backbone and ϑ denotes the dihedral bond. 

 

 

 
Figure S4.9. False positives (left) in the pharmacophore search. These molecules are “activity 
cliffs” in the database. Their structural look-alikes are presented on the right and the structural 
differences that result in substantial change in activity are presented in red. 
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Figure S4.10. Structure and anti-MRSA activity of alpha-mangostin [4] in relation to two 
structurally related prenylated isoflavones, one mono- and one di-prenylated (wighteone and 
lupalbigenin, respectively). 
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4.8.2. Supplementary tables 

  

T
a

b
le

 S
4

.1
. 

A
n

ti
-M

R
S

A
 a

ct
iv

it
y

 o
f 

p
re

n
y

la
te

d
 (

is
o

)f
la

v
o

n
o

id
s,

 e
x

p
e

ri
m

e
n

ta
ll

y
 t

e
st

e
d

 a
n

d
 m

in
e

d
 f

ro
m

 l
it

e
ra

tu
re

. 
K

S
 s

ta
n

d
s 

fo
r 

th
e

 
K

e
n

n
a

rd
-S

to
n

e
 s

p
li

tt
in

g
, T

R
 s

ta
n

d
s 

fo
r 

th
e

 t
ra

in
in

g
 s

e
t,

 T
E

 f
o

r 
th

e
 t

e
st

 s
e

t 
a

n
d

 E
V

 f
o

r 
th

e
 e

x
te

rn
a

l 
v

a
li

d
a

ti
o

n
 s

e
t.

 T
h

e
 %

 p
re

d
ic

ti
o

n
 e

rr
o

r 
is

 d
e

fi
n

e
d

 a
s 

(p
M

IC
o

b
se

rv
e

d
-p

M
IC

p
re

d
ic

te
d
) 

/
 p

M
IC

o
b

se
rv

e
d
 *

1
0

0
. 

M
o

le
cu

le
s 

w
it

h
 a

n
 a

st
e

ri
sk

 (
*)

 d
id

 n
o

t 
co

m
p

ly
 w

it
h

 t
h

e
 s

tr
u

ct
u

ra
l 

cr
it

e
ri

a
 

(c
ri

te
ri

o
n

 1
 a

n
d

 c
ri

te
ri

o
n

 2
 i

n
 D

a
ta

se
t 

co
n

st
ru

ct
io

n
, c

r.
1

 a
n

d
 c

r.
2

) 
u

se
d

 f
o

r 
th

e
 Q

S
A

R
 m

o
d

e
ll

in
g

 a
n

d
 m

o
le

cu
le

s 
in

 g
re

y
 h

a
d

 u
n

e
st

a
b

li
sh

e
d

 
m

in
im

u
m

 i
n

h
ib

it
o

ry
 c

o
n

ce
n

tr
a

ti
o

n
s 

(M
IC

).
 T

h
e

 s
tr

u
ct

u
re

s 
o

f 
co

m
p

o
u

n
d

s 
w

it
h

 e
st

a
b

li
sh

e
d

 M
IC

s 
ca

n
 b

e
 f

o
u

n
d

 i
n

 
F

ig
u

re
 S

4
.2

. 
D

i-
p

re
n

y
la

te
d

 (
is

o
)f

la
v

o
n

o
id

s 
a

re
 i

n
d

ic
a

te
d

 i
n

 b
o

ld
. 

M
o

le
cu

le
s 

a
re

 s
o

rt
e

d
 b

a
se

d
 o

n
 s

u
b

cl
a

ss
 a

n
d

 o
rd

e
re

d
 a

lp
h

a
b

e
ti

ca
ll

y
 w

it
h

in
 e

a
ch

 
su

b
cl

a
ss

. 

I
D

 
 

(
I
s
o

)
fl

a
v
o

n
o

id
 

s
u

b
c
la

s
s
 

N
a

m
e
 

S
e

t 
M

I
C

 
(
µ

g
/

m
L
)
 

M
I
C

 (
µ

M
)
 

%
 P

r
e

d
ic

ti
o

n
 

e
r
r
o

r
 

R
e

f.
 

1
 

2
-a

ry
lb

e
n
z
o
fu

ra
n
 

G
la

b
ro

c
o
u
m

a
ro

n
e
 A

 (
K

a
n
z
o
n
o
l 
U

)
 

E
V

 
1
3
 

4
2
 

3
.4

 
[
5
]
 

2
 

2
-
a

r
y
lb

e
n

z
o

fu
r
a

n
 

E
r
y
v
a

r
in

 Q
 

*
(c

r.
2
)
 

6
 

1
5
 

4
.7

 
[
6
]
 

3
 

2
-a

ry
lb

e
n
z
o
fu

ra
n
 

E
ry

v
a
ri

n
 U

 
T
R

 
1
3
 

3
9
 

7
.4

 
[
7
]
 

4
 

2
-a

ry
lb

e
n
z
o
fu

ra
n
 

L
ic

o
c
o
u
m

a
ro

n
e
 

T
R

 
1
6
 

4
7
 

2
.1

 
[
8
]
 

5
 

2
-a

ry
lb

e
n
z
o
fu

ra
n
 

M
o
ra

c
in

 C
 

T
R

 
1
3
 

4
0
 

0
.5

 
[
9
]
 

6
 

2
-a

ry
lb

e
n
z
o
fu

ra
n
 

M
o
ra

c
in

 P
 

*
(c

r.
1
)
 

1
0
0
 

3
0
6
 

1
0
.5

 
[
1
0
]
 

7
 

3
-a

ry
lc

o
u
m

a
ri

n
 

G
ly

c
y
c
o
u
m

a
ri

n
 

T
R

 
1
6
 

4
3
 

8
.1

 
[
8
]
 

8
 

3
-a

ry
lc

o
u
m

a
ri

n
 

G
ly

c
y
ri

n
 

T
R

 
1
2
8
 

3
3
5
 

1
4
.4

 
[
8
]
 

9
 

3
-a

ry
lc

o
u
m

a
ri

n
 

G
ly

c
y
ri

n
 p

e
rm

e
th

y
l 
e
th

e
r 

- 
>

1
2
8
 

n
.a

. 
n
.a

 
[
8
]
 

1
0
 

3
-a

ry
lc

o
u
m

a
ri

n
 

Is
o
ro

b
u
s
to

n
e
 

- 
>

1
2
8
 

n
.a

. 
n
.a

 
[
1
1
]
 

1
1
 

3
-a

ry
lc

o
u
m

a
ri

n
 

L
ic

o
a
ry

lc
o
u
m

a
ri

n
 

*
(c

r.
1
)
 

3
2
 

8
7
 

1
0
.2

 
[
8
]
 

1
2
 

F
la

v
a
n
o
n
e
 

6
-p

re
n
y
ln

a
ri

n
g
e
n
in

 
T
R

 
3
8
 

1
1
0
 

2
.3

 
T
h
is

 s
tu

d
y
 

1
3

 
F
la

v
a

n
o

n
e

 
G

la
b

r
o

l 
*
 

9
 

2
4
 

2
.5

 
T
h
is

 s
tu

d
y
 

1
4
 

F
la

v
a
n
o
n
e
 

S
o
p
h
o
ra

fl
a
v
a
n
o
n
e
 B

 
T
R

 
3
1
 

9
2
 

5
.9

 
[
1
2
]
 

1
5
 

F
la

v
o
n
o
l 

Is
o
li
c
o
fl
a
v
o
n
o
l 

*
(c

r.
2
)
 

2
5
 

7
1
 

4
.9

 
[
1
0
]
 

1
6
 

Is
o
fl
a
v
a
n
 

3
'-

O
H

-4
'-

O
-m

e
th

y
lg

la
b
ri

d
in

 
T
R

 
1
6
 

4
4
 

9
.9

 
T
h
is

 s
tu

d
y
 

1
7
 

Is
o
fl
a
v
a
n
 

4
'-

O
-m

e
th

y
lg

la
b
ri

d
in

 
T
R

 
1
0
 

3
0
 

3
.8

 
T
h
is

 s
tu

d
y
 

1
8
 

Is
o
fl
a
v
a
n
 

E
ry

v
a
ri

n
 C

 
T
E
 

2
5
 

7
7
 

2
.2

 
[
1
3
]
 

1
9
 

Is
o
fl
a
v
a
n
 

E
ry

th
b
id

in
 A

 
E
V

 
5
0
 

1
5
4
 

8
.9

 
[
5
]
 

2
0

 
I
s
o

fl
a

v
a

n
 

E
r
y
z
e

r
in

 C
 

T
R

 
6
 

1
6
 

1
.8

 
[
1
4
,1

5
]
 

  



Chapter 4 
 

122 
 

 

T
a

b
le

 S
4

.1
. C

o
n

ti
n

u
e

d
 

I
D

 
(
I
s
o

)
fl

a
v
o

n
o

id
 

s
u

b
c
la

s
s
 

N
a

m
e
 

S
e

t 
M

I
C

 (
µ

g
/

m
L
)
 

M
I
C

 (
µ

M
)
 

%
 P

r
e

d
ic

ti
o

n
 

e
r
r
o

r
 

R
e

f.
 

2
1

 
I
s
o

fl
a

v
a

n
 

E
r
y
z
e

r
in

 D
 

T
R

 
1
3
 

3
2
 

3
.8

 
[
1
5
]
 

2
2
 

Is
o
fl
a
v
a
n
 

G
la

b
ri

d
in

 
T
R

 
1
6
 

4
9
 

2
.0

 
[
8
]
 

2
3
 

Is
o
fl
a
v
a
n
 

G
ly

a
s
p
e
ri

n
 C

 
T
E
 

1
6
 

4
5
 

4
.8

 
[
8
]
 

2
4
 

Is
o
fl
a
v
a
n
 

G
ly

a
s
p
e
ri

n
 D

 
T
R

 
1
6
 

4
3
 

2
.7

 
[
8
]
 

2
5

 
I
s
o

fl
a

v
a

n
 

H
is

p
a

g
la

b
r
id

in
 A

 
T
R

 
5
0
 

1
2
7
 

1
7
.8

 
T
h
is

 
s
tu

d
y
 

2
6
 

Is
o
fl
a
v
a
n
 

H
is

p
a
g
la

b
ri

d
in

 B
 

- 
>

1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 
s
tu

d
y
 

2
7

 
I
s
o

fl
a

v
a

n
 

L
ic

o
r
ic

id
in

 
T
R

 
1
6
 

3
8
 

1
.1

 
[
8
]
 

2
8
 

Is
o
fl
a
v
a
n
 

P
h
a
s
e
o
ll
id

in
 i
s
o
fl
a
v
a
n
 

E
V

 
1
3
 

4
0
 

0
.5

 
[
5
]
 

2
9
 

Is
o
fl
a
v
a
n
 

P
h
a
s
e
o
ll
in

 i
s
o
fl
a
v
a
n
 

E
V

 
5
0
 

1
5
5
 

8
.0

 
[
5
]
 

3
0

 
I
s
o

fl
a

v
a

n
o

n
e

 
2

,3
-
D

ih
y
d

r
o

a
u

r
ic

u
la

ti
n

 
E
V

 
2
5
 

5
9
 

4
.2

 
[
1
6
]
 

3
1

 
I
s
o

fl
a

v
a

n
o

n
e

 
3

'-
d

im
e

th
y
la

ll
y
l-

k
ie

v
it

o
n

e
 

T
R

 
8
 

1
9
 

3
.1

 
[
8
]
 

3
2

 
I
s
o

fl
a

v
a

n
o

n
e

 
B

id
w

il
lo

n
 B

 
T
R

 
6
 

1
5
 

6
.9

 
[
1
4
,1

7
]
 

3
3
 

Is
o
fl
a
v
a
n
o
n
e
 

C
o
s
ta

ro
n
e
 

- 
>

5
0
 

5
9
 

n
.a

. 
[
1
8
]
 

3
4

 
I
s
o

fl
a

v
a

n
o

n
e

 
D

ip
r
e

n
y
l-

c
o

s
ta

r
o

n
e

 
O

u
tl

ie
r 

6
 

1
4
 

2
0
.8

 
[
1
8
]
 

3
5

 
I
s
o

fl
a

v
a

n
o

n
e

 
E

r
y
v
a

r
in

 V
 

T
R

 
2
5
 

5
9
 

2
.6

 
[
1
9
]
 

3
6

 
I
s
o

fl
a

v
a

n
o

n
e

 
E

r
y
v
a

r
in

 Y
 

E
V

 
2
5
 

5
9
 

0
.1

 
[
1
6
]
 

3
7

 
I
s
o

fl
a

v
a

n
o

n
e

 
E

r
y
v
a

r
in

 Z
 

E
V

 
5
0
 

1
2
2
 

9
.0

 
[
1
6
]
 

3
8

 
I
s
o

fl
a

v
a

n
o

n
e

 
E

r
y
z
e

r
in

 A
 

T
R

 
2
5
 

6
1
 

5
.7

 
[
1
5
]
 

3
9
 

Is
o
fl
a
v
a
n
o
n
e
 

E
ry

z
e
ri

n
 B

 
- 

>
5
0
 

n
.a

. 
n
.a

 
[
1
4
,1

7
]
 

4
0
 

Is
o
fl
a
v
a
n
o
n
e
 

G
li
c
o
is

o
fl
a
v
a
n
o
n
e
 

T
R

 
6
4
 

1
6
7
 

8
.9

 
[
8
]
 

4
1
 

Is
o
fl
a
v
a
n
o
n
e
 

G
ly

a
s
p
e
ri

n
 F

 
T
R

 
6
4
 

1
8
1
 

2
.0

 
[
8
]
 

4
2
 

Is
o
fl
a
v
a
n
o
n
e
 

G
ly

c
y
rr

h
is

o
fl
a
v
a
n
o
n
e
 

T
R

 
6
4
 

1
7
4
 

1
.3

 
[
8
]
 

4
3
 

Is
o
fl
a
v
a
n
o
n
e
 

L
ic

o
is

o
fl
a
v
a
n
o
n
e
 

T
R

 
3
2
 

9
0
 

3
.1

 
[
8
]
 

4
4

 
I
s
o

fl
a

v
a

n
o

n
e

 
O

r
ie

n
ta

n
o

l 
E

 
E
V

 
1
3
 

3
1
 

6
.5

 
[
1
6
]
 

4
5

 
I
s
o

fl
a

v
a

n
o

n
e

 
O

r
ie

n
ta

n
o

l 
F
 

T
E
 

1
3
 

3
1
 

5
.0

 
[
1
3
]
 

4
6

 
I
s
o

fl
a

v
a

n
o

n
e

 
P

r
e

n
y
l-

c
o

s
ta

r
o

n
e
 

E
V

 
5
0
 

1
1
5
 

1
0
.1

 
[
1
8
]
 

4
7
 

Is
o
fl
a
v
e
n
e
 

B
id

w
il
lo

l 
A

 
E
V

 
1
3
 

3
8
 

3
.4

 
[
5
]
 

4
8
 

Is
o
fl
a
v
e
n
e
 

E
ry

p
o
e
g
in

 A
 

T
R

 
2
5
 

7
4
 

9
.8

 
[
2
0
]
 

  



Prenylated (iso)flavonoids as anti-MRSA agents  
 

123 
 

 4 

  

 

  

T
a

b
le

 S
4

.1
. C

o
n

ti
n

u
e

d
 

I
D

 
(
I
s
o

)
fl

a
v
o

n
o

id
 

s
u

b
c
la

s
s
 

N
a

m
e
 

S
e

t 
M

I
C

 (
µ

g
/

m
L
)
 

M
I
C

 (
µ

M
)
 

%
 P

r
e

d
ic

ti
o

n
 

e
r
r
o

r
 

R
e

f.
 

4
9
 

Is
o
fl
a
v
e
n
e
 

G
la

b
re

n
e
 

T
R

 
2
5
 

7
8
 

2
.6

 
T
h
is

 s
tu

d
y
 

5
0

 
I
s
o

fl
a

v
o

n
e

 
6

,8
-
d

ip
r
e

n
y
lg

e
n

is
te

in
 

T
R

 
9
 

2
3
 

1
.3

 
T
h
is

 s
tu

d
y
 

5
1
 

Is
o
fl
a
v
o
n
e
 

2
,3

-d
e
h
y
d
ro

k
ie

v
it

o
n
e
 

- 
>

1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 s
tu

d
y
 

5
2

 
I
s
o

fl
a

v
o

n
e

 
C

h
a

n
d

a
lo

n
e

 
T
R

 
1
6
 

4
0
 

4
.2

 
[
1
1
]
 

5
3

 
I
s
o

fl
a

v
o

n
e

 
D

e
r
r
is

is
o

fl
a

v
o

n
e

 A
 

T
R

 
4
 

1
0
 

5
.9

 
[
1
1
]
 

5
4
 

Is
o
fl
a
v
o
n
e
 

E
ry

s
u
b
in

 B
 

- 
>

2
5
 

n
.a

. 
n
.a

 
[
2
1
]
 

5
5
 

I
s
o

fl
a

v
o

n
e

 
E

r
y
s
u

b
in

 F
 

O
u
tl

ie
r 

1
0
0
 

2
5
6
 

n
.a

 
[
6
]
 

5
6
 

Is
o
fl
a
v
o
n
e
 

G
a
n
c
a
o
n
in

 G
 

T
E
 

1
6
 

4
5
 

2
.6

 
[
8
]
 

5
7
 

Is
o
fl
a
v
o
n
e
 

G
li
c
o
ri

c
o
n
e
 

T
R

 
6
4
 

1
7
4
 

6
.3

 
[
8
]
 

5
8
 

Is
o
fl
a
v
o
n
e
 

G
li
s
o
fl
a
v
o
n
e
 

T
R

 
6
4
 

1
7
4
 

0
.3

 
[
8
]
 

5
9
 

Is
o
fl
a
v
o
n
e
 

G
ly

c
y
rr

h
is

o
fl
a
v
o
n
e
 

T
R

 
6
4
 

1
8
1
 

6
.1

 
[
8
]
 

6
0

 
I
s
o

fl
a

v
o

n
e

 
I
s
o

a
n

g
u

s
to

n
e

 A
 

T
E
 

1
6
 

3
8
 

3
 

[
8
]
 

6
1
 

Is
o
fl
a
v
o
n
e
 

Is
o
c
h
a
n
d
a
lo

n
e
 

- 
>

2
5
6
 

n
.a

. 
n
.a

 
[
1
1
]
 

6
2

 
I
s
o

fl
a

v
o

n
e

 
I
s
o

lu
p

a
lb

ig
e

n
in

 
T
R

 
3
 

8
 

6
 

[
2
1
]
 

6
3
 

Is
o
fl
a
v
o
n
e
 

Is
o
-o

s
a
ji
n
 

- 
>

1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 s
tu

d
y
 

6
4
 

Is
o
fl
a
v
o
n
e
 

Is
o
w

ig
h
te

o
n
e
 

T
E
 

3
2
 

9
5
 

5
.1

 
[
8
]
 

6
5
 

Is
o
fl
a
v
o
n
e
 

L
ic

o
is

o
fl
a
v
o
n
e
 A

 
T
E
 

2
5
 

7
1
 

5
.0

 
T
h
is

 s
tu

d
y
 

6
6
 

Is
o
fl
a
v
o
n
e
 

L
ic

o
is

o
fl
a
v
o
n
e
 B

 
T
R

 
1
3
 

3
5
 

7
.1

 
[
9
]
 

6
7

 
I
s
o

fl
a

v
o

n
e

 
L
u

p
a

lb
ig

e
n

in
 

T
R

 
4
 

1
0
 

5
.5

 
[
1
1
]
 

6
8
 

Is
o
fl
a
v
o
n
e
 

L
u
p
iw

ig
h
te

o
n
e
 

- 
>

1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 s
tu

d
y
 

6
9
 

Is
o
fl
a
v
o
n
e
 

L
u
te

o
n
e
 

T
R

 
2
5
 

7
1
 

2
.1

 
T
h
is

 s
tu

d
y
 

7
0
 

Is
o
fl
a
v
o
n
e
 

N
e
o
b
a
v
a
is

o
fl
a
v
o
n
e
 

T
R

 
3
8
 

1
1
6
 

8
.1

 
T
h
is

 s
tu

d
y
 

7
1
 

Is
o
fl
a
v
o
n
e
 

S
c
a
n
d
in

o
n
e
 

- 
>

2
5
6
 

n
.a

. 
n
.a

 
[
1
1
]
 

7
2
 

Is
o
fl
a
v
o
n
e
 

S
e
m

il
ic

o
is

o
fl
a
v
o
n
e
 B

 
T
R

 
6
4
 

1
8
2
 

4
.5

 
[
8
]
 

7
3
 

Is
o
fl
a
v
o
n
e
 

S
tr

o
b
il
li
fe

ry
li
n
 

*
(c

r.
2
)
 

3
6
 

7
6
 

1
8
 

[
2
2
]
 

7
4
 

Is
o
fl
a
v
o
n
e
 

W
ig

h
te

o
n
e
 (

E
ry

th
ri

n
in

 B
)
 

T
R

 
1
6
 

4
6
 

2
.6

 
T
h
is

 s
tu

d
y
 

7
5

 
P

te
r
o

c
a

r
p

a
n

 
2

-
(
d

im
e

th
y
la

ll
y
l)

-
6

a
-

h
y
d

r
o

x
y
p

h
a

s
e

o
ll

id
in

 
T
R

 
1
3
 

3
1
 

5
.2

 
[
1
3
]
 

7
6
 

P
te

ro
c
a
rp

a
n
 

A
n
h
y
d
ro

tu
b
e
ro

s
in

 
- 

>
1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 s
tu

d
y
 

  



Chapter 4 
 

124 
 

  

T
a

b
le

 S
4

.1
. C

o
n

ti
n

u
e

d
 

I
D

 
(
I
s
o

)
fl

a
v
o

n
o

id
 

s
u

b
c
la

s
s
 

N
a

m
e
 

S
e

t 
M

I
C

 (
µ

g
/

m
L
)
 

M
I
C

 (
µ

M
)
 

%
 P

r
e

d
ic

ti
o

n
 

e
r
r
o

r
 

R
e

f.
 

7
7
 

P
te

ro
c
a
rp

a
n
 

C
ri

s
ta

c
a
rp

in
 

T
R

 
1
0
0
 

2
8
2
 

4
.9

 
[
3
]
 

7
8

 
P

te
r
o

c
a

r
p

a
n

 
E

r
y
b

r
a

e
d

in
 A

/
 4

-
p

r
e

n
y
lp

h
a

s
e

o
ll

id
in

 
T
R

 
3
 

8
 

5
.8

 
[
1
1
,1

4
]
 

7
9

 
P

te
r
o

c
a

r
p

a
n

 
E

r
y
s
ta

g
a

ll
in

 A
 

T
E
 

2
5
 

5
9
 

3
 

[
1
0
]
 

8
0
 

P
te

ro
c
a
rp

a
n
 

E
ry

th
ri

b
y
s
s
in

 A
 

T
R

 
3
2
 

8
7
 

6
.8

 
[
2
0
]
 

8
1

 
P

te
r
o

c
a

r
p

a
n

 
E

r
y
z
e

r
in

 E
 

T
R

 
2
5
 

5
9
 

2
.8

 
[
1
2
]
 

8
2
 

P
te

ro
c
a
rp

a
n
 

F
u
s
c
a
c
a
rp

a
n
 A

 
- 

>
2
0
0
 

n
.a

. 
n
.a

 
[
2
0
]
 

8
3
 

P
te

ro
c
a
rp

a
n
 

F
u
s
c
a
c
a
rp

a
n
 B

 
- 

>
2
0
0
 

n
.a

. 
n
.a

 
[
2
0
]
 

8
4
 

P
te

ro
c
a
rp

a
n
 

F
u
s
c
a
c
a
rp

a
n
 C

 
- 

>
2
0
0
 

n
.a

. 
n
.a

 
[
2
0
]
 

8
5
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
e
o
fu

ra
n
 

- 
>

1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 s
tu

d
y
 

8
6
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
e
o
ll
id

in
 I

I 
T
E
 

4
4
 

1
2
9
 

0
.0

 
T
h
is

 s
tu

d
y
 

8
7
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
e
o
ll
in

 I
 

O
u
tl

ie
r 

1
0
0
 

2
9
6
 

n
.a

 
T
h
is

 s
tu

d
y
 

8
8
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
e
o
ll
in

 I
I 

T
R

 
1
5
0
 

4
4
3
 

1
1
.4

 
T
h
is

 s
tu

d
y
 

8
9
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
e
o
ll
in

 I
II

 
O

u
tl

ie
r 

1
0
0
 

2
9
6
 

n
.a

 
T
h
is

 s
tu

d
y
 

9
0
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
e
o
ll
in

 I
V

 
T
R

 
4
4
 

1
2
3
 

3
.8

 
T
h
is

 s
tu

d
y
 

9
1
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
e
o
ll
in

 V
 

- 
>

1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 s
tu

d
y
 

9
2
 

P
te

ro
c
a
rp

a
n
 

G
ly

c
y
ro

l 
- 

>
1
2
8
 

n
.a

. 
n
.a

 
[
5
]
 

9
3
 

P
te

ro
c
a
rp

a
n
 

O
ri

e
n
ta

n
o
l 
B

 
T
R

 
6
 

1
8
 

1
0
.1

 
[
1
0
]
 

9
4

 
P

te
r
o

c
a

r
p

a
n

 
O

r
ie

n
ta

n
o

l 
C

 
T
R

 
2
5
 

6
4
 

9
 

[
1
0
]
 

9
5
 

P
te

ro
c
a
rp

a
n
 

P
h
a
s
e
o
ll
id

in
 

T
R

 
5
0
 

1
5
4
 

9
.3

 
[
1
0
]
 

9
6
 

P
te

ro
c
a
rp

a
n
 

P
h
a
s
e
o
ll
in

 
T
R

 
2
5
 

7
8
 

1
.7

 
[
1
0
]
 

9
7
 

P
te

ro
c
a
rp

a
n
 

S
a
n
d
w

ic
e
n
s
in

 
T
E
 

1
6
 

4
7
 

3
.4

 
[
2
0
]
 

9
8
 

P
te

ro
c
a
rp

e
n
e
 

D
e
h
y
d
ro

g
ly

c
e
o
ll
id

in
 I

I 
T
E
 

2
2
 

6
8
 

4
.1

 
T
h
is

 s
tu

d
y
 

9
9
 

P
te

ro
c
a
rp

e
n
e
 

D
e
h
y
d
ro

g
ly

c
e
o
ll
in

 I
 

T
E
 

1
6
 

4
9
 

2
.6

 
T
h
is

 s
tu

d
y
 

1
0
0
 

P
te

ro
c
a
rp

e
n
e
 

D
e
h
y
d
ro

g
ly

c
e
o
ll
in

 I
I 

T
R

 
1
9
 

5
9
 

1
.8

 
T
h
is

 s
tu

d
y
 

1
0
1
 

P
te

ro
c
a
rp

e
n
e
 

D
e
h
y
d
ro

g
ly

c
e
o
ll
in

 I
II

 
- 

>
1
0
0
 

n
.a

. 
n
.a

 
T
h
is

 s
tu

d
y
 

1
0
2
 

P
te

ro
c
a
rp

e
n
e
 

D
e
h
y
d
ro

g
ly

c
e
o
ll
in

 I
V

 
T
E
 

4
4
 

1
3
0
 

1
3
.8

 
T
h
is

 s
tu

d
y
 

1
0
3
 

P
te

ro
c
a
rp

e
n
e
 

E
ry

p
o
e
g
in

 H
 

T
R

 
1
3
 

3
9
 

1
.8

 
[
3
]
 

1
0

4
 

P
te

r
o

c
a

r
p

e
n

e
 

E
r
y
s
ta

g
a

ll
in

 A
 

T
E
 

6
 

1
6
 

2
.0

 
[
1
0
]
 

1
0
5
 

P
te

ro
c
a
rp

e
n
e
 

E
ry

v
a
ri

n
 D

 
T
R

 
2
5
 

7
4
 

4
.8

 
[
3
]
 

1
0

6
 

P
te

r
o

c
a

r
p

e
n

e
 

E
r
y
v
a

r
in

 W
 

T
R

 
3
 

8
 

3
.0

 
[
1
6
]
 

 



Prenylated (iso)flavonoids as anti-MRSA agents  
 

125 
 

 4 

Table S4.2. List of descriptors 
No.  Descriptors Definition  

1 a_acc Number of hydrogen bond acceptor atoms (not counting acidic atoms 

but counting atoms that are both hydrogen bond donors and acceptors 

such as -OH). 

2 a_aro Number of aromatic atoms. 

3 a_donacc Number of hydrogen bond donor plus number of hydrogen bond 

acceptor atoms. 

4 a_ICM Atom information content (mean). This is the entropy of the element 

distribution in the molecule (including implicit hydrogens but not lone 

pair pseudo-atoms). Let ni be the number of occurrences of atomic 

number I in the molecule. Let p i = ni / n where n is the sum of the ni. 

The value of a_ICM is the negative of the sum over all I of p i log pi. 

5 ASA- Water accessible surface area of all atoms with negative partial charge 

(strictly less than 0). 

6 ASA_H Water accessible surface area of all hydrophobic (|qi|<0.2) atoms. 

7 ASA_P Water accessible surface area of all polar (|q i|>=0.2) atoms. 

8 ASA+ Water accessible surface area of all atoms with positive partial charge 

(strictly greater than 0). 

9 b_double Number of double bonds. Aromatic bonds are not considered to be 

double bonds. 

10 b_heavy Number of bonds between heavy atoms. 

11 b_rotN Number of rotatable bonds. A bond is rotatable if it has order 1, is not 

in a ring, and has at least two heavy neighbours. 

12 balabanJ Balaban's connectivity topological index. 

13 CASA- Negative charge weighted surface area, ASA- times max (qi < 0 ). 

14 CASA+ Positive charge weighted surface area, ASA+ times max (q i < 0 ). 

15 chiral Number of chiral centres. 

16 DASA Absolute value of the difference between ASA+ and ASA-. 

17 dens Mass density: molecular weight divided by van der Waals volume as 

calculated in the vol descriptor. 

18 diameter Largest value in the distance matrix. 

19 dipole Dipole moment calculated from the partial charges of the molecule. 

20 E_ang Angle bend potential energy. In the Potential Setup panel, the term 

enable (Bonded) flag is ignored, but the term weight is applied. 

21 E_ele Electrostatic component of the potential energy. In the Potential Setup 

panel, the term enable flag is ignored, but the term weight is applied. 

22 E_oop Out-of-plane potential energy. In the Potential Setup panel, the term 

enable (Bonded) flag is ignored, but the term weight is applied. 

23 E_sol Solvation energy. In the Potential Setup panel, the term enable 

parameter (Solvation menu) is ignored, but the term weight is applied. 

24 E_str Bond stretch potential energy. In the Potential Setup panel, the term 

enable (Bonded) flag is ignored, but the term weight is applied. 

25 E_strain Local strain energy: the current energy minus the value of the energy 

at a near local minimum. The current energy is calculated as for the E 

descriptor. The local minimum energy is the value of the E descriptor 

after first performing an energy minimization. Current chirality is 

preserved and charges are left undisturbed during minimization. The 

structure in the dataset is not modified (results of the minimization are 

discarded). 
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Table S4.2. Continued 
No.  Descriptors Definition  

26 E_tor Torsion (proper and improper) potential energy. In the Potential Setup 

panel, the term enable (Bonded) flag is ignored, but the term weight is 

applied. 

27 E_vdw van der Waals component of the potential energy. In the Potential 

Setup panel, the term enable flag is ignored, but the term weight is 

applied. 

28 FASA- Fractional ASA- calculated as ASA- / ASA. 

29 FASA_H Fractional ASA_H calculated as ASA_H / ASA. 

30 FASA+ Fractional ASA+ calculated as ASA+ / ASA. 

31 FCASA- Fractional CASA- calculated as CASA- / ASA. 

32 FCASA+ Fractional CASA+ calculated as CASA+ / ASA. 

33 glob Globularity, or inverse condition number smallest eigenvalue divided 

by the largest eigenvalue) of the covariance matrix of atomic 

coordinates. A value of 1 indicates a perfect sphere while a value of 0 

indicates a two- or one-dimensional object. 

34 h_ema Sum of hydrogen bond acceptor strengths 

35 h_emd Sum of hydrogen bond donor strengths. 

36 h_emd_C Sum of hydrogen bond donor strengths of carbon atoms. 

37 h_logD The octanol/water distribution coefficient at pH 7 calculated as a state 

average: log sum (10h_logPi - pCi). 

38 h_pavgQ The average total charge sum (Q i 10-pCi) where Qi is the total formal 

charge of state i. 

39 h_pKa The pKa of the reaction that removes a proton from the ensemble of 

states with a hydrogen count equal to the input structure;14 is reported 

if there are no states with fewer hydrogens than the input. 

40 h_pstrain The strain energy (kcal/mol) needed to convert all protonation states 

into the input protonation state: (kT ln 10) (pC1 + log sum (10-pCi)) 

41 KierFlex Kier molecular flexibility index: (KierA1) (KierA2) / n  

42 lip_acc The number of O and N atoms. 

43 lip_don The number of OH and NH atoms 

44 logP(o/w) Log of the octanol/water partition coefficient (including 

implicit hydrogens). This property is calculated from a linear atom type 

model [LOGP 1998] with r2 = 0.931, RMSE=0.393 on 1,827 molecules. 

45 logS Log of the aqueous solubility (mol/L). This property is calculated from 

an atom contribution linear atom type model [Hou 2004] 

with r2 = 0.90, ~1,200 molecules. 

46 npr1 Normalized PMI ratio pmi1/pmi3. 

47 npr2 Normalized PMI ratio pmi2/pmi3. 

48 PC- Total negative partial charge: the sum of the negative qi 

49 PEOE_PC- Total negative partial charge: the sum of the negative qi. Q_PC- is 

identical to PC- which has been retained for compatibility. 

50 PEOE_RPC- Relative negative partial charge: the smallest negative qi divided by 

the sum of the negative qi. Q_RPC- is identical to RPC- which has been 

retained for compatibility. 

51 PEOE_RPC+ Relative positive partial charge: the largest positive qi divided by the 

sum of the positive qi. Q_RPC+ is identical to RPC+ which has been 

retained for compatibility. 
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Table S4.2. Continued 
No.  Descriptors Definition  

52 PEOE_VSA_FHYD Fractional hydrophobic van der Waals surface area. This is the 

sum of the vi such that |qi| is less than or equal to 0.2 divided by 

the total surface area. The vi are calculated using a connection 

table approximation. 

53 PEOE_VSA_FNEG Fractional negative van der Waals surface area. This is the sum of 

the vi such that qi is negative divided by the total surface area. 

The vi are calculated using a connection table approximation. 

54 PEOE_VSA_HYD Total hydrophobic van der Waals surface area. This is the sum of 

the vi such that |qi| is less than or equal to 0.2. The vi are 

calculated using a connection table approximation. 

55 PEOE_VSA_NEG Total negative van der Waals surface area. This is the sum of 

the vi such that qi is negative. The vi are calculated using a 

connection table approximation. 

56 PEOE_VSA_POS Total positive van der Waals surface area. This is the sum of 

the vi such that qi is non-negative. The vi are calculated using a 

connection table approximation. 

57 PEOE_VSA_PPOS Total positive polar van der Waals surface area. This is the sum 

of the vi such that qi is greater than 0.2. The vi are calculated 

using a connection table approximation. 

58 PEOE_VSA+0 Sum of vi where qi is in the range [0.00,0.05). 

59 PEOE_VSA+1 Sum of vi where qi is in the range [0.05,0.10). 

60 PEOE_VSA+2 Sum of vi where qi is in the range [0.10,0.15). 

61 PEOE_VSA-0 Sum of vi where qi is in the range [-0.05,0.00). 

62 PEOE_VSA-1 Sum of vi where qi is in the range [-0.10,-0.05). 

63 PM3_dipole The dipole moment calculated using the PM3 Hamiltonian. 

64 PM3_E The total energy (kcal/mol) calculated using the PM3 Hamiltonian 

[MOPAC]. 

65 PM3_HF The heat of formation (kcal/mol) calculated using the PM3 

Hamiltonian [MOPAC]. 

66 PM3_IP The ionization potential (kcal/mol) calculated using the PM3 

Hamiltonian [MOPAC]. 

67 PM3_LUMO The energy (eV) of the Lowest Unoccupied Molecular Orbital 

calculated using the PM3 Hamiltonian [MOPAC]. 

68 pmi1 First diagonal element of diagonalized moment of inertia tensor. 

69 pmi3 Third diagonal element of diagonalized moment of inertia tensor. 

70 radius If ri is the largest matrix entry in row i of the distance matrix D, 

then the radius is defined as the smallest of 

the ri [Petitjean 1992]. 

71 rgyr Radius of gyration. 

72 rings The number of rings. 

73 RPC- Relative negative partial charge: the smallest negative qi divided 

by the sum of the negative qi. Q_RPC- is identical to RPC- which 

has been retained for compatibility. 

74 RPC+ Relative positive partial charge: the largest positive qi divided by 

the sum of the positive qi. Q_RPC+ is identical to RPC+ which has 

been retained for compatibility. 
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Table S4.2. Continued 
No.  Descriptors Definition  

75 SlogP 

 

 

 

  

Log of the octanol/water partition coefficient (including 

implicit hydrogens). This property is an atomic contribution model 

[Crippen 1999] that calculates logP from the given structure; i.e., the 

correct protonation state (washed structures). Results may  vary 

from the logP(o/w) descriptor. The training set for SlogP was ~7000 

structures. 

76 std_dim1 Standard dimension 1: the square root of the largest eigenvalue of 

the covariance matrix of the atomic coordinates. A standard 

dimension is equivalent to the standard deviation along a principal 

component axis. 

77 std_dim2 Standard dimension 2: the square root of the second largest 

eigenvalue of the covariance matrix of the atomic coordinates. A 

standard dimension is equivalent to the standard deviation along a 

principal component axis. 

78 std_dim3 Standard dimension 3: the square root of the third largest eigenvalue 

of the covariance matrix of the atomic coordinates. A standard 

dimension is equivalent to the standard deviation along a principal 

component axis.  

79 vol van der Waals volume calculated using a grid approximation (spacing 

0.75 A). 

80 vsa_acc Approximation to the sum of VDW surface areas (Å2) of pure 

hydrogen bond acceptors (not counting atoms that are both hydrogen 

bond donors and acceptors such as -OH). 

81 vsa_pol Approximation to the sum of VDW surface areas (Å2) of polar atoms 

(atoms that are both hydrogen bond donors and acceptors), such as 

-OH. 

82 vsurf_A Amphiphilic moment 

83 vsurf_CP Critical packing parameter 

84 vsurf_CW2 Capacity factor at −0.5 kcal/mol. 

85 vsurf_CW3 Capacity factor at −1.0 kcal/mol. 

86 vsurf_D4 Hydrophobic volume at -0.8 kcal/mol. 

87 vsurf_D6 Hydrophobic volume at -1.2 kcal/mol. 

88 vsurf_D7 Hydrophobic volume at -1.4 kcal/mol. 

89 vsurf_D8 Hydrophobic volume at -1.6 kcal/mol. 

90 vsurf_DD12 Contact distances. vsurf_EDmin1, vsurf_EDmin2 distance. 

91 vsurf_DD13 vsurf_EDmin1, vsurf_EDmin3 distance. 

92 vsurf_DD23 vsurf_EDmin2, vsurf_EDmin3 distance. 

93 vsurf_DW12 vsurf_EWmin1, vsurf_EWmin2 distance. 

94 vsurf_DW13 vsurf_EWmin1, vsurf_EWmin3 distance. 

95 vsurf_DW23 vsurf_EWmin2, vsurf_EWmin3 distance 

96 vsurf_EDmin1 Lowest hydrophobic energy. 

97 vsurf_EWmin1 Lowest hydrophilic energy. 

98 vsurf_G Surface globularity 

99 vsurf_HB1 H-bond donor capacity at -0.2 kcal/mol. 

100 vsurf_HB5 H-bond donor capacity at -0.5 kcal/mol. 

101 vsurf_HL1 First hydrophilic-lipophilic balance. 

102 vsurf_ID1 Hydrophobic interaction energy (integy) moment at -0.2 kcal/mol. 
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Table S4.2. Continued 
No.  Descriptors Definition  

103 vsurf_ID4 Hydrophobic integy moment at -0.8 kcal/mol. 

104 vsurf_ID6 Hydrophobic integy moment at -1.2 kcal/mol. 

105 vsurf_ID7 Hydrophobic integy moment at -1.4 kcal/mol. 

106 vsurf_ID8 Hydrophobic integy moment at -1.6 kcal/mol. 

107 vsurf_IW1 Hydrophilic integy moment at -0.2 kcal/mol. 

108 vsurf_IW2 Hydrophilic integy moment at -0.5 kcal/mol. 

109 vsurf_IW3 Hydrophilic integy moment at -1.0 kcal/mol. 

110 vsurf_IW6 Hydrophilic integy moment at −4.0 kcal/mol 

111 vsurf_IW7 Hydrophilic integy moment at -5.0 kcal/mol. 

112 vsurf_R Surface rugosity 

113 vsurf_W1 Hydrophilic volume at −0.2 kcal mol-1 

114 vsurf_W3 Hydrophilic volume at -1.0 kcal/mol. 

115 vsurf_W7 Hydrophilic volume at -5.0 kcal/mol. 

116 vsurf_Wp1 Polar volume 

117 vsurf_Wp2 Polar volume at -0.5 kcal/mol. 

118 vsurf_Wp3 Polar volume at -1.0 kcal/mol. 

119 vsurf_Wp4 Polar volume at -2.0 kcal/mol. 

120 vsurf_Wp6 Polar volume at -4.0 kcal/mol. 

121 vsurf_Wp7 Polar volume at -5.0 kcal/mol. 
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Table S4.4. Most frequent descriptors used in the top QSAR models and their significance (n: 2-
7). 

Descriptor p-value 

h_emd_C 2.2e-04-1.7e-02 

vsurf_D4 1.0-1.9e-10 

PEOE_VSA_PPOS 3.6e-06 – 1.4e-05 

vsurf_CW3 4.7e-13-4.1e-09 

vsurf_IW7 3.5e-04-3.9e-01 

E_vdw 5.8e-03 

h_pavgQ 1.7e-06-1.2e-04 

PEOE_VSA+2 4.2e-03 -1.6e-01 

vsurf_DD12 4.7e-02-1.5e-01 

PM3_IP 7.1e-02 
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Table S4.5. Prenylated (iso)flavonoids mapping all features of the pharmacophore model of 
MRSA. a RMSD is the root-mean-square deviation which determines the quality of fitting of each 
prenylated (iso)flavonoid to the pharmacophore features. b True (+) and false (-) positive. Di-
prenylated (iso)flavonoids are indicated in bold. 

ID (Iso)flavonoid 

subclass 

Name MIC 

(µg/mL) 

RMSDa Outcomeb 

3 2-arylbenzofuran Eryvarin U 12 0.64 - 

4 2-arylbenzofuran Licocoumarone 16 0.46 + 

5 2-arylbenzofuran Moracin C 12 0.5 + 

7 3-arylcoumarin Glycycoumarin 16 0.76 + 

8 3-arylcoumarin Glycyrin 128 0.62 + 

16 Isoflavan 3'-OH-4'-O-methylglabridin 16 0.68 + 

18 Isoflavan Eryvarin C 25 0.4 + 

21 Isoflavan Eryzerin D 12 0.4 + 

22 Isoflavan Glabridin 16 0.63 + 

23 Isoflavan Glyasperin C 16 0.63 + 

24 Isoflavan Glyasperin D 16 0.78 + 

25 Isoflavan Hispaglabridin A 50 0.64 + 

27 Isoflavan Licoricidin 16 0.64 - 

28 Isoflavan Phaseollin isoflavan 50 0.41 - 

35 Isoflavanone Eryvarin V 25 0.86 + 

46 Isoflavanone Prenyl-costarone 50 0.68 - 

49 Isoflavene Glabrene 25 0.39 + 

50 Isoflavone 6,8-diprenylgenistein 9 0.66 + 

52 Isoflavone Chandalone 16 0.56 + 

53 Isoflavone Derrisisoflavone A 4 0.68 + 

56 Isoflavone Gancaonin G 16 0.73 + 

60 Isoflavone Isoangustone A 16 0.7 + 

62 Isoflavone Isolupalbigenin 3 0.69 - 

65 Isoflavone Licoisoflavone A 25 0.59 + 

66 Isoflavone Licoisoflavone B 12 0.21 + 

67 Isoflavone Lupalbigenin 4 0.66 - 

69 Isoflavone Luteone 25 0.65 + 

72 Isoflavone Semilicoisoflavone B 64 0.3 - 

74 Isoflavone Wighteone/Erythrinin B 16 0.68 + 

75 Pterocarpan 2-(dimethylallyl)-6a-

hydroxyphaseollidin 

12 0.39 + 

77 Pterocarpan Cristacarpin/Erythrabissin I 100 0.59 + 

79 Pterocarpan Erystagallin A 25 0.59 + 

81 Pterocarpan Eryzerin E 25 0.75 + 

96 Pterocarpan Phaseollin 25 0.92 + 

97 Pterocarpan Sandwicensin 16 0.6 + 

99 Pterocarpene Dehydroglyceollin I 16 0.63 - 

105 Pterocarpene Eryvarin D 25 0.6 + 
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Table S4.6. Prenylated (iso)flavonoids mapping all features of the pharmacophore model of L. 
monocytogenes [39]. a RMSD is the root-mean-square deviation which determines the quality of 
fitting of each prenylated (iso)flavonoid to the pharmacophore features. b True (+) and false (-) 
positive. Di-prenylated (iso)flavonoids are indicated in bold. 

ID (Iso)flavonoid 

subclass 

Name MIC 

(µg/mL) 

RMSDa Outcomeb 

3 2-arylbenzofuran Eryvarin U 12 0.72 + 

5 2-arylbenzofuran Moracin C 12 0.73 + 

7 3-arylcoumarin Glycycoumarin 16 0.65 + 

8 3-arylcoumarin Glycyrin 128 0.68 - 

12 Flavanone 6-prenyl-naringenin 38 0.73 - 

16 Isoflavan 3'-OH-4'-O-methylglabridin   16 0.52 + 

17 Isoflavan 4'-O-methylglabridin 10 0.52 + 

20 Isoflavan Eryzerin C 6 0.58 + 

22 Isoflavan Glabridin 16 0.52 + 

23 Isoflavan Glyasperin C 16 0.7 + 

24 Isoflavan Glyasperin D 16 0.48 + 

25 Isoflavan Hispaglabridin A 50 0.51 - 

27 Isoflavan Licoricidin 16 0.7 + 

29 Isoflavan Phaseollin isoflavan 50 0.53 - 

40 Isoflavanone Glicoisoflavanone 64 0.47 - 

45 Isoflavanone Orientanol F 12 0.75 + 

48 Isoflavene Erypoegin A 25 0.56 + 

50 Isoflavone 6,8-diprenylgenistein 9 0.25 + 

52 Isoflavone Chandalone 16 0.36 + 

53 Isoflavone Derrisisoflavone A 4 0.55 + 

56 Isoflavone Gancaonin G 16 0.42 + 

57 Isoflavone Glicoricone 64 0.66 - 

58 Isoflavone Glisoflavone 64 0.82 - 

60 Isoflavone Isoangustone A 16 0.26 + 

65 Isoflavone Licoisoflavone A 25 0.47 + 

66 Isoflavone Licoisoflavone B 12 0.45 + 

67 Isoflavone Lupalbigenin 4 0.25 + 

69 Isoflavone Luteone 25 0.37 + 

74 Isoflavone Wighteone/Erythrinin B 16 0.33 + 

78 Pterocarpan Erybraedin A/ 4-

prenylphaseollidin 

3 0.52 + 

81 Pterocarpan Eryzerin E 25 0.51 + 

90 Pterocarpan Glyceollin IV 44 0.52 - 

93 Pterocarpan Orientanol B 6 0.66 + 

102 Pterocarpene Dehydroglyceollin IV 44 0.49 - 
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 CHAPTER 

5   

Prenylated (iso)flavonoids as antifungal 

agents against the food spoiler 

Zygosaccharomyces parabailii 

  

Zygosaccharomyces bailii is one of the most troublesome spoilage yeasts of acidic 

food products. Z. bailii shows resistance towards the traditional food 

preservatives, weak organic acids. Although some natural antimicrobial agents 

have been explored as promising alternatives, none of them is active against Z. 

bailii (MIC ≥ 50 μg/mL). Prenylated isoflavonoids were investigated for their 

antifungal properties, including potency and mode of action. The mono-prenylated 

isoflavonoids, wighteone and glabridin showed fungicidal concentrations of 6.25 

μg/mL (18 μM) and 12.5 μg/mL (39 μM), respectively, at the optimal growth pH 

of the yeast (6.5). Interestingly, the di-prenylated analogues of wighteone and 

glabridin did not inhibit at all Z. parabailii at the highest concentration tested (MIC 

>> 25 μg/mL) at same pH. Furthermore, wighteone and glabridin were found to 

be 20-40 x more potent (on weight basis) than sorbic acid (MFC 550 μg/mL, 4.9 

mM) at pH 4.0. Active mono-prenylated isoflavonoids induced killing within 15 

min, suggesting potential membrane activity. Membrane permeabilization by 

these molecules was confirmed by propidium iodide uptake and TEM imaging. 

Membrane permeabilization was accompanied with leakage of intracellular 

material. Molecular properties such as the electrostatic energy potential and the 

hydrophobic integy moment were correlated to activity through a binary 

classification quantitative structure-activity relationship (QSAR) model. 

Altogether, mono-prenylated isoflavonoids can serve as highly potent, novel and 

natural antifungals against Z. parabailii acting by severely compromising the 

membrane integrity. 

Based on: Kalli, S.; Araya-Cloutier, C.; Chapman, J.; Sanders, J-W.; Vincken, J.-P., Prenylated 

(iso)flavonoids as antifungal agents against the food spoiler Zygosaccharomyces parabailii. 

Submitted for publication. 

  



Chapter 5 
 

140 
 

5.1. Introduction  
Spoilage yeasts constitute one of the most important challenges in food and drink 

preservation. The Zygosaccharomyces bailii sensu lato clade is probably the most 

troublesome yeast species complex (Group 1) [1]. This species complex comprises 

Zygosaccharomyces bailii together with two recently revealed, phylogenetically 

related species (hybrids), namely Z. parabailii and Z. pseudobailii [2]. Z. bailii is 

strongly associated with spoilage of foods with a high sugar content and/or acidic 

foods e.g. fruit juices and sauces (pH 3.0-4.0) [3,4], and it is also known for its 

resistance towards cleaning agents and disinfectants (high concentration of ethanol 

(> 15% v/v)) [1], impeding the cleaning of food-processing equipment [5,6]. 

Weak organic acids such as sorbic, acetic and lactic acid are typically used to 

control the growth of Z. bailii [3,7]. They are known to inhibit microbial growth 

primarily via cytoplasmic acidification [8-11] but other fundamentally different 

actions have also been proposed [12-15]. Z. bailii shows extreme resistance towards 

them. In particular, Z. bailii is approximately 3 times more resistant to acetic and 

lactic acid than the model yeast, Saccharomyces cerevisiae [16-18]. This enhanced 

resistance has been hypothesized to develop due to (i) cell heterogeneity 

(preservative heteroresistance), i.e. the ability of a few hyper-resistant cells to 

cause spoilage [16,19,20], (ii) degradation and metabolism of weak organic acids by 

the yeast, especially in the presence of sugars [21] and (iii) the proposed efflux of 

weak organic acids due to the presence of a sorbate pump [22]. Therefore, high 

amounts of weak organic acids are needed to ensure food safety, but this is 

prohibited by law and unacceptable to consumers due to the safety complications 

being associated with them [23]. For example, the limit concentrations approved for 

use of sorbic acid range from 0.5 to 2 g/L [24] (4.5 to 18 µM), depending on the 

food product, but over four times higher concentrations are required to inhibit the 

growth of Z. parabailii [16]. In addition, high concentrations of sorbic acid are 

associated with strong and undesirable fatty acid odor [25]. 

Taken together, this indicates that alternative, effective food preservatives 

which are also well-perceived by consumers, are needed. Some natural compounds 

have been tested against Z. bailii. Octanoic acid, a structural analogue of sorbic 

acid, has shown a killing concentration of 100 μg/mL (0.7 mM) [25]. Polygodial, a 

sesquiterpene isolated from Polygonum hydropiper has shown minimum fungicidal 

concentrations (MFC) of 50 µg/mL (213 µM) against Z. parabailii [11]. The naturally 

occurring terpenoid alcohol, geraniol showed an MFC of 800 µg/mL (4.9 mM) [25]. 

The terpenoid phenol constituents of herb oils, thymol and carvacrol were found to 

inhibit the growth of Z. parabailii at concentrations of 100 µg/mL (0.7 mM) [26], 

whereas anethole tested in another study showed an MFC of 400 μg/mL (2.7 mM) 
[25]. Nonetheless, terpenoids are volatile which may restrict their application [27,28]. 

Notably, none of the aforementioned compounds can be classified as a good 

antimicrobial (MIC ≤ 25 µg/mL) based on Gibbon’s classification system on natural 

compounds [29]. Nowadays, combinations of natural antimicrobials are increasingly 
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explored for enhanced antimicrobial potency [11,26]. For example, the antimicrobial 

potency of the mixture of the terpenoid phenols, thymol and carvacrol with the 

monoterpene, citral resulted in a 4-fold enhancement of activity for all three 

molecules [26]. Mechanistically, synergy is thought to occur when the combined 

agents act in different, yet complementary fashions [26,30]. 

Prenylated (iso)flavonoids are secondary metabolites predominantly found in 

the Leguminosae family. Prenylated (iso)flavonoids are already acknowledged for 

their high potency against bacteria [31,32] , molds [33,34] and yeasts [35,36]. The mono-

prenylated isoflavan, glabridin, for example, has shown high antimicrobial potency 

against Gram-positive and Gram-negative bacteria with minimum inhibitory 

concentrations (MICs) between 10-20 µg/mL (31-62 µM) [31,37] and against Candida 

spp. showing a MIC of 6-64 µg/mL (8-197 µM) [38,39]. Glabridin was shown to exert 

its antimicrobial action through permeabilization of the microbial membrane [31,38]. 

To the best of our knowledge, the antimicrobial properties of the highly 

promising prenylated (iso)flavonoids against Z. parabailii have not been evaluated. 

In this study, we explored the antifungal potency of these molecules and the mode 

of action of the two most active ones against a food isolate. Lastly, we analyzed 

the most important molecular properties that influence the antifungal activity of 

prenylated (iso)flavonoids using a QSAR approach. 

5.2. Materials and Methods 

5.2.1. Materials and strains 

Prenylated (iso)flavonoids (glabrene, 3′-hydroxy-4′-O-methyl-glabridin, 4′-O-

methyl-glabridin, hispaglabridin B, glyceollidin II, dehydroglyceollidin II, 

dehydroglyceollin I, dehydroglyceollin II, dehydroglyceollin, III, dehydroglyceollin 

IV and glabrol) were previously purified and chemically characterized [40,41]. 

Glabridin was supplied by FUJIFILM Wako Pure Chemical Corporation (Neuss, 

Germany). Propidium iodide (PI), hydrochloric acid (36.5-38.0% v/v) and sorbic 

acid were purchased from Sigma Aldrich (St. Louis, MO, USA). Potassium sorbate, 

acetic acid (glacial) and glutaraldehyde 25% w/v in water) were supplied by VWR 

International B.V. (Amsterdam, the Netherlands). Isowighteone and 

neobavaisoflavone were purchased from ChemFaces (Wuhan, Hubei, China). 

Wighteone, lupiwighteone, luteone, and 6,8-diprenygenistein were purchased from 

Plantech UK (Reading, UK). 6′-Prenylpiscidone was supplied by Carbosynth Ltd. 

(Berkshire, UK). Yeast extract peptone dextrose broth (YPD) was purchased from 

Brunschwig Chemie B.V. (Amsterdam, the Netherlands) and bacteriological agar 

from Oxoid Ltd (Basingstoke, UK), and peptone physiological salt solution (PPS) 

from Tritium Microbiologie (Eindhoven, the Netherlands). DMSO was purchased 

from Duchefa Biochemie B.V. (Haarlem, the Netherlands). For transmission 

electron microscopy glutaraldehyde, paraformaldeyde, OsO4, UranyLess staining, 

Spurr's resin and lead citrate were purchased from EMS (Hatfield, USA). Gelatin 
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(type B, powder) and the ethanol (100% v/v) was supplied by Merck/Sigma-Aldrich 

and the 96% ethanol from TechniSolv. 

Food isolate Z. parabailii UL 3699 was kindly provided by 

Unilever Nederland B.V. (Wageningen, the Netherlands). Z. parabailii ATCC 60483 

was purchased from the American Type Culture Collection (Wessel, Germany).  

5.2.2. Methods  

5.2.2.1. Screening of potency of prenylated (iso)flavonoids 

Nineteen prenylated (iso)flavonoids were screened for their potency against the 

food isolate Z. parabailii. Yeasts cells were streaked from a −80 °C glycerol stock 

onto a YPD agar plate and incubated 48 h at 30 °C. One colony was transferred to 

10 mL YPD broth and further incubated for 16  h at 30 °C. The overnight cultures 

were diluted 50 times with YPD (final inoculum concentration 4.4 ± 0.3 

log10 CFU/mL). Stock solutions of the different prenylated (iso)flavonoids in DMSO 

(wighteone, glabridin, luteone, isowighteone and 6’-prenyl piscidone) or 70% 

ethanol (the rest of the compounds) were subsequently diluted with YPD (1-50 

µg/mL). Equal volumes (100 µL) of yeast inoculum and prenylated (iso)flavonoid 

solutions in YPD were mixed in a sterile 96-well plate (with a maximum solvent 

percentage of 2.0%). The 96-well plate was incubated in a Spectramax ID3 

(Molecular Devices, Sunnyvale, CA, USA) at 30 °C for 48 h with double orbital, 

high intensity shaking before each measurement for 5 seconds. The optical density 

(OD) was measured at 600 nm every 10 min. 

Growth was determined by measuring the time to detection (TTD), i.e. the 

time to reach a change in OD of 0.05 units [42]. Potassium sorbate (1.5-3.0 mg/mL) 

was also tested at the optimal growth pH of the yeast (6.5) for comparison. In 

addition, negative control (YPD yeast cell suspension with maximum solvent 

percentage), and blanks were used for optical comparison and sterility control. 

When ΔOD was less than 0.05, i.e. flat lines after 48 h, viable cell count was 

performed. In brief, 100 µL from each well was decimally diluted and spread onto 

an YPD agar plate. Plates were incubated at 30 °C for 48 h after which colonies 

were counted. The minimum inhibitory concentration (MIC) was determined as the 

lowest concentration of compound that resulted in a cell count equal or lower than 

that of the initial inoculum. The minimum fungicidal concentration (MFC) was 

determined as the lowest concentration of compound that resulted in > 99% yeast 

inactivation from the initial inoculum. Prenylated (iso)flavonoids were screened in 

three biological replicates, each performed in duplicate. 

5.2.2.2. Antifungal activity of most active prenylated (iso)flavonoids 

at acidic pH 

The most potent prenylated isoflavonoids found upon screening were tested 

against Z. parabailii UL 3699 and Z. parabailii ATCC 60483 at pH 4.0 (or pH 3.0). 

Overnight cultures were prepared and assayed for 72 h (or 96 h for pH 3.0) as 
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described above (final inoculum concentration 4.3 ± 0.3 log10CFU/mL for UL 3699 

and 4.5 ± 0.2 log10CFU/mL for ATCC 60483 at pH 4.0, and 4.5  ± 0.3 log10CFU/mL 

for UL 3699 at pH 3.0). The assays were performed in three biological replicates, 

each performed in duplicate. 

5.2.2.3. QSAR binary model  

The binary classification QSAR model was chosen (over for e.g. a continuous one) 

as it can accommodate molecules with non-established MICs (i.e. >> 25 µg/mL). 

Incorporation of molecules with unestablished MICs is crucial when small datasets 

are employed to increase the chemical space used for model development. 

Chemical structures were extracted from literature and inputted to the modelling 

software (Molecular Operating Environment, MOE, v.2019.08, Chemical Computing 

Group) using the canonical SMILES codes from PubChem. If not available, the 

chemical structure was drawn manually using the PubChem sketcher to obtain the 

SMILES code before importing to MOE. A conformational search (LowModeMD, RSM 

gradient 0.1 kcal/mol/Å, other settings default) was performed for all compounds 

in the database. The conformation with the lowest energy was further refined using 

MOPAC force field (RSM gradient 0.01 kcal/mol/Å). 

Optimized chemical structures were used to calculate different molecular 

descriptors available in MOE. Descriptors were calculated for fully undissociated 

molecular species. After eliminating descriptors that were identical for all molecules 

or redundant descriptors (inter-correlation Rpearson > 0.99), a total number of 120 

descriptors was finally incorporated into the database. 

A binary QSAR model was constructed to predict activity of mono-prenylated 

isoflavonoids, using the QuaSAR-model application of MOE. Genetic algorithm was 

used to explore which variables best describe the data  [43]. The binary model was 

constructed with the two descriptors that were most frequently indicated by the 

GA as the best predictors of the antifungal potency. Given the number of 

compounds used (15), only 2 descriptors [44] were selected following the principle 

of "Occam's Razor". This principle supports that a reasonable QSAR model with the 

smallest number of descriptors should be sought to avoid interpretation complexity 
[45]. As a rule of thumb, the number of descriptors should be maximum 5 times 

more than the number of data-points [46]. 

In this study, an activity threshold of pMIC of 4.1 (MIC ≤ 25 µg/mL) was set 

to discriminate between actives and inactives. When a MIC range was determined 

for a molecule, the worst case scenario (highest MIC value of the range) was 

considered. For the four mono-prenylated isoflavonoids, which showed no change 

in TTD at the maximum concentration tested (i.e. MIC >> 25 µg/mL), a MIC value 

of 100 µg/mL was inputted for the analysis. The quality of the binary model was 

first assessed by the total accuracy of the QSAR model, which is the fraction of 

observations correctly predicted, as well as the accuracy on actives (sensitivity) 

and accuracy on inactives (specificity), which are the fractions of correctly 

predicted sample actives and inactives, respectively. The descriptor importance 
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was estimated to show the degree to which each descriptor is useful in 

distinguishing actives from inactives. The model was validated by the leave-one-

out cross validation scheme where the cross-validated accuracies (total, active and 

inactive) were also considered to select the final binary model. Since the size of 

our experimental set did not allow splitting of the compounds into a training and a 

test set [47], we selected the best model by predicting the activity of an external 

set of prenylated isoflavonoids tested against other yeasts (S. cerevisiae and 

Candida albicans). The external set comprised molecules from the same subclasses 

as the ones used for model construction, which were within the applicability domain 

(AD) of the model. The (AD) of the models was calculated by means of the William’s 

plot. 

5.2.2.4. Combination studies 

The two-dimensional checkerboard microdilution assay [48] was used to assess the 

types of interactions between prenylated isoflavonoids (glabridin and wighteone) 

and between prenylated isoflavonoids and sorbic acid at pH 4.0 against Z. parabailii 

(UL 3699, inoculum size 4.7 ± 0.1 log10CFU/mL). Combination experiments with 

the two prenylated isoflavonoids were performed in 3 biological replicates, each 

performed in duplicate. Assays between prenylated isoflavonoids and sorbic acid 

were performed in two biological replicates per combination each performed in 

duplicate.  

Two-fold dilutions of one compound (horizontally) were tested in combination 

with two-fold dilutions of the other compounds (vertically), in a concentration 

range based on MIC and MFC determination of the individual compound. The 

fractional inhibitory fungicidal concentration indices (FICI or FFCI) were calculated 

based on the checkerboard data obtained after a 72 hour-incubation at 30 °C. The 

ΣFIC of the combinations refer to (MICcompound1 in combination / MICcompound1 alone) + 

(MICcompound2 in combination / MICcompound2 alone). The following criteria were used to 

determine the type of interaction between the two agents: ΣFIC ≤ 0.5 synergy; 

0.5 < ΣFIC ≤ 1.0 addition; 1.0 < ΣFIC ≤ 4 indifference; ΣFIC > 4 antagonism [49-

51]. The same equation applies for ΣFFCIs determination. 

5.2.2.5. Killing kinetics 

An overnight yeast culture was diluted to 4.8 ± 0.3 log10CFU/mL with acidified YPD 

(pH 4.0) and mixed with the most active prenylated isoflavonoids, glabridin and 

wighteone, at their MFC. Samples were incubated in duplicate at 30 °C/300 rpm. 

At different time points (0, 15 min, 30 min, 45 min, 60 min, 24 h and 48 h), 100 

µL of culture medium were taken and decimally diluted in PPS. Dilutions were 

spread on YPD agar plates and incubated for 48 h at 30 °C, after which, colonies 

were counted. Sorbic acid at 1.65 mg/mL (=3 x MFC) was used as control 

antifungal agent. Samples of the sorbic acid-yeast mixture were taken at (0 to 48 

h). Experiments were performed in three biological replicates against both yeast 

strains. 
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5.2.2.6. Membrane permeabilization 

Quantification of membrane permeabilization was performed by measuring the 

fluorescence signal of propidium iodide (PI). PI is a fluorescence probe that 

intercalates to DNA through van der Waal’s stacking [52]. Z. parabailii (UL 3699) 

cell cultures grown for 30 h at 30 °C in YPD were centrifuged at 4,900 rcf, 4 °C for 

15 min. The pellet was washed twice with 9 mL PPS. Cells were re-suspended in 

(acidified, pH 4.0) PPS (cell density 9.2 ± 0.2 log10CFU/mL). Hundred µL of the cell 

suspension were incubated at RT with 90 µL of the most active compounds 

(glabridin or wighteone) at 6.25-50 µg/mL in a black well plate with clear bottoms. 

To limit the interaction of PI with prenylated isoflavonoids (Figure S5.1), yeast 

cells were pre-incubated with prenylated isoflavonoids for 1 h, prior the addition 

of PI. Next, 10 µL of PI (4.5 μM final concentration) were added and the 

fluorescence signal was measured in a Spectramax ID3. Emission of fluorescence 

was measured every 2 min at 620 nm (bottom read mode) for 2 h, while exciting 

the samples at 520 nm. Photomultiplier tube detector gain was set to high. As a 

positive control, cells heated at 99 °C in a thermomixer for 10 min were used. 

Background fluorescence was accounted for by the use of controls and blanks (live 

cells with PI, without compounds; prenylated isoflavonoids alone; PI alone; and 

PPS alone). Viable cell counting was performed after 24 h. Experiments were 

performed in three biological replicates. 

5.2.2.7. Fluorescence microscopy 

Z. parabailii (UL 3699) cell suspensions (200 µL) were prepared as described in 

5.2.2.6 and mixed with 180 µL stock prenylated isoflavonoids (final concentration 

25 µg/mL). Different eppendorf tubes were used for the different time-points (from 

5 to 180 min). Twenty µL PI (4.5 μM final concentration) were added to each 

mixture just before visualization of the cells. Cells were visualized with an Olympus 

BX41 microscope (Olympus, Tokyo, Japan) and a red fluorescent protein (RFP) 

filter as described elsewhere [53]. Viable cell counts were performed at the different 

time-points. The experiment was performed in two biological replicates. 

5.2.2.8. Transmission electron microscopy (TEM)  

For TEM analysis, 109 CFU/mL Z. parabailii cells (UL 3699) grown in acidified YPD 

(pH 4.0) were treated with glabridin and wighteone at their MFC at these conditions 

(50 and 25 µg/mL, respectively). After specific time of exposure (from 5 to 180 

min), (un)treated cells were centrifuged for 5 min at 4,900 rcf at RT. The pellet 

was fixed with 2.5% (w/v) glutaraldehyde 0.1 M phosphate/citrate buffer, pH 7.2). 

Fixed cells were collected by centrifugation (4,900 rcf, 5 min) and resuspended in 

3% (w/v) gelatin in phosphate buffer (pH 7.2) and allowed to cool until solidified 

cubes formed. The cubes were manually sliced with a sharp razor blade into pieces 

of approximately 0.5 x 0.5 x 0.5 mm. The specimens were post-fixed in 1% OsO4 

(in 0.1 M phosphate/citrate buffer, pH 7.2) for 60 min at RT. Subsequently, the 
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cells were dehydrated with increasing concentrations of ethanol (30%, 50%, 70%, 

80%, 90%, 96%, 2x100% [v/v]). The dehydrated cells were then infiltrated in 

mixtures of 1:2, 1:1 and 1:2 resin:ethanol (30 min with each ratio). Then, the 

mixture was replaced with resin for 60 min and the cells were resuspended in fresh 

resin for overnight storage. The resin was polymerized for 8 h at 70 °C. Sections 

(50 nm coupes) were cut using a Leica EM UC7 microtome (Leica Microsystems 

B.V., The Netherlands) and post-stained with UranyLess staining and lead citrate. 

The ultrathin sections were observed with a JEOL JEM-1400plus electron 

microscope (JEOL USA Inc., USA) at an acceleration voltage of 120 kV. Images 

correspond to different cells per sample.  

5.3. Results 

5.3.1. Antifungal potency of prenylated isoflavonoids against 

Z. parabailii  

Fifteen mono-prenylated and four di-prenylated (iso)flavonoids were screened for 

their antifungal potency against Z. parabailii (UL 3699) (Table 5.1 and Figure 

S5.2). Screening was performed at the optimal growth pH of the yeast, 6.5, to 

ensure that the influence of only one hurdle (i.e. prenylated (iso)flavonoids) on the 

growth of the yeast was investigated.  

Eight mono-prenylated isoflavonoids had a MIC value ≤ 25 µg/mL, which is 

associated with a good antimicrobial activity [29] (Table 5.1). The mono-prenylated 

isoflavones, wighteone (9) and luteone (7) and the mono-prenylated isoflavan 

glabridin (3) showed the highest antifungal activity with MICs of 3.13-6.25 µg/mL 

(9-18 µM), 12.5 µg/mL (35 µM) and 6.25-12.5 µg/mL (19-39 µM µg/mL), 

respectively. It should be noted that the primary focus of this study is the 

membrane-activity of prenylated (iso)flavonoids and thus only the undissociated 

species are considered. However, the highly active isoflavones have low pKas and 

are therefore largely dissociated at pH 6.5 (Table 5.1), implying that they might 

also act elsewhere than the membrane. 

The four di-prenylated (iso)flavonoids tested in this study were not active 

against Z. parabailii, as they did not induce any significant change in the time to 

detection (TTD) at the maximum concentration tested (Cmax 25 µg/mL) (Figure 

S5.3). Lack of activity of di-prenylated molecules was independent of the subclass 

to which they belong (flavanone (16), isoflavan (17) and isoflavones (18 and 19)) 

or the prenylation patterns they bear (Figure S2).  

As expected, no activity was found for potassium sorbate at concentrations 

up to 3,000 μg/mL at pH 6.5 [11]. Only the undissociated forms of weak organic 

acids are membrane permeable and able to cause cytoplasmic acidification which 

is the generally accepted mode of action of weak organic acids as antimicrobials [8-

11].  
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Table 5.1. Antifungal potency (in µg/mL) of mono- and di- prenylated (iso)flavonoids against Z. 
parabailii (UL 3699) at pH 6.5. Ranges in MIC/MFC derive from different values of the replicates. 
The percentage of undissociated species of prenylated isoflavonoids at pH 6.5 is given in 
parentheses (only if this is less than 90%) (calculated using MarvinSketch 20.3). ( -) means not 
tested. 

No. Subclass Compound MIC MFC 

Mono-prenylated 

1 

Isoflavan 

3’-OH-4’-O-methyl glabridin >>25 - 

2 4’-O-methyl glabridin 25 - 

3 Glabridin 6.25-12.5 12.5 

4 Isoflavene Glabrene 25 50 

5 

Isoflavone 

Isowighteone (69%) 12.5-25 25 

6 Lupiwighteone (60%) >>25 - 

7 Luteone (58%) 12.5 25 

8 Neobavaisoflavone (65%) 50 - 

9 Wighteone (59%) 3.13-6.25 6.25 

10 Pterocarpan Glyceollidin II >>25 - 

11  Dehydrolyceollidin II 25-50 50 

12 

Pterocarpene 

Dehydroglyceollin I 12.5-25 25 

13 Dehydroglyceollin II 25 - 

14 Dehydroglyceollin III >>25 - 

15 Dehydroglyceollin IV >>25 - 

Di-prenylated 

16 Flavanone Glabrol >>25 - 

17 Isoflavan Hispaglabridin B >>25 - 

18 
Isoflavone 

6,8-diprenylgenistein (49%) >>25 - 

19 6’-prenyl piscidone (68%) >>25 - 

5.3.2. (Quantitative) structure-activity relationships of 

mono- prenylated isoflavonoids against Z. parabailii 

5.3.2.1. Development of binary classification QSAR 

To obtain an insight in the overall molecular properties underlying antifungal 

activity, a QSAR model was developed using the activity data (MICs) of the 15 

mono-prenylated isoflavonoids tested (Table 5.1). Mono-prenylated isoflavonoids 

had a range of activities and a variety of structural features (5 different 

isoflavonoid subclasses and different configuration and position of the prenyl 

group), aspects important during QSAR modeling. In contrast, the di-prenylated 

(iso)flavonoids were excluded for the QSAR analysis as they were unanimously 

inactive, irrespective of their structural features other than prenylation. A binary 

QSAR model was chosen (over for e.g. a continuous one) as it can accommodate 

the molecules for which no MIC was established. It should be noted that descriptors 

were calculated for the undissociated species of prenylated isoflavonoids, since 

these are expected to interact with the membrane (Chapter 4). Genetic algorithm 



Chapter 5 
 

148 
 

(GA) was used to select the two variables that best describe the dataset. E_ele and 

vsurf_ID descriptors were the most frequently selected variables by the GA (36% 

and 57% frequencies, respectively). E_ele and vsurf_ID7 were used to construct a 

binary QSAR model which resulted in a 93% total accuracy, discriminating active 

and inactive compounds with high (cross-validated) accuracies, i.e. ≥ 86% (Table 

S5.1). The choice of the best QSAR model was also based on the quality of 

prediction of an external set of prenylated isoflavonoids tested against other yeasts 

(S. cerevisiae and C. albicans) (Table S5.2 and Figure S5.4), which fell into the 

applicability domain of the developed model (Figure S5.5). The proposed model 

predicted correctly the activity of 67% of the molecules tested against other yeast 

species (Table S5.2). 

E_ele refers to the electrostatic component of potential energy (E_ele) and 

vsurf_ID7 represents the hydrophobic integy moment at -1.4 kcal/mol, a measure 

of unbalance between the centre of mass of a molecule and the barycentre of the 

hydrophobic regions [54]. Both descriptors were positively correlated to the 

antifungal activity. The two descriptors had a low correlation coefficient (Pearson 

coefficient < 0.4) and their importance in the binary model was equally high (35% 

for E_ele and 30% for vsurf_ID7).  

5.3.2.2. Effect of electrostatic potential energy and hydrophobic integy 

moment on the activity of mono-prenylated isoflavonoids 

Figure 5.1 demonstrates the effect of location, presence and type of substituents 

on the electrostatic potential energy and hydrophobic integy moment and the 

activity of prenylated isoflavonoids per subclass against Z. parabailii.  

In isoflavones (Figure 5.1A), luteone (7), the only studied molecule with 4 

free hydroxyl groups had the highest absolute E_ele value (Table S5.3). The E_ele 

values and the antifungal activity decreased as the number of hydroxyl groups 

decreased (for example, from (7) to (9) and from (5) to (8)) (Figure 5.1A). 

Furthermore, wighteone (9) and luteone (7), both having A-prenylation, had 

higher vsurf_ID7 values and higher antifungal activity than isowighteone (5) (B-

ring prenylated) (Figure 5.1A). Yet, vsurf_ID7 does not distinguish prenylation at 

different locations of the A-ring since C6-prenylated molecules (as in (7) and (9)) 

had the same descriptor value as the C8-prenylated isoflavone (6), while the latter 

showed no activity (Table S5.3). 

For pterocarpenes (Figure 5.1B), methylation of a free -OH group at the C3 

(as in dehydroglyceollin IV (15) from dehydroglyceollidin II (11)) negatively 

affected E_ele and abolished the antifungal activity (Figure 5.1B). A furan- over 

a pyran-prenyl configuration decreased both the E_ele and the vsurf_ID7, 

cancelling the antifungal activity of dehydroglyceollin III (14) as compared to 

dehydroglyceollin II (13) (Figure 5.1B).  

In contrast, methylation of isoflavans (Figure 5.1C) did not significantly 

influence E_ele, even though it decreased the antifungal activity more than 2-fold 

(4’-O-methyl glabridin (2) compared to glabridin (3)) (Figure 5.1C). Strikingly, 
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an additional -OH on the B-ring even decreased the value of the energy descriptor, 

abolishing the activity, despite the increase in vsurf_ID7.  

Overall, E_ele seems to partially relate to the number of free -OH groups 

present in the molecules, whereas vsurf_ID7 seems to correlate more with the 

location of the prenyl-group. However, isoflavans do not seem to follow the trends 

observed for isoflavones and pterocarpenes. Possibly, the absence of a double bond 

at the C-ring and the subsequent discontinued electron distribution might be 

associated with this deviating behaviour. 

It should be noted that the di-prenylated isoflavones and isoflavans tested in 

this study had electrostatic potential energies (E_ele) ranging from -33 to -52 

kcal/mol and hydrophobic integy moments (vsurf_ID7) ranging from 0.6-2.0 Å 

(Table S5.3). These values do not deviate from those of the mono-prenylated 

(iso)flavonoids, thus, do not explain the absence of activity based on the developed 

QSAR model. 

5.3.3. Influence of low pH on the antifungal activity of 

prenylated isoflavonoids 

Z. parabailii is thought to develop resistance mechanisms at low pH, such as 

activation of efflux pumps and alteration of membrane permeability [15,16,55]. Thus, 

it was of high importance to assess the potency of prenylated isoflavonoids at low 

pH. For this, the molecules which demonstrated potency (MIC ≤ 50 μg/mL) at pH 

6.5 were tested at the most relevant pH for products commonly contaminated by  

Z. parabailii (pH 4.0) and at an extreme pH where Z. parabailii has been previously 

shown to survive (pH 3.0) [56-58] (Table 5.2). 

Most prenylated isoflavonoids showed slightly higher MICs/MFCs towards 

lower pH. Prenylated isoflavonoids which were highly potent at pH 6.5 (Table 5.1), 

i.e. glabridin (3), luteone (7) and wighteone (9) retained their potency also at 

acidic pH, both at pH 4.0 and 3.0 (Table 5.2). These three molecules showed 2-

44 times higher activity (MFCs) than the traditional food preservative, sorbic acid, 

at acidic pH (Table 5.2). The MICs of sorbic acid at the two acidic pH were in line 

with the MICs reported by Fujita et al. (2005) [11]. Neobavaisoflavone (8) and the 

pterocarpenes (dehydroglyceollin I and II, 12 and 13) became completely inactive 

(MICs > 100 µg/mL) at pH 4.0 and thus were not tested at pH 3.0 (Table 5.2).The 

potency of prenylated isoflavonoids was also confirmed against the reference strain 

(ATCC 60483) (Table S5.4) at its most relevant pH conditions (pH 4.0).  
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Figure 5.1 
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Table 5.2. Antifungal potency (in μg/mL) of mono-prenylated isoflavonoids against Z. parabailii 
(UL 3699) at pH 4.0 and 3.0. Ranges in MIC/MFC derive from different values of the replicates. ( -
) means not tested. In parentheses, the percentage of undissociated sorbic at each pH is given 
(calculated using MarvinSketch 20.3). Prenylated isoflavonoids are fully protonated at these pH 
values. 

   
pH 4.0 pH 3.0 

No. Subclass Compound  MIC MFC MIC MFC 

3 Isoflavan Glabridin 12.5 25 12.5-25 25-37.5 

4 Isoflavene Glabrene 50-75 75 125 150 

5 Isoflavone Isowighteone 50-75 75 50-75 75 

7 Isoflavone Luteone 25-37.5 37.5 25-37.5 37.5 

8 Isoflavone Neobavaisoflavone >150 - - - 

9 Isoflavone Wighteone 6.25-12.5 12.5 12.5 25 

12 Pterocarpene Dehydroglyceollin I >100 - - - 

13 Pterocarpene Dehydroglyceollin II >100 - - - 

15 Preservative Sorbic acid 275  

(86%) 

550  

(86%) 

138  

(98%) 

275 

(98%) 

* 4’-O-methyl glabridin (2) and dehydroglyceollidin II (11) were not tested at low pH due to limited purified amounts. 

5.3.4. Killing kinetics  

The inactivation rate of Z. parabailii at pH 4.0 by the two most active prenylated 

(iso)flavonoids, glabridin (3) and wighteone (9) at their corresponding MFCs at pH 

4.0 (25 and 12.5 μg/mL), respectively, is shown in Figure 5.2. 

 

 

Figure 5.2. Inactivation kinetics of Z. parabailii (UL 3699) cells (105 CFU/mL) in the presence of 
12.5 μg/mL wighteone (green), 25 μg/mL glabridin (blue) and 1650 μg/mL sorbic acid (orange) 
at pH 4.0. Control cells are shown in grey. d.l. refers to the detection limit.  
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Within the first 15 min, both prenylated isoflavonoids reduced the viable 

counts by 99.99% of UL 3699. This fast killing was confirmed with the ATCC 60483 

strain (Figure S5.6). In contrast, sorbic acid showed slower killing rates for the 

two isolates. Three to six hours were needed for 99.99% inactivation of UL 3699 

isolate by sorbic acid, whereas 24 h were needed for 90-99% inactivation of the 

ATCC 60483 strain at a sorbic acid concentration of 1,650 μg/mL (Figure S5.6). 

The latter finding is in line with the slow killing activity of sorbic acid (1,600 μg/mL) 

against Z. parabailii (ATCC 60483), which was observed within 12 h [11] (no 

intermediate time-point was obtained between 6 and 24 h in this study). 

5.3.5. Combination experiments 

Given that prenylated isoflavonoids are thought to act in a different fashion to 

sorbic acid (putative membrane activity versus cytoplasmic acidification and 

generation of oxidative stress, respectively) [15,31,59], we explored the synergistic 

potential of their mixture. However, when the two prenylated (iso)flavonoids were 

(separately) combined with sorbic acid, more than half of the corresponding MFC 

of the agents was needed to induce complete lethality, suggesting an indifferent 

effect between the two agents (Figure S5.7). 

5.3.6. Membrane permeabilization 

We assessed the membrane permeabilization capacity of the two most active 

prenylated isoflavonoids against Z. parabailii in a qualitative and a quantitative 

way. In both cases, the fluorescent probe, propidium iodide (PI) was used to stain 

damaged cells.  

PI staining, and therefore Z. parabailii membrane permeabilization, started 

within 15 min of exposure to the two prenylated isoflavonoids at pH 4.0 (Figure 

5.3A) and increased with time of exposure. For glabridin-treated cells, intracellular 

material (most probably including PI) leaked out of the cells within 1 h (Figure 

5.3A), accompanied with 99.99% decrease in the viable counts (Figure 5.3C). 

Leakage of intracellular material is more pronounced in wighteone-treated cells, as 

no PI stain was visible after 30 min, accompanied with 99% decrease in cell 

viability. In contrast, heated cells maintained their integrity (although 

metabolically inactive as determined by plate counting), retaining the PI taken up 

intracellularly (Figure 5.3A). This is in line with the higher accumulation of PI in 

cells exposed to glabridin in time compared to those exposed to wighteone, even 

though these were still lower than in heated cells (Figure 5.3B). Similar 

(quantitative and qualitative) observations were obtained at pH 7.2 (Figure S5.8 

and S5.9). Sorbic acid did not cause any PI uptake at pH 4.0 at a concentration 

sufficient to kill (data not shown). These findings agree with the generally 

accepted mechanism that weak organic acids act through acidification of the 

cytoplasm by diffusing easily through the membrane. 
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5.3.7. Transmission electron microscopy 

Transmission electron microscopic (TEM) images were obtained after 15 min and 

180 min of exposure to the two most active prenylated isoflavonoids. Prenylated 

isoflavonoids, at their MFC, induced disruption of the membrane integrity compared 

to the control cells (exemplified in Figure 5.4). Glabridin distorted the order in the 

membrane within the first 15 min (Figure 5.4A and A’) and induced large 

discontinuities (pores [60]) after 180 min (Figure 5.4B and B’). Wighteone-treated 

cells showed membrane elongations engulfing a cluster (Figure 5.4C) and some 

more vaguely visible protrusions together with membrane discontinuities (Figure 

5.4C’). After 180 min, cells treated with wighteone completely lost their cell 

membrane (Figure 5.4D and D’). More representative images can be found in 

Figure S5.10.  
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Figure 5.3. Light and fluorescence microscopy images of Z. parabailii (UL 3699, 109 CFU/mL) at 
different time points after exposure to 25 μg/mL of glabridin and wighteone. Control and heated 
cells are shown after 180 min (A). Propidium iodide uptake in time after incubating the yeast cells 
with different concentrations of glabridin (blue lines) and wighteone (green lines) (light colors 
correspond to 25 μg/mL and dark colors correspond to 50 μg/mL) for 1 h at pH 4.0. Heated cells 
served as the positive control and the fluorescence signal of PI from untreated cells was 
subtracted from the signal of the treated cells (B). Viable cell counting after exposure to 25 μg/mL 
of glabridin and wighteone over time (blue line represents glabridin and green represents 
wighteone) (C). 
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Figure 5.4. Representative TEM images (black scale bars at 50 nm) of cells (109 CFU/mL) exposed 
to 50 μg/mL glabridin (A, B) and 25 μg/mL wighteone (C, D) for 15 (A, C) and 180 min (B, D), 
compared to untreated Z. parabailii cells (UL 3699) at 180 min (E). Letters with a prime refer to 
duplicates. Arrows point to the cell membrane (CM), CP stands for the cytoplasm and CW 
designates the cell wall. More images can be found in Figure S5.10. 
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5.4. Discussion 

5.4.1. Mono-prenylated isoflavonoids have superior anti-Z. 

parabailii activity to di-prenylated isoflavonoids 

Ten mono-prenylated isoflavonoids from four different subclasses showed 

moderate to good antifungal activity against Z. parabailii (MIC ≤ 50 μg/mL) at pH 

6.5. The A-ring prenylated isoflavone, wighteone and the prenylated isoflavan, 

glabridin, in particular, showed the lowest MICs (MIC < 12.5 μg/mL), classifying 

them as very active antimicrobials [29]. The fungicidal activity of wighteone and 

glabridin was 4–8 x higher than that of polygodial (MIC 50 μg/mL, 213 μΜ) at pH 

6.5, the most potent natural agent against Z. parabailii reported so far [11]. 

In contrast, the di-prenylated analogue of wighteone, 6,8-diprenyl genistein 

(18) and of glabridin, hispaglabridin B (17) (along with two other di-prenylated 

isoflavonoids, (16) and (19)) did not exert any antifungal activity at Cmax, MIC 

>> 25 μg/mL. The differential activity of mono- and di-prenylated (iso)flavonoids 

has not been systematically studied in yeasts, and in Z. parabailii in particular. 

Most di-prenylated (iso)flavonoids found in literature were also inactive against 

other yeast species (for an overview see Table S5.5). The absence of activity of 

isoflavones (18) and (19) is in line with the absence of activity (up to 60 μg/mL) 

of the structural analogue flavones, morusin (D1) and kuwanon C (D2) against C. 

albicans [61] (Figure S5.11). Similarly, the lack of activity of the flavanone, glabrol 

(16) found in this study, is corroborated by the lack of activity of the flavanones, 

euchrestaflavanone A (D4) and lonchocarpol A (D5) (MIC > 200 μg, determined 

by the TLC method) against Cladosporium herbarum reported in literature [62] 

(Figure S5.11).  

Active mono-prenylated isoflavonoids tested in this study have a logD value 

of ≤ 4.5. Possibly, very hydrophobic molecules (logD > 5.0) are not able to cross 

the hydrophilic, complex cell wall of yeasts. Yet, the three di-prenylated 

(iso)flavonoids reported to inhibit the growth of S. cerevisiae and/or C. albicans 

(D3, D7 and D8, Table S5.5) had logD values ranging from 5.0-6.1, implying that 

there might be additional factors that influence the activity of di-prenylated 

(iso)flavonoids against yeasts.  

5.4.2. The interplay between hydrogen bonding and 

hydrophobic integy moment dictates the potency of 

mono-prenylated isoflavonoids  

In Figure 5.5, the relationship between the two descriptors derived from the QSAR 

model (E_ele and vsurf_ID7) for prenylated isoflavonoids with promising activity 

(MIC ≤ 50 μg/mL at pH 6.5) is displayed. Furthermore, the extent of decrease in 

activity (ΔMFC) of the compounds at lower pH is depicted with different colors.  

Electrostatic interactions (E_ele) are expressed through hydrogen-bonding in 

(iso)flavonoids, given that only the undissociated species are expected to interact 
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with the membrane [63]. Hydrogen bonding is generally known to stabilize the 

interacting molecules with the polar head groups of the membrane [64]. Besides, 

intermolecular hydrogen-bonding between prenylated phenolics has been proposed 

to shield polarity of the free hydroxyl groups inside the membrane [64] (Chapter 

4). The location of hydrophobic moieties (shown to be associated with vsurf_ID7, 

in Figure 5.1) might be important for effective hydrophobic interactions with the 

interior (lipid core) of the membrane. These molecular properties are frequently 

related to antimicrobial activity of prenylated (iso)flavonoids [31,65]. Balance 

between these two properties is considered optimal for effective interactions with 

the membrane [25,31,65].  

Based on the current set of prenylated isoflavonoids, highly active molecules, 

such as luteone (7), wighteone (9) and glabridin (3), had E_ele values of ≥ 38 

kcal/mol and vsurf_ID7 values of > 0.9 Å (Figure 5.5 and Table S5.3). These 

molecules are expected to interact well with the membrane via hydrogen-bonding 

and hydrophobic interactions. Based on Chapter 4, molecules (7) and (9) are 

expected to form clusters inside the membrane, whereas molecule (3) might also 

do it but to a lesser extent. The B-ring prenylated isoflavone, isowighteone (5), 

scored equally high in E_ele as (7) and (9), but moderately in vsurf_ID7, 

suggesting effective hydrogen-bonding, but without having optimal orientation of 

the prenyl group, which may affect its interaction with the interior of the 

membrane. Molecules, such as the A-ring prenylated pterocarpenes (12 and 13) 

and the A-ring prenylated isoflavene (4) scored moderately, whereas the B-ring 

prenylated isoflavone, neobavaisoflavone (8) scored low on both descriptors. 

These molecules are expected to make moderate to poor interactions with the 

membrane, respectively.  

The mono-prenylated (iso)flavonoids with promising activity (MIC ≤ 50 

μg/mL) at pH 6.5 showed a lower, although to different extents, antifungal activity 

at pH 4.0 (shown in different colors in Figure 5.5) irrespective of the subclass. 

Given the different pKa of the molecules from different subclasses (only isoflavones 

are charged at pH 6.5), it is unlikely that pH-dependent changes in the compounds 

are responsible for the decrease in activity. Instead, the cell envelop of Z. parabailii 

is known to undergo remodelling, as a resistant mechanism to cope with acidic 

stress [55,66]. At low pH, the membrane has been reported to become enriched in 

saturated (highly ordered [67]) glycerophospholipids and complex sphingolipids, 

which can result in reduced porosity and diffusion of molecules [68]. Upon re-

ordering of the membrane, interactions with prenylated isoflavonoids might be 

hindered.  

Compounds with high scores on both descriptors (E_ele > 38 kcal/ mol and 

vsurf_ID7 > 0.9 Å) and thus better proposed interactions with the membrane, 

showed the least change in activity at lower pH (ΔMFC ≤ 2, green color in Figure 

5.5). Molecules scoring sub-optimally on one descriptor (such as molecule (5)) or 

on both descriptors (such as molecules (8), (12) and (13)) showed moderate (2 

< ΔMFC ≤ 3, orange color in Figure 5.5) and detrimental activity change (ΔMFC 
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> 3, red color in Figure 5.5), respectively. The only exception to the above is 

molecule (4). Performing this analysis with more representatives from the different 

subclasses would help to establish more generalized trends. 

 

 

Figure 5.5. Relationship between the two descriptors derived from the QSAR model (E_ele and 
vsurf_ID7) and the decrease in the antifungal activity (from pH 6.5 to pH 4.0)  of prenylated 
isoflavonoids with promising potency (MIC ≤ 50 μg/mL) at pH 6.5. The extent of activity decrease 
upon lowering the pH is shown with different colors; green denotes a ΔMFC ≤ 2, orange a 2 < 
ΔMFC ≤ 3 and red a ΔMFC > 3. Numbers on top of the symbols refer to compounds and structures 
in Figure S5.2 and symbols represent the isoflavonoid subclasses. Dashed lines suggest the 
descriptor thresholds for optimal and sub-optimal interactions of prenylated isoflavonoids with 
the membrane. 

5.4.3. The most active prenylated isoflavonoids induce 

different membrane deformations in the cell 

membrane of Z. parabailii  

The most potent prenylated isoflavonoids which maintained their high activity also 

at low pH (MIC ≤ 25 μg/mL) induced rapid killing of the yeast (within 15 min). 

Membrane permeabilization experiments confirmed fast permeabilization (within 1 

h) of the membrane of Z. parabailii by glabridin (3) and wighteone (9), which was 

accompanied by complete lethality of Z. parabailii cells. Fast membrane distortion 

(within 15 min) after exposure to a killing concentration of the two compounds 

through TEM imaging corroborated the killing kinetics and the membrane 

permeabilization. Disruption of the membrane integrity as the primary mode of 

antimicrobial action of prenylated (iso)flavonoids against Z. parabailii confirms 

what was shown against bacteria and C. albicans [38,53,69,70]. Nevertheless, 

differences in the yeast cell membrane were observed through TEM imaging when 



Prenylated (iso)flavonoids as anti- Z. parabailii agents 

159 
 

 5 

cells were treated with wighteone or glabridin. The membrane elongations and the 

cluster observed in wighteone-treated yeast cells is reminiscent to endocytosis-

dependent changes in the membrane [71]. Endocytosis has been associated with 

the antifungal action of some antimicrobial peptides  [72]. The possibility of 

endocytosis-dependent antifungal activity of wighteone and the reason behind the 

differences induced by the two prenylated isoflavonoids require further 

investigation. 

5.5. Conclusion 
This is the first report on the antifungal properties of prenylated (iso)flavonoids 

against the common food spoilage yeast, Z. parabailii. Wighteone and glabridin 

were the most active prenylated isoflavonoids (MFC 12.5-25 µg/mL, 37-77 µM, 

respectively at pH 4.0) and their activities are superior to any other natural 

antifungal reported so far and 20 x higher than sorbic acid against Z. parabailii. 

The antimicrobial properties of prenylated isoflavonoids were correlated with 

electrostatic potential energy and hydrophobic integy moment. Wighteone and 

glabridin scored high on those properties which seem to be related to membrane-

activity. The effect of the two molecules on the membrane showed some 

differences, as visualized through TEM imaging. Prenylated isoflavonoids are 

promising antimicrobial agents with a distinct mode of action compared to 

traditional food preservatives. Study of the interaction of prenylated isoflavonoids 

with other components in food matrices and their potency towards a wider range 

of Z. parabailii strains is necessary to understand their full potential as novel food 

preservatives. 
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5.7.  Supplementary information 

5.7.1. Supplementary figures 

 

Figure S5.1. Fluorescence spectra (emission of fluorescence at 620 nm and excitation of samples 
at 520 nm) of mixtures of PI with glabridin (blue) and with wighteone (green) at pH 4.0 ( A) and 
at pH 7.2 (B). PI alone is shown in grey. Colour intensity is related to the concentration of 
prenylated isoflavonoids; light colour represents a final concentration of 25 μg/mL and darker 
colour represents a final concentration of 50 μg/mL. The combination of PI with (1,100 μg/mL) 
sorbic acid is shown in orange and only at the relevant pH (4.0).  
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Figure S5.2. Structures of mono-prenylated (iso)flavonoids tested in this study for their 
antifungal potency against Z. parabailii (UL 3699). 

 

 
Figure S5.3. Optical density measured at 600 nm of  Z. parabailii (UL 3699) cells treated with 
maximum concentration (25 μg/mL) of di-prenylated (iso)flavonoids. Orange colour is used for 
hispaglabridin B, green colour represents glabrol, and blue represents the two isoflavones, 6,8 -
diprenyl genistein (light) and 6’-prenyl piscidone (dark). Grey colour represents the control yeast 
cells. 
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Figure S5.4. Set of prenylated (iso)flavonoids tested against other yeasts (mined from literature) 
to assess the predictive quality of the binary QSAR model.  

 

 
Figure S5.5. Applicability domain of the binary QSAR model for Z. parabailii. The in -house data 
is shown in blue and the external set is displayed in orange. Boundaries were determined based 

on Gramatica et al. (2007) [1]. 
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Figure S5.6. Inactivation kinetics of Z. parabailii (ATCC 60483) cells (105 CFU/mL) in the 
presence of 12.5 μg/mL wighteone (green), 25 μg/mL glabridin (blue) and 1 ,650 μg/mL sorbic 
acid (orange) at pH 4.0. Control cells are shown in grey. d.l. refers to detection lim it. 

 

Figure S5.7. Isobolograms of combinations of sorbic acid with glabridin (blue) or wighteone 
(green) at pH 4.0 against Z. parabailii (UL 3699), studied with the checkerboard assay. The 
isobologram was constructed based on the definitions provided by Bassolé et al. (2012), van 
Vuuren et al. (2011) and Mulyaningsih et al. (2010) [2-4]. 
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Figure S5.8. Light and fluorescence microscopy images of Z. parabailii (UL 3699, 109 CFU/mL) 
after exposure to 25 μg/mL prenylated isoflavonoids over time at pH 7.2.  

 

Figure S5.9. Propidium iodide uptake in time after incubating Z. parabailii cells (UL 3699) with 
different concentrations of glabridin (blue lines) and wighteone (green lines) (light colours 
correspond to 25 μg/mL and dark colors correspond to 50 μg/mL) for 1 h at pH 7.2. Heated cells 
served as the positive control and the PI signal of all treated cells was corrected for the untreated 
incubated with PI. Data are means of three biological replications.   
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Figure S5.10. TEM images of Z. parabailii (UL 3699) cells (109 CFU/mL) exposed to 50 μg/mL 
glabridin and 25 μg/mL wighteone for 15 and 180 min, respectively, compared to untreated cells 
at 180 min. Panels A-C show untreated cells at 180 min; scale bars at 100 nm, 50 nm and 50 nm 
respectively. Panels D-E depict glabridin-treated cells for 15 min; scale bars at 50 nm and 100 
nm, respectively. Panels F-G show glabridin-treated cells for 180 min; scale bars at 20 nm and 50 
nm, respectively. Panels H-J depict wighteone-treated cells for 15 min; scale bars at 50 nm, and 
panels K-L correspond to wighteone-treated cells for 180 min; scale bars at 100 nm and 50 nm, 
respectively.  
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5.7.2. Supplementary tables 

Table S5.1. Total and cross-validated accuracies of best binary QSAR model developed in this 
study, where an activity threshold of 25 µg/mL was used. All accuracies were significant (p-value 
< 0.05). 

  Accuracy Cross-validated accuracy 

Descriptor  
(relative importance*, 

contribution) 

Total Actives Inactives Total Actives Inactives 

vsurf_ID7 
(30%, +) 

93% 
 

100%     86% 
 

87% 
 

88%     86% 
 E_ele 

 (35%, +) 

Table S5.2. External validation set of best binary QSAR model developed in this study. An activity 
threshold of MIC ≤ 25 µg/mL was used to discriminate active from inactive molecules. Predicted 
binary activity > 0.5 classifies the molecule as active. The structures of the compounds can be 
visualized in Figure S5.4. 

ID Name Subclass MIC 
(µg/mL) 

pMIC 
(M) 

Predicted 
binary 
activity 

Microorganism Ref. 

E1 Alpinumisoflavone Isoflavone >50 <3.8 n.a. C. albicans [5] 

E2 Derrone Isoflavone 7.8 4.6 0.9 Candida spp [6] 

E3 Sedonan D Isoflavan 30.5 4.1 0.1 S. cerevisiae [7] 

E4 Sedonan E Isoflavan 15.2 4.4 0.8 S. cerevisiae [7] 

E5 Sedonan F Isofavan 15.2 4.4 0.6 S. cerevisiae [7] 

E6 Erypoegin A Isoflavene >100 <3.8 0.9 C. albicans [8] 

E7 Phaseollidin Pterocarpan >100 <3.8 0.6 S. cerevisiae [9] 

E8 Phaseollin Pterocarpan 25 4.6 0.6 S. cerevisiae [9] 

E9 Sandwicensin Pterocarpan 30.5 4.0 0.7 S. cerevisiae [7] 
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Table S5.4. Antifungal potency (in μg/mL) of prenylated isoflavonoids against Z. parabailii (ATCC 
60483) at pH 4.0. (-) means not tested. Ranges in MIC/MFC derive from different values of the 
replicates. In parentheses, the percentage of undissociated sorbic at each pH is given 
(MarvinSketch 20.3, ChemAxon). 

No. Subclass Compound MIC MFC 

1 Isoflavan Glabridin 12.5-25 25 

4 Isoflavene Glabrene 75 100 

11 Isoflavone Isowighteone 75 100 

12 Isoflavone Luteone 37.5-50 50 

13 Isoflavone Wighteone 25 37.5 

14 Weak organic acid Sorbic acid (86%) 275 550 

Table S5.5. Overview of di-prenylated (iso)flavonoids and their antifungal activity (MIC in 
μg/mL) extracted from literature. Structures of all di-prenylated (iso)flavonoids can be found in 
Figure S5.11. LogD (pH 6.5) was calculated with MarvinSketch 20.3 (ChemAxon). 

No. Subclass Compound MIC Mw Yeast strain logD Ref. 

D1 Flavone Morusin >60 420.5 C. albicans 5.2 [10] 

D2 Flavone Kuwanon C >60 422.5 C. albicans 5.3 [10] 

D3 Flavan Kazinol B 25 392.5 S. cerevisiae 6.1 [10] 

>60 C. albicans 

D4 Flavanone Euchrestaflavanone A >200# 408.5 C. herbarum 6.2 [11] 

D5 Flavanone Lonchocarpol A >200# 408.5 C. herbarum 6.2 [11] 

D6 Isoflavanone Sedonan B 61 440.5 S. cerevisiae 5.2 [7] 

D7 Isoflavanone Sedonan C 15.2 408.5 S. cerevisiae 6.1 [7] 

D8 Flavonol Papyriflavonol A 12.5 438.5 S. cerevisiae 5.0 [12] 

25 C. albicans [12] 

# values expressed in μg 
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6  

General Discussion 

 

As described in the General Introduction, prenylated (iso)flavonoids are 

biosynthesized in plants of the Fabaceae family as part of their defence 

mechanism. Prenylated (iso)flavonoids are acknowledged for the antimicrobial 

properties they can exert, rendering them potential candidates as novel 

therapeutic agents or food preservatives. In this thesis, it was hypothesized that 

sensitization prior to the traditionally employed fungal elicitation would increase 

the amounts and diversity of inducible prenylated isoflavonoids in soybean 

seedlings. Furthermore, given that prenylation-based hydrophobicity is not the 

only determinant for antimicrobial activity, a systematic, validated QSAR study on 

77 analogues was performed to identify other molecular properties important for 

the activity against the Gram-positive pathogen, MRSA. Prenylated (iso)flavonoids 

were also shown to be effective antimicrobial against a challenging food spoilage 

yeast by disrupting its membrane integrity. The main aims of this thesis was (a) 

to enhance the biosynthesis of prenylated (iso)flavonoids in planta, (b) to explore 

their antimicrobial properties against pathogenic and spoilage microorganisms and 

(c) to get insights into their mode of antimicrobial action. In this chapter, the 

following aspects are discussed: (i) the main techniques employed in this thesis 

focusing on the in planta production of prenylated (iso)flavonoids and on QSAR 

modelling, (ii) the antimicrobial properties of prenylated (iso)flavonoids and 

insights into their mode of action, (iii) the antimicrobial potency of these 

compounds against a spore-forming bacterium, and (iv) prospects for the use of 

these compounds as antimicrobials in clinical and food applications. 
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6.1. Main considerations with techniques 

used in this thesis 

6.1.1. Priming versus elicitation: two highly intertwined 

concepts 

In Chapters 2 and 3, the concept of sensitization of soybean seedlings prior to 

microbial elicitation was used to enhance the biosynthesis of prenylated 

isoflavonoids.  

In this section, the findings obtained using the pure ‘Envy’ cultivar are mainly 

discussed (unless stated otherwise), as the full range of treatments was applied to 

this cultivar. In Chapter 2, soybean seedlings were treated with H2O2 and then 

with FeSO4 to generate reactive oxygen species (ROS), which are key signalling 

molecules and are known to promote the plant into a priming state [1]. The ROS-

treatment alone led to the production of prenylated pterocarpans (glyceollins) in 

levels lower than those in seedlings elicited with fungus (benchmark treatment) 

(Figure 6.1, light green and dark blue solid lines; event 1). It should be, however, 

noted that the ROS-treatment induced similar glyceollin amounts to the benchmark 

in a mixture of different soybean lines (mixCv) (Chapter 2). This discrepancy 

shows the difficulty to distinguish priming from elicitation in all instances. When 

H2O2 was followed by an application of AgNO3, the production of glyceollins 

significantly exceeded that by the benchmark treatment (Figure 6.1, dark green 

solid line; event 1), suggesting that H2O2 + AgNO3 is an elicitation treatment. 

Preliminary evidence suggested that H2O2 and AgNO3 had additive effects in the 

induction of glyceollins (H2O2 alone was 2 x times more effective than AgNO3 

alone). Besides glyceollins, H2O2 + AgNO3 additionally triggered the (low) 

accumulation of prenylated isoflavones (Figure 6.1, dark green dashed line; event 

1), which were maximally induced upon subsequent microbial elicitation (Figure 

6.1, dark green dashed line, event 2). This demonstrates that H2O2 + AgNO3 had 

an eliciting effect on glyceollins and a priming effect on prenylated isoflavones, 

showing once more the difficulty in distinguishing the two concepts. 

To be able to assess whether a plant is in a primed state, Martinez-Medina et 

al. (2016) proposed three criteria that need to be asserted: (i) memory (i.e. the 

information of the priming stimulus is stored until subsequent attack), (ii) fitness 

costs and (iii) robust defence responses [2]. More specifically, several molecular 

markers related to memory are helpful in identifying the primed state in the model 

plant, Arabidopsis. Increased expression levels of pattern-recognition receptors 

and of transcription factor genes as well as the accumulation of the mitogen-

activated protein kinases, are some indicators that memory has been established 
[3]. Fitness costs refer to the genetic contribution of a plant to the next generation, 

including plant growth and seed production [2]. With respect to robust defence 

responses in primed plants, these are expressed by longer-lasting activation of 

defensive traits upon challenge compared to unprimed plants [4]. Defensive traits 
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include defence-related signalling molecules and actual defence responsesI such 

as the accumulation of secondary metabolites like prenylated (iso)flavonoids [5]. 

Ideally, quantification of these molecular markers in untreated, “primed”, 

“elicited”, “primed and elicited” and “sequentially elicited” plants together with an 

evaluation of the resulting cost–benefit ratio might help to disentangle the 

concepts of priming and elicitation better [2].  

 

 

Figure 6.1. Relative response of soybean seedlings (‘Envy’) to the treatments (summarized in the 
table on top) with respect to production of prenylated isoflavonoids. The colors in the figure 
correspond to those in the table.  The area under the curve represents the extent of induction of 
prenylated isoflavonoids; solid line = glyceollins, dashed line = prenylated isoflavones. Peak area 
of event 1 correspond to the accumulation of compounds induced by one event, whereas peak 
area of event 2 correspond to the accumulation induced by both events.  

6.1.2. Is sensitization prior to elicitation the way for 

enhanced production of prenylated (iso)flavonoids? 

In Chapters 2 and 3, parameters such as (i) the genetic makeup of the soybean 

cultivar, regarding its capacity to produce high amounts of diverse metabolites, (ii) 

the age of the seedlings and (iii) the type of treatment (for example, ROS versus 
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H2O2 + AgNO3) were explored aiming to increase the quantities and diversity of 

inducible prenylated isoflavonoids. 

Priming with ROS prior to elicitation (ROS + R) stimulated the production of 

glyceollins at a level of 3 mg/g dry weight in mixCv, which was 4-fold higher 

compared to elicitation alone. These amounts are in the range of in planta 

production of prenylated isoflavonoids normally found with soybean seedlings [6]. 

However, other studies on elicitation of soybean seedlings obtained an array of 

prenylated isoflavonoids, even though glyceollins were the predominant molecular 

species [7,8]. Interestingly, when the ‘Envy’ cultivar was employed, two 

observations were made; (a) ROS + R was superior to fungal elicitation in the 

induction of glyceollins, only when applied on seedlings 2 d older than in mixCv 

and (b) no substantial diversification of prenylated isoflavonoids was achieved by 

ROS + R even though some minor induction of prenylated isoflavones was observed 

by R-elicitation in this cultivar.  

Increased diversity was achieved in ‘Envy’, but not in mixCv (data not shown), 

when the cultivars were treated with H2O2 and AgNO3 prior to microbial elicitation. 

The production of prenylated isoflavones in (H2O2 + AgNO3)-treated and 

subsequently elicited seedlings was not accompanied with further induction of 

glyceollins, suggesting that the plant might have reached its maximum biosynthetic 

capacity. Therefore, further fine-tuning the choice of elicitors or growth conditions 

is not expected to substantially increase the quantities and diversity of compounds 

of interest in the ‘Envy’ cultivar. 

Another factor that was not considered in this thesis is the exudation of 

prenylated isoflavonoids that has been reported in several elicited legume species 
[9-12]. For example, secretion of glyceollin I was 50-fold higher after inoculation 

with the symbiont Bradyrhizobium japonicum compared to the control [12] and lower 

after inoculation with a phytopathogenic fungus [13]. Possibly, this is also the reason 

behind the better performance of B. subtilis compared to Rhizopus spp. observed 

in (H2O2 + AgNO3)-treated seedlings with respect to prenylated isoflavone induction 

(Chapter 3). 

Overall, sensitization of soybean seedlings prior the conventionally employed 

elicitation by fungus was a step forward in the production of compounds of interest. 

However, cultivar-dependent parameters such as its capacity to produce diverse 

metabolites, the optimal time-point of treatment application and the maximum 

biosynthetic capacity need to be investigated when a new cultivar is employed. 

6.1.3. Reflection on QSAR 

In this research, in silico techniques, such as QSAR and ligand-based 3D-

pharmacophore modelling were employed to extend our understanding on the 

molecular properties underlying the antimicrobial activity of prenylated 

(iso)flavonoids. Ultimately, it was intended to correlate the outcomes with their 

mode of action. 
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6.1.3.1. Choice of QSAR model type depends on data size and purpose  

In this thesis, two types of QSAR modelling, regression (Chapter 4) and 

classification (binary) (Chapter 5), were used based on the objectives of the model 

and the size of the dataset in each case. In both types, genetic algorithm (GA) was 

used to find the optimal combination of a low number of descriptors that represents 

the data in a statistically compliant and readily interpretable way. To increase the 

dataset used for model development in Chapter 5, compounds with experimentally 

unestablished MIC values were included by imputing a MIC value of 100 μg/mL 

during modelling. To compensate for the error introduced by MIC imputation, a 

classification type of QSAR model was chosen. A classification model estimates the 

probability of activity of each molecule instead of estimating exact MIC values.  

In contrast, the extended dataset assembled in Chapter 4 allowed us to 

develop a regression model and intentionally exclude compounds with 

unestablished MIC values. However, exclusion of such compounds results in loss 

of valuable information. To prevent this, regression analysis with censored data 

(e.g. MIC values > the highest tested concentrations) is possible and can be 

employed in QSAR studies [14]. Alternatively, a new activity parameter, the growth 

inhibitory response, has been recently introduced and is based on delayed 

microbial growth (in h/mM). This parameter can be used to transparently use 

activity data (without imputation) for the development of regression models [15]. 

The main limitation of this new parameter is that it does not yet allow comparisons 

with or data mining from literature, but can possibly stand alone when sufficiently 

large datasets are generated in-house. 

6.1.3.2. Consensus prediction rather than striving for the best model? 

Through GA-MLR the most relevant descriptors explaining the response are 

captured by providing a large set of possible models with nearly equivalent 

predictive performance. In Chapter 4, the frequency of descriptors in all 

statistically compliant models was analysed to obtain the full range of the 

descriptors related to activity and thus to obtain mechanistic insights. 

Nevertheless, the activity (MIC values) of the compounds was predicted by using 

only the best QSAR model. This is the most commonly used approach in QSAR 

modelling [16-19]. Nonetheless, certain features might be over- or under-emphasized 

or be completely ignored during activity predictions by a single QSAR model. Thus 

for more robust and reliable activity predictions, some authors use consensus 

predictions where the activities derived from all statistically valid predictive models 

are considered [20,21]. Consensus activity predictions are mostly performed by 

averaging the predicted activity values derived from the different models (average 

consensus) [22-33]. For example, in the QSAR study of de Bruijn et al. (2018), an 

external set of natural and synthetic antimicrobial 1,4-benzoxazin-3-ones was 

predicted by using all leave-one-out cross-validated models [34]. Only a few authors 

have tried to give each submodel, either obtained from the same or different 

modelling methods, a different weight (weighted consensus) [25,35,36]. Li et al. 
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(2008) developed different GA-MLR models and grouped them in distinct clusters 

based on their similarity.  From each cluster a top model was selected and used to 

predict the activities of the compounds of interest. Then, the authors developed a 

new MLR model using the predicted activities from each top model as independent 

variables. The different weights of each top model derived from their MLR 

coefficients in the new model [35]. In contrast, Lei et al. (2009) employed a more 

complicated approach using the leverage values and evaluating the location of each 

compound in the descriptor space [36,37]. Although it is not clearly established 

whether the benefits of consensus predictions outweigh their complexity [27], two 

consensus prediction approaches (the average and a weighted) were employed 

here to explore whether they can increase the accuracy of prediction of molecules 

from Chapter 4. In Chapter 4, 48 statistically compliant models (12 models per 

number of descriptors (4-7)) were generated by the GA, yielding 18 truly different 

models (some models appeared more than once). Just by averaging the activities 

derived from the different models, the average prediction error decreased by 17% 

and 31% for the training and the external validation set, respectively, while the 

maximum error of the training and the test set was reduced by 21% and 14%, 

respectively (Table 6.1). When different weights were given to the models by 

integrating their frequency of appearance in the GA, > 20 % lower maximum 

prediction errors were obtained in all sets compared to best model of Chapter 4. 

From the above, it can be proposed that using weighted consensus activity 

predictions by integrating the frequency of appearance of a model in the GA runs 

can further increase the accuracy of QSAR activity predictions. 

Table 6.1. Prediction errors (%) of the training, test and external validation sets obtained by 
average consensus and weighted consensus predictions compared to the best QSAR model 
developed in Chapter 4. In bold, the decrease in prediction errors (%) after using consensus 
predictions compared to the prediction using the best model is shown; (-) means no decrease. An 
average prediction error of 10% is generally acceptable for the training set  [38]. 

 Set Best model 

(Chapter 4) 

Average 

consensus 

Weighted 

consensus* 

Average Training 5.1 4.2 (17) 4.5 (11) 

Test 4.2 4.1 (1) 4.3 (-) 

External validation 5.0 3.4 (31) 3.6 (28) 

Maximum Training 17.8 14.0 (21) 11.6 (35) 

Test 13.8 11.8 (14) 10.9 (21) 

External validation 10.1 10.2 (-) 7.2 (29) 

* Models weighted based on their frequency of appearance in the GA runs 
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6.1.3.3. Separation of mono- from di-prenylated (iso)flavonoids in in 

silico techniques 

For robust QSAR modelling, a dataset should be sufficiently large (at least 25 

molecules), the activities should span 3 log units and be normally distributed [39,40]. 

For these reasons, molecules from different subclasses, including mono- and di- 

prenylated (iso)flavonoids were pooled in Chapter 4, similarly to other QSAR 

studies [16,17]. 

In Chapter 4, it was shown that different properties were correlated to the 

antibacterial activity of the different prenylated (iso)flavonoid subclasses. Thus, it 

would be useful to separate and model the different subclasses separately. 

However, the limiting step in this approach is the limited number of compounds 

per subclass available. For example, the most abundant subclass in the large 

dataset of Chapter 4 was the isoflavones, encompassing 19 representatives with 

established MICs (and 6 with non-established MICs). 

Likewise, pooling mono- and di- prenylated compounds can distort the actual 

effect of substituents (presence and distribution) other than prenylation. More 

specifically, the superiority of double prenylation against Gram-positive bacteria 

(almost all di-prenylated (iso)flavonoids were highly potent against MRSA), 

overshadows substituents which might otherwise be detrimental for activity. For 

example, glycyrrhisoflavone with four -OH groups and one B-ring prenylation was 

moderately active against MRSA (MIC 64 µg/mL, 181 μM), but when it is 

additionally prenylated at the A-ring as in isoangustone A, it becomes active (MIC 

16 µg/mL, 38 μM), masking the initial unfavourable combination of features. 

Similarly, even though 6a-OH pterocarpans are mostly inactive against various 

microbial species, a di-prenylated 6a-OH pterocarpan (2-(dimethylallyl)-6a-

hydroxyphaseollidin) was very active against MRSA (MIC 3 µg/mL, 8 μM), 

overshadowing the detrimental effect of C6a hydroxylation. The limiting step in 

performing this kind of splitting to develop QSAR models in Chapter 4 was that 

di-prenylated molecules were not normally distributed with respect of activity, 

since almost all of them were active. To investigate what the effect of this type of 

splitting would be on the molecular properties surfacing as important for 

antimicrobials activity, the GA was crudely performed for mono- and di-prenylated 

(iso)flavonoids from Chapter 4, separately. To allow one-to-one comparisons, the 

GA was also crudely performed for the pooled mono- and di-prenylated compounds 

(Table 6.2). When GA was ran only with mono-prenylated (iso)flavonoids, 

descriptors encoding properties such as the total negative partial charge and the 

van der Waals component of the potential energy were most frequently correlated 

to the activity (69% and 27%, respectively) (Table 6.2). In contrast, mostly 

hydrophobicity-related descriptors such as the octanol/water distribution 

coefficient at pH 7 and the hydrophobic volume at -1.6 kcal/mol were appearing in 

the GA for di-prenylated (iso)flavonoids. This indicated that the contribution of di-

prenylated molecules in elucidation of molecular properties is limited to 

hydrophobicity. This is further corroborated with the appearance of vsurf_CW3, a 
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descriptor significantly correlated (Rpearson 0.85) to hydrophobicity (logP), when 

mono- and di-prenylated compounds were pooled together. Considering that the 

minimum possible number of descriptors is preferred in QSAR models, potentially 

important information might be lost upon combination of mono- and di-prenylated 

(iso)flavonoids.  

Overall, when the dataset size and the range and distribution of activities of 

the molecules allow, splitting of mono- from di-prenylated molecules during QSAR 

modelling would increase the accuracy and interpretability of descriptors. 

Table 6.2. Descriptors with their definition, contribution to activity and frequency derived by 
running the genetic algorithm for mono- and di-prenylated (iso)flavonoids separately and 
together. The GA was performed twice and 100 models were generated each time.  

 
Descriptor Definition Sign Frequency 

Mono-prenylated 

(iso)flavonoids 

PC- Negative partial charge + 69% 

E_vdW van der Waals component of 

the potential energy 

+ 27% 

h_emd Hydrogen bond donor 

strengths 

+ 21% 

Di-prenylated 

(iso)flavonoids 

h_logD octanol/water distribution 

coefficient at pH 7 

+ 34% 

vsurf_D8 hydrophobic volume at -1.6 

kcal/mol 

+ 24% 

Mono- and di- 

prenylated 

(iso)flavonoids 

vsurf_CW3 Ratio of hydrophilic surface 

and the total molecular 

surface at -1.0 kcal/mol 

- 97% 

h_emd_C Sum of hydrogen bond donor 

strengths of carbon atoms 

- 89% 

RPC- Relative negative partial 

charge: the smallest 

negative qi divided by the 

sum of the negative qi. 

- 85% 

h_pavgQ The average total charge 

sum (Qi 10-pCi) where Qi is 

the total formal charge of 

state i. 

+ 15% 
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6.2. Prenylated (iso)flavonoids as 

antimicrobials 

6.2.1. Di-prenylated (iso)flavonoids as specific 

antimicrobials towards Gram-positive bacteria 

The di-prenylated (iso)flavonoids, both experimentally tested and extracted from 

literature in Chapter 4, were found to be promising antibacterials against MRSA. 

Seventy five percent of them had MIC values of ≤ 25 µg/mL, thus being classified 

as active, whereas 1/3 of them had MIC values of < 10 µg/mL, being classified as 

very active [41]. This observation corroborates what is known for other Gram-

positive bacteria. Contrarily, di-prenylated (iso)flavonoids tested and mined from 

literature in Chapter 5, were mostly inactive against yeasts. This lack of activity 

is reminiscent to what has been shown against the Gram-negative bacterium, E.coli 

(even in the presence of an efflux pump inhibitor) [16]. The highly ordered, complex 

outer membrane (OM) of Gram-negative bacteria, ascribed to the presence of 

lipopolysaccharides and of hydrophilic porins, is thought to limit the influx of 

hydrophobic molecules [16,42]. The yeast cell wall is also characterized by high 

complexity and crystallinity due to the presence of fibrillar mannoproteins and of 

a chitin layer, respectively. The architecture of the yeast cell wall limiting the entry 

of hydrophobic molecules, might also be one of the reasons behind the poor 

antimicrobial activity of di-prenylated (iso)flavonoids against yeasts as discussed 

in Chapter 5. 

6.2.2. Mono-prenylated isoflavonoids as broad spectrum 

antimicrobials - role of amphiphilic moment  

Contrary to di-prenylated (iso)flavonoids, mono-prenylated isoflavonoids showed 

a wider spectrum of activity, as they were active both as antibacterials against 

Gram-positive bacteria (including MRSA and B. subtilis, the latter shown in section 

6.2.4) and as antifungals against Z. parabailii (Chapter 4 and 5).  

More specifically, the mono-prenylated isoflavonoid, wighteone showed a MIC 

value of 16 µg/mL against MRSA, in line with its high activity shown for another 

Gram-positive bacterium, L. monocytogenes [16]. Wighteone was also active against 

Z. parabailii and E. coli (the latter supplied with an efflux pump inhibitor) [16] with 

a MIC value of ≤ 10 µg/mL. Similarly, glabridin showed MIC values of ≤ 15 µg/mL 

against MRSA, B. subtilis and Z. parabailii, in line with its high activity towards L. 

monocytogenes, E. coli and C. albicans [16,43].  

Interestingly, wighteone (A-ring chain-prenylated at C6) is consistently more 

active than isowighteone (B-ring chain-prenylated) and lupiwighteone (A-ring 

chain-prenylated at C8), the latter being inactive against the microbial species 

towards which it has been tested. These prenylated isoflavones differ only in the 

location of the prenyl group. Likewise, glabridin was more active than 4’-O-methyl 

glabridin, whereas 3’-OH-4’-O-methyl-glabridin was inactive against Z. parabailii 
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and E. coli. These prenylated isoflavans differ in the level of hydroxylation and O-

methylation. The strict separation of hydrophobic (prenyl) group and polar 

(hydroxyl) groups (i.e. amphiphilicity) was inversely correlated to activity in 

Chapter 4 (in the form of hydrophilic integy moment, vsurf_IW7), in Chapter 5 

(in the form of hydrophobic integy moment, vsurf_ID7) and in the QSAR model 

developed for L. monocytogenes (vsurf_ID7) [16].  The hydrophilic and hydrophobic 

integy moments are measures for the distribution of hydrophilic and hydrophobic 

regions, respectively. Their negative contributions to the activity (Chapter 4 and 

5) mean that the hydrophilic (or hydrophobic) regions should be equally distributed 

over the molecule [44] and thus inversely correlated to the amphiphilic moment.  

Figure 6.2 displays the relationship between amphiphilic moments, 

hydrophobicity and antimicrobial activity of structurally similar prenylated 

isoflavones and isoflavans. Amphiphilic moments were inversely correlated to the 

activity of prenylated isoflavones for all microbial species tested (Figure 6.2, left). 

The inactive lupiwighteone has the highest amphiphilic moment among the 

isoflavones due to the well separated prenyl group (green area in Figure 6.2) from 

the hydrogen bonding regions (pink areas in Figure 6.2), compared to wighteone 

where the prenyl group is in between the hydroxyl groups. In contrast, for 

prenylated isoflavans, no clear trends could be established between amphiphilic 

moment and antimicrobial activity (Figure 6.2, right). This discrepancy between 

the two subclasses might lie in the generally higher overall hydrophobicity of the 

studied isoflavans (logP 4.1-4.5) compared to isoflavones (logP 2.9-3.0), a 

molecular property strictly associated with the antibacterial activity of prenylated 

(iso)flavonoids against Gram-positive bacteria (Chapter 4 and Araya-Cloutier et 

al. (2018) [16]). Possibly, the high hydrophobicity of isoflavans cancels the 

detrimental effects of their amphiphilicity on the antimicrobial activity. Overall, 

there seems to be a link between amphiphilic moment, molecular hydrophobicity 

and the antimicrobial activity of prenylated isoflavones and isoflavans. 
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Figure 6.2. Amphiphilic moments (in Å), illustrated with surface maps, and logP values (both 
calculated in MOE) of prenylated isoflavans, which differ in the level of hydroxylation and O-
methylation and prenylated isoflavones differing in the location of the prenyl group, as a function 
of antimicrobial activity against Gram-positive bacteria. The A-C rings of isoflavones are 
longitudinal to the plane of the paper, whereas the A-C rings of isoflavans are perpendicular to 
the plane of the paper for better visualization. Green colour represents hydrophobic areas, 
whereas pink and blue colours denote hydrogen-bonding and mildly polar areas, respectively.  

6.2.3. Mode of action of the mono-prenylated isoflavonoids 

In this thesis, it was shown for the first time that the active mono-prenylated 

isoflavonoids, wighteone and glabridin, act on the membrane of Z. parabailii 

(Chapter 5). Membrane-activity of prenylated isoflavonoids against various 

microbial species is the most reported mechanism of action of prenylated 

(iso)flavonoids in model studies and studies using whole cells [45-48]. In the 

following sections, it will be discussed (i) how prenylated (iso)flavonoids are 
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expected to reach the membrane, (ii) how they interact with it and (iii) whether 

the membrane is the only target for their antimicrobial action. 

6.2.3.1. Is the perception that prenylated (iso)flavonoids act as single 

molecules oversimplified? 

The relationship between amphiphilic moment (section 6.2.2), overall 

hydrophobicity and the mode of action of mono-prenylated (iso)flavonoids has 

never been touched upon. Prenylated (iso)flavonoids are expected to hide their 

hydrophobic parts in a hydrophilic environment through self-aggregation, similar 

to other hydrophobic or amphiphilic molecules. For example, micellar formation in 

the extracellular space has been suggested for the amphiphilic antimicrobial 

peptide, daptomycin [49]. Aggregate formation before reaching the lipid bilayer was 

also shown for the amphiphilic di-prenylated hydroxycinnamic acid, artepillin C, 

through molecular dynamic simulations. Artepillin C has similar hydrophobicity 

(logP 4.2), size (300 Da) and amphiphilic moment (vsurf_A 3.6 Å) to prenylated 

(iso)flavonoids [50] (Table 6.3). The di-prenylated xanthone, mangostin (vsurf_A 

0.6 Å) and its non-prenylated analogue (vsurf_A 2.7 Å) were also shown to form 

aggregates in water, the former through aromatic stacking and hydrogen bonding 

and the latter exclusively via aromatic stacking [51] (Table 6.3). 

Table 6.3. Molecules from different families that have been shown to aggregate in a hydrophilic 
environment. Amphiphilic moment , vsurf_A (Å) and hydrophobicity, logP, were calculated in MOE. 

Molecule Family vsurf_A 

(Å) 
logP Molecular 

weight 
Cluster 

type 
Ref. 

Daptomycin Peptide 7.1 -5.7 1620 Micelle [47] 
Artepillin C Di-prenylated 

hydroxycinnamic acid 
3.6 4.1 300 Aggregate [48] 

Mangostin Di-prenylated 

xanthone 
0.6 3.9 410 Aggregate [49] 

Xanthone Xanthone 2.7 1.8 244 Aggregate [49] 
Wighteone Mono-prenylated 

isoflavonoid 
2.3 2.9 338 Aggregate This 

thesis 
Lupiwighteone Mono-prenylated 

isoflavonoid 
4.1 2.9 338 Micelle This 

thesis 
Glabridin Mono-prenylated 

isoflavonoid 
4.6 4.2 324 Micelle This 

thesis 
 

Based on their amphiphilic moment, prenylated (iso)flavonoids are speculated 

to self-associate in a micelle or an aggregate, but this needs to be determined. 

Since no solubility issues were associated with prenylated (iso)flavonoids in 

hydrophilic growth media at any of the concentrations tested, it is expected that 

these self-assemblies are soluble. Prenylated isoflavones with low amphiphilic 

moments (e.g. wighteone) are expected to form aggregates stabilized primarily 
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through aromatic stacking and possibly hydrogen bonding (Figure 6.3, phase 1, 

left) in analogy to the xanthones with low amphiphilic moments (Table 6.3). In 

contrast, prenylated isoflavones with higher amphiphilic moments and thus with 

more clearly defined hydrophobic and hydrophilic moieties, e.g. lupiwighteone, are 

thought to form micellar-like aggregates (Table 6.3 and Figure 6.3, phase 1, 

middle). The activity of prenylated isoflavans was less affected by the amphiphilic 

moment compared to isoflavones (section 6.2.2). Nevertheless, because of the 

high amphiphilic moments of certain members of the isoflavan subclass, such as 

glabridin and 3’-OH-4’-O-methyl-glabridin, these molecules might also form 

micellar-like aggregates (Table 6.3).  

To efficiently interact with the membrane, aggregates should disintegrate 

when they reach the membrane. Disintegration at the membrane was shown for 

the aggregates of both daptomycin and artepillin C [49,50]. The putative aggregate 

of wighteone is also expected to dissociate when reaching the membrane (Figure 

6.3, phase 2, left). Contrarily, micelles of prenylated isoflavonoids may have lower 

tendency to dissociate, because their hydrophobic parts are more effectively 

hidden compared to an aggregate, thus prevented from interacting with the 

membrane (Figure 6.3, phase 2, middle). This has been also suggested for stable 

micelles and strong dimers formed by amphiphilic peptides and their limited 

interactions with the bacterial membrane, compared to the monomers [52,53]. 

Strong self-association of peptides was shown to have a detrimental effect on their 

antimicrobial activity [53]. This might explain why lupiwighteone is inactive, 

whereas wighteone is active across all microbial species against which they have 

been tested. However, this does not explain the high activity of the isoflavan, 

glabridin, which has an amphiphilic moment similar to lupiwighteone. Possibly, the 

3D-configuration of the isoflavan backbone, which is more crooked than that of 

isoflavones due to the absence of the C2-C3 double bond on the C-ring of the 

former, might hinder the formation of stable micelles (Figure 6.3, phase 1, right). 

This together with glabridin’s higher hydrophobicity might explain why the glabridin 

micelle might have a higher tendency to dissociate in the membrane compared to 

the lupiwighteone micelle (Figure 6.3, phase 2). 

Evidence on the hypothesized clustering propensities of prenylated 

isoflavonoids can be obtained through cryo-TEM imaging, a readily useful tool to 

obtain insights on structural and dynamic changes of self-assemblies at nano-scale 
[54]. Preferably, cryo-TEM should be complemented with a quantification method, 

such as surface tension measurements. 
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Figure 6.3. Proposed mode of antimicrobial action of mono-prenylated isoflavonoids dissected 
in 4 different phases: 1, extracellular; 2, membrane surface; 3, interior of the membrane; 4, 
cytoplasm. Blue dots indicate hydroxyl group. Green small dots represent the prenyl group, 
whereas larger ones represent the isoflavonoid backbone. A darker green colour indicates higher 
hydrophobicity of the entire molecule. Ring prenylation is represented by direct attachment of 
the prenyl group to the backbone, whereas chain prenylation is separated from the backbone.  

6.2.3.2. Mono-prenylated isoflavonoids deform the microbial cell 

membrane differently  

Different dominant molecular properties were witnessed to be important for activity 

in Chapter 4. The different properties were reflected in different prenylated 

(iso)flavonoid subclasses. Thus, it was proposed that subclasses such as 

isoflavones, isoflavans and pterocarpenes may have differential interactions with 

the membrane. In Chapter 5, differences were observed in the membrane of Z. 

parabailii cells, when these were treated with the isoflavone, wighteone and the 

isoflavan, glabridin.  

Due to the presumed ease of dissociation of the putative wighteone aggregate, 

monomeric wighteone enters the membrane. Subsequently, wighteone monomers 
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are thought to re-cluster again inside the membrane to shield their polarity (Figure 

6.3, phase 3). Molecules with enhanced hydrogen-bond capacity (≥ 3 free hydroxyl 

groups), like wighteone, were hypothesized to self-associate through hydrogen-

bonding to increase their affinity with the interior of the membrane [51] (Chapter 

4). The hypothesis was based on results obtained from molecular dynamic 

simulations using modelled membranes with a di-prenylated xanthone [51], 

considering that its hydrogen-bonding capacity is similar to that of prenylated 

(iso)flavonoids with ≥ 3 free hydroxyl groups (Chapter 4). Wighteone is therefore 

considered an intramembrane cluster inducer. According to Li et al. (2018), these 

kind of intramembrane clusters effectively permeabilized the membrane without 

pore formation [51]. However, some pore formation was observed in the membrane 

of wighteone-treated Z. parabailii cells together with other types of deformation 

(Chapter 5). 

In contrast, due to the lower hydrogen-bond forming capacity, glabridin (< 3 

free hydroxyl groups) was expected to form intramembrane aggregates to a lesser 

extent than wighteone (Chapter 4) (Figure 6.3, phase 3). Opposite to wighteone, 

glabridin showed catastrophic effects on the membrane of Z. parabailii by 

consistently inducing large discontinuities (pores) (Chapter 5). This behaviour is 

reminiscent to the “detergent model” described for antimicrobial peptides, in which 

the membrane collapses when the concentration of accumulated molecules is high 
[55]. The detergent model requires interfacial activity of the molecules [56]. In 

general, prenylated (iso)flavonoids are expected to be positioned in the interface 

of lipid bilayer and the extent of insertion inside the lipid core depends on their 

hydrophobicity [57]. In Table 6.3, glabridin was shown to have a higher amphiphilic 

moment and thus better interfacial activity compared to wighteone. 

To obtain further evidence on the interactions of the different prenylated 

isoflavonoids with the membrane, the thermotropic phase behaviour of liposomal 

membranes can be followed by means of, for example, differential scanning 

calorimetry [58,59].  

6.2.3.3. Is membrane-permeabilization the only mechanism for 

killing? 

The main challenge in exploring the mechanism of action of an antibacterial is the 

difficulty to dissect the primary event from those that follow [60].  

In Chapter 5, it was demonstrated that mono-prenylated isoflavonoids killed 

Z. parabailii cells at their MFC within 15 min. Glabridin destroyed the membrane, 

promoting higher PI uptake by the yeast cells than wighteone (both at pH 4.0 and 

7.2) (Chapter 5). In relation to this, wighteone-treated yeast cells at pH 4.0 

showed pore formation as well as other types of membrane-deformations, which 

are reminiscent to those induced during endocytosis (Chapter 5). Endocytosis is 

a phenomenon mediating the internalization of surface receptor/ligand complexes 

or other surface proteins in yeasts [61]. Polar macromolecules are also internalized 

through endocytosis as an alternative mechanism when they cannot permeate the 
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membrane [62-64]. For example, the fast antifungal activity (within 5 min at its MFC) 

of the peptide ApoEdpL-W against C. albicans was endocytosis-dependent. This 

was evidenced through inactivation of a gene required for endocytosis and the use 

of endocytosis inhibitors, both of which reduced the antifungal activity of ApoEdpL-

W. The primary mode of action of this peptide was attributed to activity on 

intracellular targets [65]. If part of wighteone is endocytosed into the yeast, then 

its mode of action might be further complemented intracellularly. To elucidate 

whether wighteone’s activity against Z. parabailii is endocytosis-dependent, 

further investigation by using deletion mutants or different endocytosis inhibitors 

can be employed [65,66].  

Araya-Cloutier et al. (2017) also showed that although wighteone was a good 

permeabilizer of L. monocytogenes at a concentration > MIC, no permeabilization 

was observed at its MIC [67]. The same author also demonstrated that highly active 

prenylated (iso)flavonoids (e.g. di-prenylated (iso)flavonoids and mono-prenylated 

pterocarpenes) did not permeabilize the membrane of Gram-positive and Gram-

negative bacteria, implying that membrane permeabilization is not the only 

mechanism of killing [16]. It was hypothesized that prenylated (iso)flavonoids with 

large hydrophobic volume might migrate deeper in the hydrophobic core, causing 

rigidification of the membrane [16]. However, a few reports have demonstrated 

cytosolic presence (and activity) of prenylated (iso)flavonoids. For example, the 

di-prenylated flavonoid, morusin was shown to first disrupt the membrane and 

then inhibit the phosphatidic acid biosynthesis (phospholipid-repair system), 

intracellularly [68]. In addition, cytoplasmic localization after disruption of the 

membrane of Streptococcus mutans was observed for a di-prenylated flavanone, 

lupinifolin, by separately assaying cell envelop and cytoplasmic fractions [69]. 

However, no secondary mechanisms of action were explored in this study. 

Altogether suggest that membrane-disruption is not the only mechanism of 

action of prenylated (iso)flavonoids and that their activity might be further 

complemented in the cytosol (Figure 6.3, phase 4). This is in line with Chapter 4 

where we proposed that the anionic species of prenylated compounds with low pKa 

might traverse the membrane through channels and reach the cytosol. To be able 

to dissect primary from secondary events in killing by antimicrobials, the 

subcellular localization of prenylated (iso)flavonoids can be followed by 

fractionation of the different compartments (i.e. cell wall, membrane and 

cytoplasmic fractions) [69,70] and detection using LC-MS. In parallel, the uptake of 

PI can be followed in single live cells by time‐lapse confocal microscopy [65,71]. 

Furthermore, transciptome analysis [72] and screening of microbial mutant libraries 
[73] can help to reveal cellular responses and to identify the genes required for 

tolerance/sensitivity to prenylated (iso)flavonoids, respectively.  
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6.2.4. Prenylated (iso)flavonoids as antibacterial agents 

against B. subtilis cells and spores  

B. subtilis is a gram-positive spore-forming bacterium, challenging food 

preservation. The potency of partially purified prenylated (iso)flavonoids were 

tested as novel, natural antibacterial agents against vegetative cells and spores of 

a food isolate of B. subtilis.  

Table 6.4. Potency of partially purified prenylated (iso)flavonoids against B. subtilis (UL 2615) 
vegetative cells (4.5 log10CFU/mL). 

No (Partially purified) compound # prenyl 

groups 

Subclass MIC 

(μg/mL) 

logD  

(pH 7.2) 

1 Glabrene (54% w/w) 1 Isoflavene 25 4.0 

2 Glabrol (52% w/w) 2 Flavanone 6.25 5.8 

3 4’-O-methyl glabridin (55% w/w) 1 Isoflavan 12.5 4.2 

4 Hispaglabridin A (52% w/w) 2 Isoflavan 12.5 5.8 

5 Hispaglabridin B (59% w/w) 2 Isoflavan 25 5.3 

6 Glabridin (97% w/w) 1 Isoflavan 12.5 4.1 

 

The potency of prenylated (iso)flavonoids against B. subtilis cells (Table 6.4) 

resembles the activity against other Gram-positives (Chapter 4 and Araya Cloutier 

et al. (2018) [16]). The partially purified di-prenylated flavanone, glabrol, inhibited 

cell growth at the lowest concentration tested (MIC 6.25 μg/mL). The two partially 

purified isoflavans, the mono-prenylated 4’-O-methyl glabridin and the di-

prenylated hispaglabridin A inhibited B. subtilis cells at a MIC value of 12.5 μg/mL. 

These three prenylated (iso)flavonoids were the most hydrophobic members of 

their subgroup (i.e. mono- and di-prenylated). Hydrophobicity, as expected, plays 

a key role in the activity of prenylated (iso)flavonoids against B. subtilis. 

Under stressful conditions, B. subtilis vegetative cells transform into resilient, 

dormant structures, called spores, which are particularly troublesome in food 

industry. Especially in foods with low acidity (pH > 4.6), B. subtilis spores (phase-

bright structures as manifested by light microscopy) are susceptible to germination 

(after which they become phase-dark spores) and to outgrowth into vegetative 

cells (elongated rods) [74] causing food spoilage (Figure 6.4A). In food industry, 

mainly thermal treatments are used to inactivate bacterial spores and the milder 

techniques, sometimes employed nowadays, are not always effective [75,76]. In 

addition, there are no universal food-grade spore germinator inhibitors [77]. On the 

basis that hydrophobicity was previously found to be an important property in 

inhibiting spores of B. subtilis spp. [78-80], the most promising partially purified 

compounds against vegetative cells were tested against the spores. 

The di-prenylated flavonoid, glabrol, and the mono-prenylated isoflavonoid, 

4’-O-methyl glabridin arrested the germination and outgrowth of the spores at a 

concentration of 200 μg/mL. Upon exposure of the spores to these prenylated 

(iso)flavonoids, only non-germinated phase bright spores and no germinated phase 

dark spores were observed. Furthermore, B. subtilis spores treated with prenylated 

(iso)flavonoid did not grow out even in the presence of germination promotors (a 
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mixture of alanine and inosine, known to target different germination receptors 
[81]) (Figure 6.4B). This observation suggested that prenylated (iso)flavonoids 

inhibit the germination step in spores’ revival. Alanazi et al. (2018) showed that 

essential oil constituents inhibited the germination of Clostridium perfringens 

spores at 0.05-0.1% (v/v) [82]. Avocado extracts, enriched in fatty acid alcohols, 

also inhibited the germination of C. sporogenes spores at a concentration of 20 

μg/mL [83].  

Overall, this preliminary qualitative evidence shows that prenylated 

(iso)flavonoids can serve as a promising new hurdle to control resilient microbial 

forms, such as the spores of B. subtilis. Quantitative determination of the stage at 

which prenylated (iso)flavonoids inhibit spores’ revival and their mode of action 

await investigation. 

 

Figure 6.4. Phase contrast microscopy (PCM) imaging demonstrating the morphological changes 
during B. subtilis spore germination and outgrowth [84,85] (A) and PCM imaging of exposed B. 
subtilis spores (8.7 ± 0.3 Log10CFU/mL) to two partially purified prenylated (iso)flavonoids at 37 
°C for 24 h in the presence of germination promoters (10 mM alanine + 2 mM inosine) (B); 
Untreated (control) spores which grew out into vegetative cells (a), spores treated with 200 
μg/mL of partially purified glabrol (b) and 4’-O-methyl glabridin (c). 

6.3. Toxicity and applications of prenylated 

(iso)flavonoids 
Based on Davidson et al. (2013), an ideal natural antimicrobial needs to (i) be 

effective at low concentrations in its natural form, (ii) be economical at use levels, 

(iii) cause no sensory changes to the product, (iv) inhibit a wide array of pathogenic 

and spoilage organisms and (v) be non-toxic to healthy human cells and beneficial 

microorganisms [86]. In this regard, despite the high potency of prenylated 

(iso)flavonoids against problematic Gram-positives (MIC ≤ 25 μg/mL), no potency 

(MIC > 1,000 μg/mL) was found for a prenylated flavonoid against three probiotic 

Gram-positive strains, L. plantarum [87]. This suggests that prenylated 
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(iso)flavonoids can be highly specific towards harmful microbial strains. In the 

following sections, toxicity and potential application of prenylated (iso)flavonoids 

as food preservatives and therapeutic agents is dealt with. 

6.3.1. Toxicity 

Promising antimicrobial candidates need to specifically exert their activity towards 

their target microbial cells at doses that are non-toxic to healthy human cells. 

Prenylated (iso)flavonoids are generally considered as less toxic than traditional 

antibiotics and they are not frequently included in lists of known poisonous 

compounds [88].  

Table 6.5 summarizes toxicity information of prenylated (iso)flavonoids. A 

study on the safety of liquorice flavonoids in an oil preparation (LFO) in human 

subjects reported that the LFO is safe when administered once daily up to 1,200 

mg/day (containing 12 mg of glabridin) up to 4 weeks [89]. The toxicity of pure 6,8-

diprenyl eriodictyol and 6-prenyl apigenin was found negligible against silkworms 

(used as an animal model [90]) at a concentration of 625 μg prenylated flavonoid/g 

larvae [47]. The di-prenylated flavonol, papyriflavonol A, with strong antifungal 

activity (MIC values of 12.5-25 μg/mL), showed less than 5% haemolysis of human 

erythrocytes at concentrations close to their MIC [91]. In the same study, the 

antibiotic, amphotericin B showed severe haemolysis (53%) even at a low 

concentration of 6.3 µg/mL. Similarly, the di-prenylated flavanone, lupinifolin did 

not disrupt the membrane of mammalian red blood cells (RBCs) at concentrations 

up to 40 μg/mL [92]. Likewise, the di-prenylated xanthone, alpha-mangostin, closely 

related to prenylated (iso)flavonoids, was found to induce only 7.7-10.5% 

haemolysis at 1-4 x its MIC against RBCs [93]. 

Overall, substantial evidence shows that prenylated (iso)flavonoids are not 

toxic to healthy human cells at the concentrations which were found inhibitory 

against problematic microorganisms.  

6.3.2. Application 

6.3.2.1. Application to food 

Prenylated (iso)flavonoids are considered advantageous natural metabolites, as (i) 

they are highly stable compared to for example, prenylated stilbenoids; (ii) they 

have a subtle colour (white or yellow); (iii) they kill very fast compared to other 

antimicrobials, such as ITCs [15]. Non-prenylated (iso)flavonoids have been related 

to bitter taste [94]. Usually the presence of regular levels of salt and sugar, the use 

of acids and flavours, are debittering strategies implemented in the food industry 

that can mask this potential bitterness of (iso)flavonoids [95-97]. Nonetheless, 

preliminary receptomic results from our laboratory (in collaboration with 

Wageningen Plant Research) showed that glabridin and a liquorice (G. glabra) 

extract at concentrations up to 100 and 200 μg/mL, respectively, did not activate 

bitter receptors.  
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Table 6.5. Toxicity information of various prenylated (iso)flavonoids. 

Prenylated 
compound 

Subclass MIC in μg/mL 
(microorganism) 

Toxic 
effects 

Studied 
organism 

 Ref. 

Glabridin 
(in complex 

mixture) 

Isoflavan ≤ 15 (various) < 12 mg/day 
(4 weeks) 

Humans  [89] 

6,8-Diprenyl 
eriodictyol 

Flavone 4 (MRSA) No toxicity at 
625 μg 

prenylated 
flavonoid/g 

(24 h) 

Silkworms  [47] 

6-Prenyl apigenin Flavone 64 (MRSA) No toxicity at 
625 μg 

prenylated 
flavonoid/g 

(24 h) 

Silkworms  [47] 

Papyriflavonol A Flavonol 12.5-25 
(C. albicans, S. 

cerevisiae) 

< 5% 
haemolysis at 

10-25 µg/ 
mL and < 
11% at 63 

µg/mL 

Human 
erythrocytes 

 [85]
 

Lupinofolin Flavanone 8 (S. aureus) No 
membrane 

disruption at 
C ≤ 40 

μg/mL (24 h) 

RBCs  [86]
 

 

Acidic food emulsions, such as mayonnaise (20% water) are typically spoiled 

by Z. parabailii [98] towards which highly potent mono-prenylated isoflavonoids 

were found. However, due to the affinity of prenylated (iso)flavonoids for the oil 

phase, pure prenylated (iso)flavonoids rather than plant extracts could be added 

at reasonable concentrations to control the growth of Z. parabailii. In the best case 

scenario, wighteone, the most potent prenylated isoflavonoid against this yeast 

(MFC 12.5 µg/mL at pH 4.0) is selected as a novel, natural food preservative. The 

amount of wighteone (logP of 3.0) that is required  to prevent yeast growth in the 

water phase (20%) is 0.25 g per 100 mL product. To correct for the 2 x higher 

hydrophobicity of the oil compared to octanol, wighteone should be added at a 

concentration of 0.5 g per 100 mL mayonnaise. This amount is higher than the 

0.1% K-sorbate normally used in mayonnaise. This scenario is mainly restrictive 

due to the high purification cost of prenylated (iso)flavonoids. 

Prenylated (iso)flavonoids could be more promising food preservative 

alternatives when applied in fat-free, acidic food products containing high 

concentration of fermentable sugars. These products are also typically spoiled by 

Z. parabailii [98]. Although the solubility of prenylated (iso)flavonoids is considered 

low, no solubility problems were observed when the compounds were dissolved in 

hydrophilic growth media for antimicrobial testing at concentrations up to 100 

μg/mL. In this type of food products, a legume extract instead of the purified 
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compounds could be used. Plant extracts are more positively perceived by the 

consumer and are regarded as clean label [86], limiting the costs required for 

purification. A crude blue lupine extract, for example, is a rich source of different 

highly potent mono-prenylated isoflavones [99]. An ethanolic extract of blue lupine 

(5.5% of dry weight elicited seedlings) contains around 15 mg of the compounds 

of interest per g of extract [99]. The amount of promising antimicrobials (considering 

an average MIC of prenylated isoflavones of 30 μg/mL against Z. parabailii, 

Chapter 5), which needs to be added in the food product would be 3 mg per 100 

mL. Therefore, 0.2 g of dry extract need to be added in 100 mL of food product, 

which is closer to the K-sorbate levels.  

Last, it should be noted that interactions of the prenylated isoflavonoids with 

other food components might decrease their antimicrobial activity [86] and thus 

these types of interaction need to be further investigated.  

6.3.2.2. Application to pharma 

Prenylated (iso)flavonoids were found to be promising antimicrobials against 

MRSA. Based on their hydrophobic nature, prenylated (iso)flavonoids have low 

bioavailability [100]. For example, the bioavailability of xanthohumol (XN) was found 

to be 33% in rats for a low dose of XN (1.86 mg/kg body weight) and 11% for 

approximately ten-times higher dose of XN administered by oral gavage [100]. 

Results can be extrapolated to humans [101]. These numbers are similar to classical 

MRSA-targeting antibiotics, such as vancomycin (10% oral bioavailability) whose 

administration must be via other routes [102]. Hence, prenylated (iso)flavonoids 

may have limited potential to be used as oral drugs. 

An alternative topical route of administration has been explored for delivery 

of several flavonoids [103]. Classical antibiotics target biosynthetic processes that 

occur only in actively growing bacteria [104] and they are not effective against slow-

growing or dormant cells, as in biofilms [105,106]. Consequently, strategies that 

target active and dormant or slow growing cells are needed [107]. Due to their 

membrane-activity, prenylated (iso)flavonoids could potentially be applied in a 

topical cream for wounds to prevent biofilm formation. Alternatively, prenylated 

isoflavonoids can be used as a coating material for medical devices such as catheters 

in analogy to what has been suggested for antimicrobial peptides that inhibit biofilm 

formation [65].  

Certainly, prenylated (iso)flavonoids can also potentiate the activity of traditional 

antibiotics as they seem to employ fundamentally distinct modes of action. For 

example, due to the possible indirect effect that these molecules can have on efflux 

pumps by perturbing the organization of the membrane , similarly to other membrane-

active antimicrobials [107], prenylated (iso)flavonoids can be synergistically used with 

antibiotics. For example, a prenylated flavanone inhibited rhodamine 6G efflux and 

reversed fluconazole-resistance in Candida albicans. Furthermore, the synergistic 

action of glabridin with fluconazole against fluconazole-resistant C. albicans [108] and 

with nystatin against the same species has been demonstrated previously [43]. 
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Regarding Gram-positive bacteria, morusin reversed oxacillin resistance of MRSA 

and showed synergy with oxacillin or gentamicin against MRSA. The same molecule 

reversed tetracycline (functioning inside the cell) resistance of Staphylococcus 

epidermidis [109].  

The high potency of mono-prenylated isoflavonoids together with their wide 

spectrum of activity, their fast killing and presumed low toxicity render these 

molecules as promising antimicrobials of natural origin. The exact interaction of 

these molecules with the membrane as well as with cytosolic targets awaits further 

investigation. Pharmacokinetic characteristics, side bioactivities, emergence of 

resistance and product/process conditions are some of the points that need to be 

evaluated for clinical and food applications of prenylated isoflavonoids. 
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Antimicrobial persistence and resistance of clinical- and food-associated 

microorganisms to traditional antimicrobials has accelerated the search for novel 

antimicrobial agents. Furthermore, the negative reputation of traditional 

preservatives, such as e.g. sorbic acid, among consumers accelerates the quest 

for novel ones. The Leguminosae family is one of the richest sources of novel, 

promising, natural antimicrobials. Prenylated (C5-isoprenoid substituted) 

(iso)flavonoids are accumulated in legumes as a part of plant’s defence 

mechanism. Prenyl substitution is usually responsible for the antimicrobial function 

of (iso)flavonoids, due to the highly lipophilic character it brings on to the 

molecules. Molecular hydrophobicity is known to increase the affinity towards 

biological targets. However, accumulating evidence suggests that hydrophobicity 

cannot be the only determinant of the activity of prenylated (iso)flavonoids. In this 

thesis, it was attempted to reveal other key molecular properties important for 

activity and to correlate these with the mechanism of action of prenylated 

(iso)flavonoids. Prior to this, a novel method of elicitation was explored to increase 

the content and diversity of these molecules in the well-studied legume, soybean. 

In Chapter 1, the background and objectives of this PhD research are 

provided. The problem posed by key pathogenic and food spoilage microorganisms, 

as well as the opportunities offered by plants, especially those of the Leguminosae 

family, to combat these microorganisms is described. Overviews of different 

methods employed to stimulate the biosynthesis of prenylated (iso)flavonoids in 

planta and of their antimicrobial potency are provided. Last, the importance of in 

silico tools in antimicrobial research is highlighted.  

In Chapter 2, sensitization of soybean seedlings prior to the traditional fungal 

elicitation was employed to enhance the production of glyceollins in two soybean 

cultivars (mixCv and ‘Envy’). Liquid chromatography coupled to mass spectrometry 

was used to identify and quantify the prenylated isoflavonoids and their precursor 

isoflavonoids in the differently treated seedling extracts. Reactive oxygen species 

(ROS), key molecules in plant’s signal transduction, were shown to be twice as 

effective than physical agents (i.e. wounding) in sensitizing soybean seedlings. 

Furthermore, the ROS-treatment showed specificity towards the production of 

prenylated pterocarpans (glyceollins). The ROS treatment prior elicitation with 

Rhizopus spp. induced 8.6 ± 0.9 and 4.6 ± 0.3 µmol glyceollins per g dry weight 

(DW) seedlings, being 4 and 1.3 times higher than with fungal elicitation without 

prior treatments in the mixCv and ‘Envy’ cultivar, respectively. 

In Chapter 3, the ROS-sensitization treatment was extended by using the 

long-lived ROS representative, H2O2, in combination with AgNO3 as an effort to 

diversify the array of inducible prenylated compounds in ’Envy’ from Chapter 2. 

H2O2 + AgNO3 without any subsequent treatments was as effective as the 

treatment described in Chapter 2 for the production of glyceollins. This suggested 

that the microbial agent is not necessary for the biosynthesis of glyceollins in 

soybeans, showing possibilities to circumvent the very intricate host-microbe 

relationship. 
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Subsequent microbial elicitation of the (H2O2 + AgNO3)-treated seedlings 

diversified the prenylated (iso)flavonoids by triggering the additional production of 

two prenylated isoflavones and of a prenylated coumestan. The rhizobacterium, B. 

subtilis, induced 30% higher accumulation of prenylated isoflavones than the 

classical, phytopathogenic fungus, Rhizopus spp., in (H2O2 + AgNO3)-treated 

seedlings. The most strongly induced prenylated isoflavone, 6-prenyl daidzein was 

predicted to be a very promising antibacterial by using a previously developed 

quantitative structure-activity relationship (QSAR) model for L. monocytogenes 

and E. coli. 

In Chapter 4, the antimicrobial potency of prenylated (iso)flavonoids from 

liquorice and soybean against methicillin-resistant Staphylococcus aureus (MRSA) 

was explored and the killing time of the most active ones was established to be 2 

h at their minimum bactericidal concentration (MBC). Then, antimicrobial activity 

data of other prenylated (iso)flavonoids against MRSA obtained from literature was 

assembled to create a large dataset for robust QSAR modelling. A set of 77 

molecules was used to develop QSAR models, to select the best one and to 

externally validate it. The developed QSAR model (R2
adj 0.61, Q2

LOO 0.57 and Q2
test 

0.75) was also used to classify prenylated (iso)flavonoids tested against other 

Gram-positives as good, moderate and poor antibacterials. Seventy three % of 

these molecules were correctly classified, suggesting that the model can be used 

as a tool to predict the potency of prenylated (iso)flavonoids against Gram-positive 

bacteria. In addition, a 3D-pharmacophore model was constructed to give an 

insight in important molecular features for anti-MRSA activity. The in silico 

analyses showed that properties such as formal charge, hydrogen-bonding and 

hydrophobic volume underlie antibacterial activity. These properties were 

correlated to mode of action of prenylated (iso)flavonoids. Prenylated 

(iso)flavonoids from different subclasses were proposed to interact differently with 

their bacterial main target (i.e. the cytoplasmic membrane), depending on their 

main molecular properties. Last, the importance of formal charge implied potential 

secondary cytosolic activity of prenylated (iso)flavonoids with low pKa. 

In Chapter 5, the antimicrobial properties of 19 prenylated (iso)flavonoids 

were assayed for the first time against the food spoilage yeast, Zygosaccharomyces 

parabailii. Mono-prenylated (iso)flavonoids were active (minimum inhibitory 

concentration, MIC ≤ 25 μg/mL) against Z. parabailii at the normal pH of the 

growth medium, whereas their di-prenylated analogues were not. A binary QSAR 

model was constructed using the electrostatic component of potential energy and 

the hydrophobic integy moment as positively correlated descriptors to antifungal 

activity. The model showed high cross-validated accuracies (total, on actives and 

on inactives) of > 85%. Furthermore, at a pH relevant for Z. parabailii (pH 4.0), 

wighteone and glabridin showed a MIC ≤ 12.5 μg/mL, making them the most active 

natural antifungals against Z. parabailii known to date. The mode of action of these 

compounds was explored by determining their killing rate and employing assays to 
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determine their membrane activity at this pH. Wighteone and glabridin were found 

to interact quickly (within 15 min) with the membrane, yet in different ways. 

In Chapter 6, the main findings of this thesis are discussed. Main 

considerations with techniques used to enhance the biosynthesis of prenylated 

(iso)flavonoids and in silico modelling of their activity were addressed. Progressive 

insights into their mode of action by merging the findings of Chapters 4 and 5 are 

provided. Finally, prospects of prenylated (iso)flavonoids as novel therapeutics and 

as food preservatives are elaborated. 

To summarize, sensitization of soybean seedlings with abiotic agents 

enhanced and diversified the synthesis of prenylated isoflavonoids from different 

subclasses. A robust QSAR regression model was developed and evidenced to be a 

useful tool for the prediction of antibacterial activity of new compounds not only 

limited to MRSA, but also applicable to other Gram-positive bacteria. These 

different properties were also proposed to mediate differential cellular uptake and 

interactions with the cytoplasmic membrane. Different membrane activity was 

shown by two of the most active antimicrobial prenylated isoflavonoids against Z. 

parabailii. Potential secondary cytosolic activity of prenylated (iso)flavonoids needs 

to be further explored. The properties derived from the QSAR models developed 

for MRSA and Z. parabailii can be considered during the design of novel prenylated 

(iso)flavonoids as antimicrobial agents. 
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