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ABSTRACT

Plants synthesize antimicrobial secondary metabolites that might have potential
applications in food and pharmaceutical industries. Waste from food processing including peels,
seeds, bark and cereal bran contain high amounts of these compounds. Their recovery from food
by-products would be benefitial for the food industry, reducing costs and environmental damage.
Phenolic compounds and glycoalkaloids are antimicrobial metabolites that coexist in plants of
the Solanaceae family. However, in order to be efficiently utilized, their modes of action need to
be completely elucidated. Furthermore, their recovery requires new sustainable and economically
viable methods. This thesis partially elucidated the interactions between some of these
compounds and their antimicrobial mechanisms of action. Moreover, an environmentally
friendly method for their recovery from potato by-products was developed.

The investigation of the structure-function relationship of antibacterial phenolic acids
showed that their activity is enhanced at lower pH values. The antibacterial activity of
hydroxybenzoic acids is more dependent on their hydrophobicity compared to hydroxycinnamic
acids. The double bond on the side chain plays an important role on the antibacterial activity of
hydroxycinnamic acids. Lactic acid bacteria metabolize phenolic acids likely as a strain-
dependent detoxification mechanism.

By studying the antifungal activity of potato secondary metabolites it was concluded that
resistance to glycoalkaloids varies among fungal strains. Synergistic activity between phenolic
acids and glycoalkaloids was found. The pattern of fungal sterols was related to their
phylogenetic classification and to their resistance to potato glycoalkaloids.

A method for recovery and fractionation of phenolic acids and glycoalkaloids from potato

peels using water/ethanol solvents was developed. The crude extract contained mainly phenolic



acids (chlorogenic, neochlorogenic and caffeic acids) and glycoalkaloids (a-chaconine and a-
solanine). Solid phase fractionation allowed high recovery of glycoalkaloids and phenolic
compounds. The phenolic acids fraction was free of toxic glycoalkaloids and, therefore, suitable
for food applications. Alkaline hydrolysis of the crude extract followed by fractionation
increased about five times the recovery of caffeic acid, enhancing the antimicrobial properties of

the phenolic acids fraction.
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CHAPTER 1
INTRODUCTION
Plant defence mechanisms and enzymatic transformation products and
their potential applications in food preservation:
Advantages and limitations
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1.1. General characteristics of phytoalexins and phytoanticipins

Plants have developed defence mechanisms against phytopathogens and herbivores
during their evolution (Dixon 2001). These mechanisms can be inducible and/or constitutive,
comprising synthesis of enzymes and biocidal compounds, the hypersensitive response and
physical barriers such as lignin and hydroxyproline-rich cell wall proteins (Blée 2002; Dixon and
Harrison 1994). Biocidal compounds produced by plants can be classified into phytoalexins and
phytoanticipins (VanEtten et al. 1994). Phytoalexins are synthesized de novo in response to an
elicitor from a microbial pathogen (VanEtten et al. 1994). Phytoanticipins are low molecular
weight compounds that exist in the plant before interaction with pathogens or are generated from
pre-existing chemicals after infection (VanEtten et al. 1994). Depending on the way of
production, a compound may be both a phytoalexin and a phytoanticipin in different parts of the
plants or in distinct plants, and they might be also called plant secondary metabolites (VanEtten
et al. 1994; Dixon 2001), which are defined as those plant metabolites which are not part of the
primary metabolism of the plant (Dixon 2001).

Chemicals synthesized for plant defence are vastly diverse (Dixon 2001). Their synthesis
generally operates through the alkaloid, fatty acid, isopropanoid and phenylpropanoid pathways
(Mandal et al. 2010). Defence response enzymatic reactions in plants are triggered by signals
recognized by the plant such as insect oral secretions and injured plant cells (Howe and Jander
2008).

Antimicrobial phytoalexins and phytoanticipins include the following chemicals and/or
their derivatives: phenolic compounds (acids, tannins, flavonoids), glucosinolates, cyanogenic

glycosides, fatty acids and alkaloids (Ahuja et al. 2012).
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The distribution of phytoalexins and phytoanticipins follow specific patterns at the cell,
organ and plant levels. In the cell, compartments separate enzymes and substrates, protecting the
plant from toxic reaction products. When compartments are destroyed by injury, enzymes reach
the substrates and synthesize the corresponding biocidal compounds. Examples include the
enzymatic reactions of glucosinolates, cyanogenic glycosides, phenolic compounds and fatty
acids by myrosinase, p-glycosidases, polyphenol oxidase and lipoxygenase, respectively
(Johnson 2002; Grubb and Abel 2006; Gruhnert et al. 1994; Thipyapong et al. 2004).

The distribution of defence compounds at the plant organ level is related to the likelihood
of attack and the stage of life. In flowers the highest polyphenol oxidase activity occurs during
development in anthers and ovaries (Thygesen et al. 1995). Most antimicrobial compounds are
enriched in the outer parts of plant organs such as peels and bark (Zangerl and Bazzaz 1993),
which is the first barrier for hervibores and microorganisms (Dai and Mumper 2010). Examples
are glycoalkaloids, mostly concentrated in the peels of potatoes and tomatoes (Schieber and
Aranda Saldafa 2009; Friedman et al. 1998), and phenolic compounds (ferulic acids and
resorcinolic lipids), located predominantly in the pericarp of cereals (Dykes and Rooney 2007;
Dai and Mumper 2010; Ross et al. 2004), the peels of potatoes (Schieber and Aranda Saldafia
2009; Friedman et al. 1998), and the peels and seeds of mangoes (flavonol and xanthone
glycosides, gallotannins and benzophenone derivatives) (Ribeiro et al. 2008). The same pattern is
observed for enzymatic activities. An example is polyphenol oxidase, the highest activity of
which occurs in the exterior or the tuber (Thygesen et al. 1995).

Allocation of phytoalexins and phytoanticipins between organs and tissues relates to their
importance for the plant survival/development, their susceptibility to attack (Zangerl and Bazzaz

1993) and their maturity. The probability of attack is determined by factors such as nutritional
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value and availability (Zangerl and Bazzaz 1993). Reproductive parts are considered among the
most valuable, due to short reproduction periods and difficulty of replacement. Seeds are
reproductive organs and the most susceptible to attack due to their high amounts of energy and
nutrients for the development of the embryo (Zangerl and Bazzaz 1993). Therefore, seeds are
rich in phytoalexins and phytoanticipins. Examples include glucosinolates in mustard seeds
(Brown et al. 2003), cyanogenic glycosides in seedling of sorghum (Bak et al. 2006), tannins in
mango kernels (Engels et al. 2009; Ribeiro et al. 2008), proanthocyanidins in grapes seeds
(Sivakumaran et al. 2004; Mayer et al. 2008), phenolic compounds in seeds of longan, avocado,
tomato, and jack fruit (Balasundram et al. 2006), and long chain fatty acids in plant seeds (Jager
et al. 2002). Younger plants often have high amounts of plant defence compounds. Examples
include high amounts of glucosinolates in young sprouts of cauliflower and broccoli (Fahey et al.
1997) and the tannins in younger fruits, which increases the astringency and deters herbivores
(Santos-Buelga and Scalbert 2000). Plant defence enzymatic activity likely follows the same
distribution arrangements, as observed in lipoxygenases in grain legume seeds (Baysala and
Demirdoven 2007) and polyphenol oxidase, which is found in high levels in stolons, roots,
flowers and developing tubers, but in low levels in stems and leaves (Thygesen et al. 1995). The
presence of these deterrent compounds in certain plant parts reduces their attractiveness to
animals and humans.

Processing of food for human consumption generally removes outer layers of the plant,
which are rich in phytoalexins and phytoanticipins. By-products from food processing include
peels, seeds, bark and cereals bran with high concentrations of natural antimicrobial compounds
that can be used as food preservatives. Exceptions are cyanogenic glycosides and alkaloids due

to their toxicity for humans. The recovery of antimicrobial compounds from industrial food
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waste encompasses numerous profitable and sustainable advantages. Essential oils are also plant
antimicrobial compounds. However, they have been recently reviewed with respect to their
bioactivity and potential for food preservation (Bakkali et al. 2008; Burt et al. 2004; Holley and
Patel 2005). Hence, they were not included in this treatise. The objective of this review is to
outline the properties of phytoalexins and phytoanticipins, their occurrence in plants and their
enzymatic products as alternatives for food preservation.

1.2. Phenolic compounds

Phenolic compounds are chemically diverse compounds ubiquitous in higher plants with
antimicrobial, antioxidant and sensory properties (Dai and Mumper 2010). They can be classified
into phenolic acids (Cg -C;, C¢ —C3 backbones), flavonoids (Cs —C3 —Cg backbones), xanthones
(Ce —C1 —Cs), stilbenes (Cs —C2 —Cg), phenolic lipids and tannins (Schieber and Aranda Saldafia
2009; Engels 2012). They are generally present in edible fruits and vegetables; and consequently,
in food processing byproducts (Balasundram et al. 2006).

1.2.1. Phenolic acids

Phenolic acids are the simplest phenolic compounds synthesized through the
phenylpropanoid pathway via shikimic acid (Mandal et al. 2010). They are classified according
to their structure into hydroxybenzoic and hydroxycinnamic acids (Schieber and Aranda Saldafa
2009) (Fig. 1-1a).

Most edible plants contain small amounts of free hydroxybenzoic and hydroxycinnamic
acids; exceptions are radish, onions and green tea which are rich in free hydroxybenzoic acids
(Manach et al. 2004). Hydroxybenzoic acids are commonly found in bigger molecules including

hydrolysable tannins linked by ester bonds (Manach et al. 2004).
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CHEMICAL STRUCTURES OF PHENOLIC
COMPOUNDS
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Figure 1-1. Basic chemical structures and examples of phenolic compounds.

(a) Phenalic acids, Hydroxycinnamic and hydroxybenzoic acids, R=-H, -OH or —-OCHj. Examples
are the hydroxybenzoic acid gallic acid found in green tea in the free and esterified form as
gallotannins, and the hydroxycinnamic acid caffeic acid, found in potatoes esterified to quinic
acid as chlorogenic acid.

(b) Phenolic lipids, R=_Saturated/unsaturated alkyl-chain. The example is 5-pentadecyl resorcinol,
found in rye.

(c) Prenylated flavonoids, Rg, Rg, Rs’and Rs’= one or more prenyl groups; R,’, R4’, Rz, Rs and R=-
H, -OH, other functional groups. The example is licochalcone A, found in Glycyrrhiza inflata.

(d) Proanthocyanidins, R, R,=-H, propelargonidins; R;=-H, R2=-OH, procyanidins; R;, R,=-OH,
prodelphinidins. The example is prodelphinidin C2, found in barley.

(e) Hydrolysable tannins, R=Gallic acid, gallotannins; R=Ellagic acid, ellagitannins. The example
is penta-O-galloyl glucose, found in mango kernels.

Hydroxycinnamic acids are found as esters of tartaric, shikimic and quinic acid or as
glycosylated derivatives, formed mainly by units of p-coumaric, caffeic, ferulic and sinapic acids
(Manach et al. 2004). They are found as monoesters, (caffeoylquinic acid or chlorogenic acid, p-
coumaroyl quinic acid and feruloylquinic acid), di-esters, tri-esters and the unique tetra ester of
caffeic acid or diesters that are mixtures of caffeic and ferulic acids (Clifford 1999). Caffeic acid
is the most common phenolic acid in fruits and vegetables, which usually occurs esterified to
quinic acid as chlorogenic acid, whereas ferulic acid is abundantly found in cereals esterified to
hemicellulose in the cell wall (Dai and Mumper 2010).

Cueva et al. (2010) found strong antimicrobial activity of 13 phenolic acids against
Escherichia coli, Lactobacillus spp., and Staphylococcus aureus. Antilisterial activity was
demonstrated for hydroxycinnamic acids (Wen et al. 2003; Ramos-Nino et al. 1996) and
hydroxybenzoic acids (Ramos-Nino et al. 1996). In addition, phenolic acids have shown lower
antimicrobial effect against lactic acid bacteria, compared to other strains (Lee et al. 2006). The
antibacterial activity of phenolic acids against lactobacilli is strain dependent (Cueva et al. 2010).

The antimicrobial mode of action of phenolic acids is not completely understood. It has

been suggested that phenolic acids use their undissociated form to penetrate bacterial membranes
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at pH below their pKa values (Ramos-Nino et al. 1996). Once inside the cell, acidification of the
cytoplasm might interfere in the synthesis of ATP (Vattem et al. 2005). The number and
position of the antimicrobial substitutes in the aromatic ring and the chain length play a role in
their activity (Cueva et al. 2010).

1.2.2. Phenolic lipids

Phenolic lipids encompass a wide variety of compounds found in plants, algae, fungi,
bacteria and animals (Kozubek and Tyman 1999). They are synthetized through the polyacetate
pathway (Kozubek et al. 2001). In higher plants, phenolic lipids exist mainly in the
Anacardiaceae (cashew, mango), Ginkgoaceae (Ginkgo biloba) and Gramineae (cereals) families
(Kozubek et al. 2001). They are amphiphilic due to their hydrophilic phenolic moiety and their
aliphatic chain (Stasiuk and Kozubek 2010) (Fig. 1-1b).

Alkylresorcinols, also known as resorcinolic lipids, are the most extensively studied
phenolic lipids (Stasiuk and Kozubek 2010) due to their wide distribution among kingdoms
(Kozubek et al. 2001). The bran of wheat and rye contain the highest concentrations of these
compounds; less amounts are present in barley and triticale (Ross et al. 2004). Anacardic acids,
existing in Anacardium occidentale (cashew nut) and Ozoroa mucronata have been also widely
studied (Kubo et al. 2003). Alkylresorcinols are likely involved in the regulation of host
pathogen relationships (Kozubek et al. 2001).They are synthesized during normal development
of plants and as a response to stress factors such as UV light, wound and infection (Stasiuk and
Kozubek 2010). They have antibacterial and antifungal properties. A fraction of alkylresorcinols
from Hordeum vulgare showed antifungal activity against Aspergillus niger and Penicillium
crysogenum (Garcia et al. 1997). Hexyl resorcinol inhibited growth of Aspergillus parasiticus,

Aspergillus versicolor, Penicillium chrysogenum, and Penicillium roqueforti (Reiss 1989) and
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reduced the number of live bacterial aggregates of Streptococcus mutans and Actinomyces
viscosus after 24 hours of exposure (Kraal et al. 1979). An alkylresorcinol isolated from etiolated
rice seeds completely inhibited the rice blast fungus Pyricularia oryzae (Suzuki et al. 1996).
Anacardic acids and alkylresorcinols isolated from Anacardium occidentale nut shell oil showed
strong antimicrobial activity only against Gram positive bacteria, when tested against Bacillus
subtilis, Brevibacterium ammoniagenes, Staphylococcus aureus and Streptococcus mutans
(Himejima and Kubo 1991). A mixture of anacardic acids was bactericidal against
Staphylococcus aureus strains (Kubo et al. 2003).

The antimicrobial activity of phenolic lipids is mainly attributed to their amphiphilic
properties. Higher degree of insaturations and a longer alkyl chain of phenolic lipids enhanced
activity against Gram positive bacteria (Kubo et al. 2003; Himejima and Kubo 1991).

Removal of the carboxylic group, and subtraction or substitution of hydroxyl groups by
methoxy groups in the benzene ring, decreased the antibacterial activity of phenolic lipids
(Himejima and Kubo 1991).

1.2.3. Prenylated flavonoids

Flavonoids are the main phenolic compounds in animals’ diet and are present in a wide
range of vegetables such as berries, grapefruit, onion, apple, and broccoli (Dai and Mumper
2010) as well as tea and wine (Cushnie and Lamb 2005). In the plant, these compounds are
synthesized via the shikimic acid/phenylpropanoid pathways (Cesco et al. 2012). The flavonoid
structure consists of an elementary flavan nucleus formed by three arranged rings (C6-C3-C6)
called A, B and C, comprising 15 carbon atoms (Dai and Mumper 2010). Their chemical
arrangements differ in the hydroxylation, methoxylation, prenylation and glycosylation degrees

and patterns (Dai and Mumper 2010). Cushnie and Lamb (2005) and Cushnie and Lamb (2011)
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reviewed the most important aspects of antimicrobial flavonoids. Therefore, in this review we
will describe only prenylated flavonoids, with a more specific approach.

Prenylated flavonoids are distinctive for having a prenyl chain, which refers to the 3,3-
dimethylallyl substituent (3,3-DMA), a geranyl (E-3,7-dimethyl-2-isoprophenyl-hex-4-enyl), a
1,1-dimethylallyl and/or a lavandulyl (5-methyl-2-isoprophenyl-hex-4-enyl) and their oxidated
and hydroxylated derivatives group, bound to the flavonoid backbone (Chen et al. 2014) (Fig. 1-
1c). Most of them are C-prenylated but they exist in the O-prenylated form as well (Barron and
Ibrahim 1996). The antibacterial and antifungal activities of prenylated flavonoids from several
plant extracts such as Eysenhardtia texana, Eriosema chinense and Glycyrrhiza inflata have been
demonstrated (Watcher et al. 1999). Only Gram positive bacteria are susceptible to prenylated
flavonoids. They were active against Mycobacterium tuberculosis (Sutthivaiyakit et al. 2009),
Bacillus cereus, Pseudomonas aeruginosa (Pereira Avila et al. 2008) and several strains of
Staphylococcus aureus (Dzoyem et al. 2013). Licochalcone C and licochalcone A were active
against food spoilage and pathogenic bacteria, including Bacillus cereus, Bacillus subtilis, and
Clostridium sporogenes (Tsukiyama et al. 2002; Haraguchi et al. 1998).

The hydrophobic prenyl and/or geranyl moiety has been suggested as a key factor for
penetration of prenylated flavonoids through the cell membrane (Tsukiyama et al. 2002;
Haraguchi et al. 1998; Pereira Avila et al. 2008). Mukne et al. (2001) reported a relationship
between the prenyl and hydroxyl moieties in specific positions and the antibacterial activity of
phenolic lipids. In contrast, Dzoyem et al. (2001) did not find any structure-activity relationship
when comparing three prenylated flavonoids against one non prenylated flavonoid. Pereira Avila
et al. (2008) suggested that a hydroxyl group in position C-4 and an oxygenated substitution in

position C-40 were important for the antimicrobial activity of prenylated flavonoids; while a
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hydroxyl group in position C-20 seemed to confer stability to the molecule. Inhibition of
biosynthetic pathways caused by loss of membrane potential has also been suggested as mode of
antimicrobial action (Dzoyem et al. 2013).

1.2.4. Tannins

Tannins are phenolic compounds with a high molecular weight, usually from 500 to 3000
Da (Hassanpour et al. 2001). They are responsible for the astringency of fruits, legume seeds,
cereal grains, wine, tea, cocoa and cider, due to their ability to precipitate proteins, including
those present in the saliva (Santos-Buelga and Scalbert 2000). Tannins accumulate in almost any
plant organ or tissue including bark, wood, fruits, root and leaves (Scalbert 1991). Algae also
contain tannins called phlorotannins, which are highly hydrophilic polymers of phloroglucinol
with biological activities (Li et al. 2011). Tannins are microorganism deterrents and confer
protection to vital tissues against deterioration by external predators (Scalbert 1991). In fruits,
the astringency and therefore the amount of tannins diminishes with maturity of the fruits which
protects them from herbivores during early stages of their development (Santos-Buelga and
Scalbert 2000). Tannins are structurally classified into proanthocyanidins and hydrolysable
tannins (Scalbert 1991; Trentin et al. 2013).

Proanthocyanidins. These compounds are also called condensed tannins and are the
most abundant phenolic compounds after lignin (Rasmussen et al. 2005). The most common
proanthocyanidins in food are procyanidins and prodelphinidins (Santos-Buelga and Scalbert
2000) (Fig. 1-1d).

Proanthocyanidin fractions extracted from grape seeds consisting of catechin and
epicatechin units had antibacterial activity against 10 pathogenic strains (Mayer et al. 2008).

Proanthocyanidin fractions from Dorycnium rectum inhibited growth of Gram positive rumen
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bacteria (Sivakumaran et al. 2004). Purified proanthocyanidins from Quercus ilex L. were
antibacterial against human bacterial strains including Salmonella enterica and Listeria
monocytogenes (Karioti et al. 2011). The antifungal activity of proanthocyanidins has been
documented as well (Karioti et al. 2011; Anttila et al. 2013; Patel et al. 2011)

Studies regarding the mode of antibacterial action are scarce. Proanthocyanidins with low
(= 3000 Da) and medium (= 12000 Da) molecular weights were more active than those with high
(= 36000 Da) molecular weight against three Gram positive rumen bacteria strains
((Sivakumaran et al. 2004). The activity of double-linked proanthocyanidins against
Staphylococcus aureus, Streptococcus pneumoniae and Neisseria gonorrhea was enhanced with
increasing units of flavanol (De Bruyne et al. 1999; Balde et al. 1991). The inhibition of
tuberculosis bacilli by proanthocyanidins was related to monocyte iodination and interleukin-1
production (Sakagami et al. 1992).

Hydrolysable tannins. These compounds are phenolic polyesters that include
gallotannins and ellagitannins (Fig. 1-1e) (Serrano et al. 2009). They showed antimicrobial
activity against Helicobacter pylori (Funatogawa et al. 2004). Gallotannins from Rhus
trichocarpa Miquel, Galla chinensis and Mangifera indica L. were active against several Gram
positive and Gram negative pathogenic bacteria (Cho et al. 2010; Engels et al. 2011; Tian et al.
2009). Hydrolysable tannins failed to inhibit growth of lactic acid bacteria (Engels et al. 2011)
and fungi (Tian et al. 2009).

The antimicrobial mode of action of hydrolysable tannins has been related to their high
affinity to iron (Cho et al. 2010), likely due to their structural similarities to bacterial phenolic
siderophores, forcing bacteria to compete for iron in order to survive (Engels et al. 2010; Engels

et al. 2011; Cho et al. 2010). Hydrolysable tannins were able to damage the lipid bilayer of
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Helicobacter pylori cells (Funatogawa et al. 2004). They also inactivated membrane proteins.
Gallotannins interacted with respiratory enzymes of B. subtilis and protein transporters (Engels
et al. 2011). Higher molecular weight and less polarity increased the antimicrobial activity of
gallotannin extracts (Tian et al. 2009). The degree of galloylation does not affect the
antimicrobial activity of hydrolysable tannins (Engels et al. 2011). According to (Cho et al.
2010), the gallate moiety in penta-O-galloylglucose accounts only for the antimicrobial activity
against Gram positive bacteria. An attached aliphatic moiety such as in propyl gallate, confers
antimicrobial activity against both Gram positive and Gram negative bacteria. Substitution of
hydroxyl groups by methoxyl groups in the bezene ring inactivates the molecule.

1.2.5. Enzymatic conversion of phenolic compounds

Hydrolysis of phenolic acids by esterases. Since phenolic acids are mostly esterified to
other molecules (Dai and Mumper 2010; Ishii 1997; Clifford 1999; Manach et al. 2004),
hydrolysis is required for their recovery in the free form. Hydroxybenzoic acids from
hydrolysable tannins can be recovered by chemical acidification (Serrano et al. 2009). However,
the recovery of free hydroxybenzoic acids is not usually pursued, since hydrolysable tannins are
also bioactive in their esterified form. In contrast, the antimicrobial activity of hydroxycinnamic
acids has been studied mainly in their free form; therefore, different methods for hydrolysis of
their esterified forms have been tested (Benoit et al. 2006). Acid and alkaline hydrolyses are
usually used for extraction of bond hydroxycinnamic (Sun et al. 2001). In addition, enzymatic
hydrolysis of hydroxycinnamic acids can be achieved using feruloyl esterases (cinnamoyl
esterases or cinnamic acid hydrolases), from several microorganisms, malt and barley (Mathew
and Abraham 2004; Crepin et al. 2004). They hydrolyse the ester bonds in the cell wall (Mathew

and Abraham 2004; Crepin et al. 2004) and can work synergistically with other microbial
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enzymes to recover free hydroxycinnamic acids (Faulds et al. 2006; Mathew and Abraham
2004).

Polyphenol oxidase activity. Phenolic compounds are susceptible to polyphenol oxidase
activity, also called catechol oxidase or tyrosinase that causes enzymatic browning in fruits,
vegetables and derivatives. This changes their nutritional and sensory characteristics and affects
quality, shelf life and consumer acceptance (Yoruk and Marshall 2006). Polyphenol oxidases are
type 3-copper containing oxidases, present in monomeric, dimeric and tetrameric forms (Dicko
et al. 2006). Polyphenol oxidases exist in the thylakoids of chloroplasts, vesicles or other
compartments in non-green plastids (Vaughn et al. 1988). They remain latent until released by
physical damage (Thipyapong et al. 2004). Then, they catalyse enzymatic browning to produce
quinones, followed by non-enzymatic polymerization to generate melanin pigments (Fig. 1-2a)
(Yoruk and Marshall 2006).

Several studies propose a relationship between polyphenol oxidase and plant defence
mechanisms. The amount and activity of polyphenol oxidase is higher in young fruits and leaves
and decreases with maturity (Yoruk and Marshall 2006). Its enzymatic activity is induced by
wounding and herbivore attack (Mayer 2006). Polyphenol oxidase likely triggers reactions for
production of reactive oxygen species (ROS) (Thipyapong et al. 2004). In addition polyphenol
oxidase produces reactive o-quinones in the mouth of herbivores, which bind to free amino and
thiol groups, diminishing the nutritional value of dietary proteins (Constabel et al. 2000). The
resistance of tomato plants to the pathogen Pseudomonas syringae decreased after inserting an
antisense polyphenol oxidase cDNA (Thipyapong et al. 2004). In addition, the resistance of

tomatoes to the same pathogen was augmented by polyphenol oxidase overexpression (Li et al.
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2010). Raj et al. (2006) observed higher polyphenol oxidase expression in pearl millet resistant

to Sclerospora graminicola (Sacc.) Schroet. specifically, after inoculation with the pathogen.
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Figure 1-2. Phytoalexins and phytoanticipins and their enzymatic reactions to produce antimicrobial
compounds. Compounds with antimicrobial activity are printed in bold.

(a) Oxidation of phenolic compounds into quinones by the enzyme polyphenol oxidase (PPO) and
subsequent non-enzymatic polymerization into brown polymers (melanines). Polyphenol oxidase
is responsible for the enzymatic browning of plant tissue upon injury.

(b) Hydrolysis of glucosinolates into isothiocyanate by the enzyme myrosinase. Hydrolysis is
dependent on tissue injury destroying the separation between myrosinase and glucosinolates.
Compounds with antimicrobial activity include allylisothiocyanate (R= CH,=CH,-CHjs) from
mustard.

(c) Hydrolysis of cyanogenic glycosides into cyanohydrin by the enzyme B-glucosidase and
subsequent production of hydrogen cyanide and a ketone (R;=alkyl chain) or an aldehyde
(R;=H) by the enzyme a- hydroxynitrile lyase. Conversion of cyanogenic glycosides is dependent
on tissue injury destroying the separation between enzymes and glycosides. Examples include
amygladin in bitter almonds and apple seeds which is converted to benzaldehyde, hydrogen
cyanide, and two molecules of glucose.

(d) Oxidation of unsaturated fatty acids into hydroperoxides by the enzyme lipoxygenase (LOX).
Hydroxyperoxides of fatty acids are highly reactive molecules which are chemically converted to
oxylipins, volatile aldehydes, or reduced by thiol groups from plants to produce hydroxyfatty
acids.

(e) Hydrolysis of glycoalkaloids to release the alkaloid solanidine. Different from other examples
shown in this figure, the substrate of the conversion has antifungal activity; hydrolysis in acidic
conditions or by microbial enzymes reduces the antifungal activity.

1.3. Glucosinolates

Glucosinolates are secondary metabolites synthesized mainly by plants within the
Brassicaceae, Capparaceae and Caricaceae families (Fahey et al. 2001). They are synthesized
from tryptophan, tyrosine, phenylalanine, isoleucine, leucine, valine, alanine and methionine
(Grubb and Abel 2006).

Synthesis of glucosinolates is influenced by factors such as the presence of pathogens,
wounding and soil fertility (Fahey et al. 2001). These compounds are mainly found in seeds
(Brown et al. 2003). Their amount varies depending on the plant organs and stage of
development (Bellostas et al. 2007; Brown et al. 2003; Fahey et al. 2001).Young sprouts of
broccoli and cauliflower had different kinds of glucosinolates and their concentrations were 10 to

100 fold higher compared to mature plants (Fahey et al. 1997).
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When the plant is physically injured, glucosinolates are released from vacuoles and
hydrolysed by the enzyme myrosinase, located in the myrosin cells, to produce isothiocyanates
as final products (Johnson 2002; Grubb and Abel 2006) (Fig. 1-2b). Most glucosinolate
breakdown products have biocidal activities (Grubb and Abel 2006). Glucosinolates production
increases after insects attack (Halkier and Gershenzon 2006). The insecticidal activity of
glucosinolate enzymatic derivatives (allyl isothiocyanate, allyl isocyanate and allyl cyanide)
against common pests makes them suitable as biodegradable natural pesticides (Wu et al. 2009).

The antibacterial activity of allyl isothiocyanate has been related to physical cell damage
and inhibition of metabolic pathways (Luciano and Holley 2009). Allyl isothiocyanate decreased
viable cells of Salmonella spp., Escherichia coli O157:H7 and Listeria monocytogenes Scott A,
causing metabolite leakage and increased [-galactosidase activity (Lin et al. 2000).
Isothiocyanates are highly reactive species likely to perform nucleophilic reactions with oxygen,
sulfur and nitrogen (Zhang and Talalay 1994). The mode of action of isothiocyanates was
suggested to include the inactivation of thioredoxin reductase and acetate kinase in E. coli.
(Luciano and Holley 2009; Luciano et al. 2008).

1.4. Cyanogenic glycosides

Cyanogenic glycosides are compounds biosynthetically related to glucosinolates. Plants
contain either one or the other, with very rare exceptions (Olafsdottir et al. 2002). They are -
glycosides of a-hydroxynitriles derived from amino acids, synthesized by about 130 families of
pteridophytes, gymnosperms and angiosperms (Bak et al. 2006). Ferns and gymnosperms have
aromatic cyanogenic glycosides derived from tyrosine or phenylalanine. Angiosperms contain
aliphatic and aromatic cyanogenic glycosides derived from valine/leucine or

tyrosine/phenylalanine, respectively (Bak et al. 2006). These compounds are most likely present
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in the vacuoles of the plant cell, separated from their hydrolytic enzymes (Gruhnert et al. 1994).
After tissue injury, cyanogenic glycosides are released and hydrolysed by B-glucosidases and a-
hydroxynitrile lyase, producing toxic hydrogen cyanide (Fig. 1-2c) (Bak et al. 2006), that binds
to haemoglobin, leading to respiration inhibition (Gleadow and Woodrow 2002; Osbourn 1996;
Scherer 2006). Due to their toxicity, cyanogenic glycosides are not suitable for food applications.

1.5. Oxylipins

Fatty acids are compounds ubiquitous in nature that function as structural units, energy
storage and signals in metabolism pathways (Pohl et al. 2011). Long chain fatty acids such as
linoleic, a-linolenic and y-linolenic acids are frequently extracted from selected seed plants (Gill
and Valivety 1997). The antifungal (Pohl et al. 2011) and antibacterial (Desbois and Smith 2010)
activities of fatty acids, including their action mechanism has been recently reviewed. Therefore,
this paper will focus on the antimicrobial activity of enzymatic oxidation products of fatty acids
resulting from plant defence mechanisms.

Plant signalling upon environmental stimuli relies on fatty acids and their derivatives as
chemical signals (Feussner and Wasternack 2002). Among the most important reactions for lipid
modifications under abiotic and biotic stress is their oxidation into polyenoic fatty acids, also
called oxylipins (Feussner and Wasternack 2002). Oxylipins include hydroperoxides, hydroxyl
fatty acids, ketotrienes, ketodienes and epoxides usually synthesized by oxidation of
polyunsaturated fatty acids (Prost et al. 2005). They significantly contribute to plant defence as
signal molecules in wound-healing and protective compounds as cutin components (Blée 2002).
Oxylipins have been related to stimulation of plant defence gene expression, regulation of plant

cell death and antimicrobial activity (Prost et al. 2005).
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In higher plants lipid oxidation of long chain fatty acids is carried out mainly by
dioxygenases and lipoxygenases (Brash 1999). Lipoxygenases are non-heme iron containing
molecules generally located in the cytosol and vacuoles of plant tissues and organs (Feussner and
Wasternack 2002). They are abundant in grain legume seeds (Baysala and Demirdoven 2007). At
least 3 reactions are catalysed by lipoxygenases, including oxygenation of substrates, secondary
transformation of hydroperoxides and formation of epoxyleukotrienes (Andreau and Feussner
2009) (Fig. 1-2d). Lipoxygenases can be regiospecific enzymes, but the structural bases of this
behaviour are unclear (Hornung et al. 2008). Plant lipoxygenases have mainly 9- or 13-
regiospecificity.

Oxylipins showed cytotoxicity against bacteria, algae, fungi, echinoderms, molluscs and
crustaceans, suggesting that their mode of action might be related to their chemical reactivity
towards nucleophilic molecules, which is not specific (Adolph et al. 2004).

In some plant and food systems, lipid hydroperoxides produced by the oxidation of
unsaturated fatty acids can be reduced to antifungal hydroxy fatty acids by reacting with thiol
groups from glutathione (GSH), homocysteine and cysteine (Fig. 1-2d) (Terao et al. 1993).
Trihydroxy fatty acids generated in tubers from linoleic acid have demonstrated antifungal
activities against potato pathogens such as Ceratocystis fimbriata (Masui et al. 1989). Several
natural plant oxylipins showed inhibitory effects against phytopathogens of the Brassicaceae
family, including Alternaria brassicae, Leptosphaeria maculans, Sclerotinia sclerotiorum and
Verticillium longisporum (Sjogren et al. 2003). Prost et al. (2005) reported that 26 out of 43
naturally occurring oxylipins were active against 3 or more out of 13 microbial pathogens,
including bacteria, fungi and oomycetes. Only two oxylipins were completely inactive and

eucaryotic microorganisms were particularly sensitive.
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The mode of antimicrobial action of oxylipins and their function in the plant remain
unclear. Their antimicrobial activity is strain dependent (Sjogren et al. 2003). In fungi, oxylipins
do not affect the viability of the cells but delay mycelial growth (Prost et al. 2005). Their
antimicrobial effect is likely related to their chemical or physical properties, rather than
interaction with cell constituents (Prost et al. 2005). Compounds belonging to all stages of the
oxylipin synthesis pathway have activities, suggesting that synthesis of antimicrobial compounds
and plant signalling are combined (Prost et al. 2005). The effect of unsaturated aldehydes varies
among organisms and interferes with key physiological cell processes, including cell
proliferation and cell division, among others (Sjogren et al. 2003).

The mode of action of hydroxy fatty acids might be analogous to that of weak acids,
which involves penetration through membrane bilayers, increases in membrane permeability and
release of electrolytes and proteins (Sjogren et al. 2003; Pohl et al. 2011; Avis and Belanger
2001). The antifungal activity of the hydroxyl fatty acids likely relies on the hydroxyl group and
at least one double bond. Their position and configuration also play a role (Black et al. 2013).

1.6 Alkaloids

Alkaloids are biocidal compounds synthesized by plants as part of their defence
mechanism that contain nitrogen and are generally formed by ring structures, including
pyridines, pyrroles, indoles, pyrrolidines, isoquinolines and piperidines (Bennett and Wallsgrove
1994). They have been used as phylogenetic classifiers due to their specificity in certain families
and taxa (Bennett and Wallsgrove 1994). Steroidal alkaloids are typical in the Buxaceae,
Liliaceae, Apocynaceae and Solanaceae families (Bennett and Wallsgrove 1994); (Wink 2003).

They are (Bennett and Wallsgrove 1994).
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The distribution of alkaloids in the plant organs differs between species and life stage. In
tomatoes and potatoes, alkaloids are produced in any part of the plant (leaves, roots, tubers, and
sprouts) (Friedman 2006; Friedman 2002). Their synthesis in potatoes begins in the germination
period and reaches the maximum level during flowering. Unripe fruits and flowers have the
highest amounts (Friedman 2006).

Alkaloids deter herbivores including mammals and insects (Phillips et al. 1996; Bennett
and Wallsgrove 1994; Zufiiga and Corcuera 1986). They are toxic to some bacteria (Bennett and
Wallsgrove 1994) and several fungi (Fewell et al. 1994; Fewell and Roddick 1993; Fewell and
Roddick 1997).

Plants from the Solanaceae family synthesize membrane active antifungal alkaloids with
a sugar moiety called glycoalkaloids (Keukens et al. 1992; Keukens et al. 1995; Roddick and
Rijnenberg 1987; Blankemeyer et al. 1992). Membrane disruption was suggested to start with
insertion of the alkaloid moiety in the bilayer, followed by interactions between the sugar
moieties, formation of a sterol/alkaloid matrix, chemical rearrangement and lysis of the cell
(Keukens et al. 1995).

Bacteria and fungi such as Sphingomonas sp., Bacteroides JY-6, Pseudomonas
paucimobilis, Clostridium stercorarium, Bacillus sp., Penicillium, Aspergillus, Mucor and
Fusarium detoxify glycoalkaloids by producing enzymes that hydrolyse their sugar moieties
(Monti et al. 2004) (Fig. 1-2e).

Since some alkaloids are toxic to humans (Phillips et al. 1996), not all of them can be
used for food applications. However, some toxic alkaloids have pharmaceutical applications, an

example are glycoalkaloids,present in plants of the Solanaceae family can be utilized for
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synthesis of steroidal hormones (Nikolic and Stankovic 2003). Their recovery can be done by
acid hydrolysis (Friedman et al. 1998) or with microbial enzymes (Monti et al. 2004) (Fig. 1-2e).

1.7 Food applications: Advantages and limitations

Despite the antimicrobial activity of phytoalexins and phytoanticipins, there are relatively
few studies evaluating the suitability of phytoalexins and phytoanticipins as preservatives in
actual food systems (Table 1). Their stability, interactions and functional properties in food
matrices and during food processing should be considered in order to improve food safety and
quality.

The pH is an important factor that affects food properties and antimicrobial activity.
Compounds that are more active in low pH matrices are phenolic acids (optimum pH = 4-5)
(Ramos-Nino et al. 1996; Wen et al. 2003), prenylated flavonoids (Tsukiyama et al. 2002) and
allyl isothiocyanate (Zhang and Talalay 1994).

In addition to their antimicrobial activity, phenolic compounds have sensory and
antioxidant properties, which has an influence on the characteristics of food products. However,
some limitations should be taken into account. In the production of fermented products,
metabolic transformations should be considered when selecting starter cultures (Teixeira et al.
2014), since lactic acid bacteria metabolize some antimicrobial phenolic acids during
fementation (Svensson et al. 2010). Moreover, prenylated flavonoids are effective only against

Gram positive bacteria (Himejima and Kubo 1991).
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Table 1-1. Examples of applications of phytoalexins, phytoanticipins and their enzymatic products as food

preservatives.

FOOD APPLICATION Ref.
PHENOLIC OMPOUNDS
Pure compounds
Caffeic acid Cellulose packaging (laccase-mediated grafting):
antimicrobial against Staphylococcus aureus, Escherichia 1)
coli
Caffeic acid Apple juice: Inhibition of Shiga toxin-producing E. coli 2
serotype O157:H7 (0.2 to 1g/L)
Oleuropein Reconstituted milk: Inhibition of growth and enterotoxin 3)
production by S. aureus S-6
Carvacrol Biofilm for food packing: Methyl cellulose/carvacrol films 4)
and methyl cellulose/carvacrol/montmorillonite
nanocomposite films reduced E. coli and S. aureus counts by
0.9 and 0.7 log CFU/mL, respectively, in comparison to a
control film.
Tannic acid Starch-based film for food packing: Antimicrobial activity (5)
against E. coli and Listeria monocytogenes.
Plant extracts
Grape seed extract (phenolic Pea edible starch film for packing: Antioxidant, (6)
acids and flavonoids) antimicrobial, enhanced thickness and diminished puncture
and tensile strength.
Pepperfruit (Dennetia Antimicrobials in fresh, boiled or roasted beef: Growth @)
tripetala G. Barker; inhibition of S. aureus, Salmonella sp., Pseudomonas
Annonaceae) extract aeruginosa, E. coli, Enterococcus faecalis, Serratia spp.,
(phenolic acids) Proteus spp.and Bacillus spp.
Mango extract (gallotannins) Preservatives in spinach and lettuce: Reduction of L. (8)
monocytogenes cell counts, antiadhesive effect of E.
coli O157:H7 to the leaves.
Sanguisorba minor (high Fruits: Inhibition of more than 50% of Monilinia laxa 9
amounts of caffeic acid growth in infected apricots and nectarines. Inhibition of 70%
derivatives) of Penicillium digitatum in oranges. Inhibition of more than
50% of Botrytis cinerea in berries.
Orobanche crenata Fruits: Total inhibition of Monilinia laxa in infected apricots ~ (10)
(high amounts of phenolic  and nectarines. Inhibition of 90% of P. digitatum in oranges.
compounds) Inhibition of more than 50% of B. cinerea in berries.
Olive oil extract (phenolic ~ Reconstituted milk: Inhibition of growth and enterotoxin (11)
compounds) production by S. aureus S-6.
Green tea extract Tapioca starch/decolorized hsian-tsao leaf gum coatings: (12)

Antimicrobials in fruits-based saladas, aerobic count was
reducedl to 2 log.
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Table 1-1. (Continued).

FOOD APPLICATION Ref.

Green tea extract Refrigerated romaine hearts and pork slices: (13)
Antimicrobial, reduction of Gram positive bacterial counts by
4-6 log.

Glycyrrhiza inflata extract ~ Food preservative used in Japan (14)

(prenylated flavonoid

licochalcone A)

GLUCOSINOLATES

Pure compounds

Ally isothiocyanate Refrigerated ground beef: Elimination and inhibition of E. (15)
coli O157:H7, depending on inoculum

Allyl isothiocyanate Pears: Inhibition from 20 to 80% of Penicillium expansum, (16)
including a thiabendazole resistant strain in pears (5 mg/L)

Allyl isothiocyanate Alfalfa seeds: Reduction of 7 log in population of E. coli a7
0O157:H7

Allyl isothiocyanate (alone  Cooked rice: Total aerobic population was decreased or (18)

or combined with acetic inhibited up to 48 hours (at 1 mg/L) extending shelf life

acid)

Allyl isothiocyanate Fresh beef, cure pork, sliced raw tuna, cheese, egg (19)
sandwich, noodles and pasta: No spoilage after 7 days of
incubation at 25°C packed into a sealed gas barrier plastic
bag (concentration=20g/Kg)

Allyl isothiocyanate Corn and hulled rice: After inoculation with Aspergillus (20)
flavus, Penicillium citrinimum and Fusarium graminearum,
packed into a sealed gas barrier plastic bag no fungal growth
was observed at day 60 of incubation at 25°C
(concentration=20g/Kg).

Plant extracts

Horseradish root extract Roast beef: bactericidal effect on E. coli 0157:H7, S. (21)

(90% allyl enterica, L. monocytogenes and S. aureus

isothiocyanate, 9% 2-

phenethyl isothiocyanate)

Mustard extract (allyl Bread: antifungal effect on 4. flavus, Penicillium (22)

isothiocyanate) corylophilum, Penicillium discolor, Penicillium polonicum,
Penicillium roqueforti and Endomyces fibulige

Mustard extract (allyl Acidified chicken: antimicrobial against Lactobacillus (23)

isothiocyanate)

alimentarius and E. coli
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Table 1-1. (Continued).

FOOD APPLICATION Ref.
LIPIDS
Coriolic (13-hydroxy-9,11- Bread: Inhibited growth of P. roqueforti and Aspergillus (24)
octadecadienoic) acid niger and it was comparable to propionic acid increasing

shelf life.

References: (1)(Elegir et al. 2008); (2)(Reinders et al. 2001); (3)(Tassou and Nychas 1994); (4)(Tung and
Duman 2011); (5)(Pyla et al. 2010); (6)(Corrales et al. 2009); (7)(Ejechi and Akpomedaye 2005);
(8)(Engels et al. 2012); (9)(Gatto et al. 2011); (10)(Gatto et al. 2011); (11)(Tassou and Nychas 1994);
(12)(Chiu and Lai 2010); (13)(Chiu and Lai 2010); (14)(Tsukiyama et al. 2002);(15)(Muthukumarasamy
et al. 2003); (16)(Mari et al. 2002); (17)(Park et al. 2000); (18)(Kim et al. 2002); (19)(Isshiki et al. 1992);
(20)(Isshiki et al. 1992); (21)(Ward et al. 1998); (22)(Nielsen and Rios 2000); (23)(Lemaya et al. 2002);
(24)(Black et al. 2013).

Licochacone A is stable to salt and protease activity. Therefore, it is suitable for food with high
salt concentrations, and fermented foods containing proteases, where other preservatives might
be inactive (Tsukiyama et al. 2002). Amphiphilic phenolic lipids are appropriate surfactants and
stabilizers. However, due to deactivation by divalent cations (Stasiuk et al. 2004) their use in
foods containing divalent ions, such as calcium and magnesium, should be avoided. Furthermore,
heat processes would inactivate anacardic acids by removing the carboxylic group (Himejima
and Kubo 1991). Hydrolysable tannins are suitable for applications in fruit and vegetable
products with no iron. This will avoid their inactivation by proteins and iron (Engels et al. 2011;
Cho et al. 2010). However, their mechanism of action needs to be further studied.

Allyl isothiocyanate can be inhibited by binding to amino (Zhang and Talalay 1994) and
thiol groups of proteins at high pH (Luciano et al. 2008). This limits their applications to low
protein acidic products.

The stability of highly reactive oxylipins in foods requires further investigation. Hydroxy
fatty acids are suitable for bread products due to their stability after baking (Black et al. 2013).

Their production in dough involves linoleic acid, lipoxygenase and thiol groups (Black et al.
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2013), which are related to the rheological properties of dough (Junqueira et al. 2008; Rombouts
et al. 2012; Patient and Ainsworth 1994).
1.8 Research hypothesis and objectives
This review of the literature demonstrates that phytoanticipins and phytoalexins, and their
enzymatic derivatives, have a remarkable potential for use as food preservatives; toxic alkaloids
and cyanogenic glycosides are exceptions. The use of antimicrobial plant extracts in foods would
help satisfy the increasing demand of natural ingredients, improve product properties and
provide healthy choices to the consumers. In addition, their abundance in by-products of food
processing enhances their environmental and economic benefits. However, this use in food
applications is currently not exploited. Hurdles to their use are imposed by the lack of knowledge
on the active components of plant extracts with antimicrobial activity, their association with
compounds that are toxic to humans, and the lack of scalable and food-grade processes for their
recovery from plants.
This project tested the following hypotheses:
e Differences in the structure of phenolic acids account for variances in their mode
of action, and the structure of glycoalkaloids affects their antifungal activity.
e Differences in chemical structure of plant secondary metabolites allow their
recovery and separation.
Obijectives of this project were as follows:
1. To investigate the antifungal activity of glycoalkaloids from potatoes
(Solanum tuberosum L.), alone and together with phenolic acids, and to assess the role of

membrane sterols in the fungal resistance to a-chaconine.
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2. To study the structure—function relationships of the antibacterial activity of
phenolic acids and mechanisms of resistance by lactic acid bacteria.

3. To develop a method for extraction and separation of phenolic acids and
glycoalkaloids from potato peels using water/ethanol-based solvent systems.
Taken together, this research will form an important basis for the development of

applications of phytoalexins and phytoanticipins as food preservatives.
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Antifungal activity of potato (Solanum tuberosum L.) glycoalkaloids
alone and together with phenolic acids:
Synergistic activity, membrane fluidity changes, and relationship
between antifungal sterols and resistance to a-chaconine
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2.1. Introduction

Plants synthetize secondary metabolites as a natural defence mechanism, which provide
protection against insects, nematodes, bacteria, viruses and fungi. Members of the Solanaceae
family, such as potatoes, tomatoes, and eggplants produce glycoalkaloids and phenolic
compounds (Friedman 2004; Friedman 2006; Schieber and Aranda Saldafia 2009).
Glycoalkaloids are molecules derived from sterols that contain nitrogen and a glycosidic moiety
attached to the 3-OH position (Friedman 2004). Some known glycoalkaloids are a-solanine, a-
chaconine, a-tomatine, a-solasonine and a-solamargine (Friedman 2006). Potatoes (Solanum
tuberosum L.) synthetize mainly the glycoalkaloids a-chaconine and a-solanine, which share the
aglycone solanidine but differ in their glycan moieties, which are solatriose and chacotriose for
a-solanine and a-chaconine, respectively. Furthermore, phenolic compounds such as
chlorogenic, gallic, caffeic and protocatechuic acids have been found in potatoes (Im et al. 2008;
Rodriguez de Soltillo et al. 2006). Chlorogenic acid generally constitutes 90% of the phenolic
compounds in potato peels and the rest are mostly caffeic acid and other hydroxycinnamates
(Schieber and Aranda Saldafia 2009; Im et al. 2008; Wu et al. 2012). Caffeic acid is also the
product of hydrolysis of chlorogenic acid and as other phenolic compounds possesses
antibacterial (Almajano et al. 2007) and antioxidant activities (Dai and Mumper 2010; Reddy et
al. 2007). However, the antifungal activity compared of caffeic acid is weak when compared to
other phenolic compounds such as alkyl esters (Merkl et al. 2010).

Glycoalkaloids from Solanum species possess anti-allergic, antipyretic, anti-
inflammatory, hyperglycemic and antibiotic activities (Schieber and Aranda Saldafia 2009). They
are toxic to animals and therefore have antihervibore function (Phillips et al. 1996). Furthermore,

these compounds have shown antifungal activity. a-Solasonine and a-solamargine showed
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synergistic and pH dependent activity against Phoma medicaginis and Rhizoctonia solani
(Fewell et al. 1994). Moreover, a-solanine and a-solamargine demonstrated antifungal properties
against 10 different strains (Cipollini and Levey 1997). a-Solanine and a-chaconine showed
synergistic antifungal activity which was higher at pH 7 compared to pH 6; a-chaconine was
more active than a-solanine (Fewell and Roddick 1993).

In order to estimate the effect of glycoalkaloids in cell membranes, their disruption effect
has been studied in liposomes. o-Chaconine but not a-solanine disrupted
phosphatidylcholine/cholesterol liposomes at pH 7.2. A synergistic effect was observed when
both compounds were mixed (Roddick and Rijnenberg 1987). Sugar-sugar interactions between
glycoalkaloids have been suggested as part of their membrane disruption mode of action. This
statement is supported by the synergistic effect between a-solanine and a-chaconine, the leakage
enhancing effect of glycolipids and the loss of activity after hydrolysing one or more of the
monosaccharides from the glycosidic moiety (Keukens et al. 1995). a-Solanine, a-chaconine,
and o-tomatine showed membrane disrupting activity and strong interaction with liposomes’
model membranes containing sterols. The membrane sterols with planar ring structures and a 3
B-OH group interacted more with glycoalkaloids. The sugar moiety in the glycoalkaloid and side
chain of the sterol played an important role in membrane disruption (Keukens et al. 1992). A
mechanism for membrane disruption was suggested, starting with insertion of the aglycone in the
bilayer, followed by sugar-sugar interactions between the glycoalkaloids forming a complex
sterol-glycoalkaloid matrix, rearrangement of which causes lysis of the cell (Keukens et al.
1995).

Studies with animal, plant and fungal cells support the mode of action suggested by the

liposome studies. Potato glycoalkaloids changed the membrane potential of frog embryo cells
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(Blankemeyer et al. 1992). a-Chaconine and a-solanine have shown synergistic membrane
disruptive properties in rabbit erythrocytes, beet cells, and protoplasm of Penicillium notatum, in
all cases a-chaconine has been the most active (Roddick et al. 1988). These findings suggest that
the sterol profile of fungal membranes might play a role in their interaction and resistance to
glycoalkaloids. To our knowledge, no in vivo studies on fungi considering this interaction in the
membrane have been conducted.

The sterol profile of fungi has been used as a chemotaxonomic tool. After analyzing the
sterol profile of melanised fungi from hypersaline environments, Mejanelle et al. (2000) found
four sterols that can be used to differentiate between the analysed species. The main sterols
detected in 175 species of fungi were cholesterol, ergosterol, 24-methyl cholesterol, 24 ethyl
cholesterol and brassicasterol, and their variability was related to their phylogenies (Weete et al.
2010).

In view of the biotic stress that potato tubers are constantly exposed to in their natural
environment, it is surprising that the profile of secondary plant metabolites present in potato
peels is relatively simple, including mostly chlorogenic acid, caffeic acid, a-chaconine and a-
solanine (Friedman 2004; Schieber and Aranda Saldafia 2009; Wu et al. 2012). From this
observation it can be hypothesized that phenolic acids and glycoalkaloids show synergistic
antimicrobial effects.

Therefore, the objective of this study was to evaluate the antifungal effects of the
secondary metabolites a-solanine, a-chaconine, solanidine and caffeic acid, alone or in
combination, by determining minimum inhibitory concentrations (MICs), measuring membrane
fluidity and studying the relationship between membrane sterol composition of several fungal

species and their resistance to a-chaconine.
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2.2. Materials and methods

2.2.1. Chemicals

Caffeic acid, cholesterol, cycloartenol, ergosterol and squalene were purchased from
Sigma (St. Louis, MO, USA). a-Chaconine, a-solanine and solanidine were obtained from
Extrasynthese (Genay, France).

2.2.2. Fungal strains and culture conditions

Eight strains of fungi were used for the experiments (Table 2-1). The strains F.
graminearum, M. pinodes, A. alternata, P. teres and P. tritici-repentis were kindly provided by
Dr. S. Strelkov (University of Alberta). The conditions for sporulation and the minimum
inhibitory concentration (MIC) experiments were different according to the strain requirements
(Table 2-2). Once the strains sporulated, the spores were scratched from the mycelial surface
with sterile physiological solution containing 0.9% sodium chloride and 0.1% Tween 80 in
water. The physiological solution was filtered and homogenized. The spores were counted using

a hemocytometer and resuspended in media to a concentration of 10* spores/mL under sterile

conditions.

Table 2-1. Taxonomic classification of the fungal strains analized.
KINGDOM Subphylum Class Order Family
A. niger Pezizomycotina ~ Eurotiomycetes Eurotiales Aspergillaceae
P. rogqueforti Pezizomycotina Eurotiomycetes Eurotiales Aspergillaceae
A. alternata Pezizomycotina Dothideomycetes  Pleosporales  Pleosporaceae
P. teres Pezizomycotina Dothideomycetes  Pleosporales  Pleosporaceae
P. tritrici-repentis  Pezizomycotina Dothideomycetes  Pleosporales  Pleosporaceae
M. pinodes Pezizomycotina Dothideomycetes  Pleosporales  Didymellaceae
F. graminearum Pezizomycotina Pyrenomycetes Hypocreales  Nectriaceae
M. plumbeus Mucoromycotina  Mucormycotina Mucorales Mucoraceae
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Table 2-2. Strains, incidence or pathogenicity and culture conditions

Strain

Incidence/
pathogenicity

Culture conditions

Aspergillus niger FUA5001*

Penicillium rogueforti
FUAS5005, isolated from blue
cheese (1)*

Mucor plumbeus FUA5003*

Fusarium graminearum
FG001**

Mycosphaerella pinodes
Isolate 39, from infected
peas (2)**

Alternaria alternata
AA001**

Pyrenophora teres f. teres
Isolate SK51, from barley**

Pyrenophora tririci-repentis
331-2, from infected
wheat**

Spoilage mold

Fusarium head
blight on wheat
and barley

Ascochyta blight
in peas

Brown spot or
brown spot in
several plants
including citrus

Net blotch of
barley

Tan spot in wheat

General: 25°C, aerobic conditions, darkness.
Sporulation: Potato dextrose agar, 7 d incubation
Extraction of membrane lipids: Potato dextrose broth
MIC: MRS broth

General: 25°C, sealed with parafilm, darkness.
Sporulation: Potato dextrose agar, alternate 12 h light/
12 h darkness, 5 d incubation

Extraction of membrane lipids: As above

MIC: Potato dextrose broth

General: 25°C, sealed with parafilm, darkness, alternate
16 h light/ 8 h darkness

Sporulation: Potato dextrose agar, 7 d incubation
Extraction of membrane lipids: As above

MIC: Potato dextrose broth

General: Sealed with parafilm, darkness.

Sporulation: Half potato dextrose agar, 28 °C, 3 d
incubation. Plugs of 70 mm in diameter were subcultured
in S-medium agar, and covered with distilled water, 18
°C, 1 d incubation

Extraction of membrane lipids: Potato dextrose agar,
18 °C, 7 d incubation

MIC: Potato dextrose broth, 18 °C.

General: 25 °C, sealed with parafilm, alternate 12 h UV
light/12 h darkness.

Sporulation: V-8 juice-Potato dextrose agar, 7d
incubation.

Extraction of membrane lipids: As above

MIC: Potato dextrose broth

General: Darkness, aerobic conditions.

Sporulation: V-8 juice agar, 20 °C, darkness, 12 d
incubation. Mycelia was covered with sterile MiliQ and
softly streaked. Then 16 h incubation, light, 25 °C.
Followed by 24 h incubation, 16 °C.

Extraction of membrane lipids: V-8 juice agar, 20 °C,
darkness, 12 d incubation.

MIC: Potato dextrose broth, 20 °C, darkness, 12 d
incubation.

References: (1) (Zhang et al. 2010); (2) (Liu et al. 2013)
*Dr. Michael G. Ganzle collection (University of Alberta)
**Dr. Strelkov collection (University of Alberta)
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2.2.3. Determination of the minimum inhibitory concentration (MIC)

The MIC of the compounds was obtained based on the method used by (Parente et al.
1995; Génzle et al. 1996), modified for fungi. Stock solutions of 20 g/L of caffeic acid and 2.4
g/L of a-solanine, a-chaconine and solanidine were prepared. o-Solanine was dissolved in
methanol/acidified water (0.1 M HCI) (3:1, v/v). The other compounds were dissolved in pure
methanol. The stock solutions and media were mixed (1:1, v/v), yielding pH values between 5.7
and 6 for all samples.

Two-fold serial dilutions of the compounds were prepared on microtiter plates. The
solvents were evaporated over 2 h under a sterile flow of air. The microtiter plates were
inoculated with liquid media containing 10* fungal spores/mL. The final concentration of the
compounds ranged from 0.8 to 0.0015 g/L. Microtiter plates were incubated as indicated in
Table 2-2. The mycelial growth was visually monitored every day and the inhibitory
concentrations were determined 3 days after the positive controls showed mycelial growth. The
MIC was defined as the minimum concentration of the compound that was able to inhibit
mycelial growth. The antifungal effect of a-chaconine in combination with caffeic acid was also
determined by obtaining the MIC by critical dilution assay (Ganzle et al. 1996; Parente et al.
1995). a-Chaconine was diluted to concentrations from 0.8 to 0.006 g/L. in media containing
0.05 to 6.7 g/L of caffeic acid, in a full factorial design. The media and conditions used were as
indicated in Table 2-2 for MIC. MICs are expressed as means + standard deviations of three
independent experiments.

2.2.4. Generalized polarization in fungal membranes

In order to determine the effect of a-chaconine, a-solanine and solanidine in the fungal

membrane, as well as their synergism with caffeic acid, the generalized polarization of the fungal
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membrane was measured, by using a modified method from Molina-Hoppner et al. (2004). The
strains were grown in potato dextrose agar (PDA) medium for two weeks with continuous
shaking at room temperature and washed twice with physiological solution (0.85% NaCl). For
each strain, 10 mg of mycelium was weighted in Eppendorf tubes, suspended in 300 pL of
physiological solution and stained with 12 pL of saturated ethanolic solution of LAURDAN for
30 min in the dark. Mycelia were washed twice. After centrifugation, the pellets were
resuspended in physiological solution to a final concentration of 1 g/L of a-chaconine, a-solanine
or solanidine. The same compounds were also mixed with caffeic acid, 6.7 g/L and tested for
synergistic effects on the membrane fluidity. Fluorescence spectra were measured at an
excitation wavelength of 360 nm and emission wavelengths from 400 to 600 nm using a
spectrofluorometer (Varioskan Flash, Thermo Electron Corporation, Nepean, Canada).
Generalized polarization (GP) values of solutions were calculated using emission values at 440
nm and 490 nm as previously reported by Bagatolli et al. (2003):
GP = (1440~ 490)/ (1420l 490)

2.2.5. Saponification and extraction of non-saponifiable lipids

The fungal strains were grown as described in Table 2-2. Plugs of the mycelia (diameter
70 mm) were removed with a sterile scalpel and inoculated in flasks containing 100 mL of sterile
potato dextrose broth (PDB). The flasks were incubated for 7 days at room temperature with
shaking at 150 rpm. The content of the flasks was transferred to 50 mL sterile tubes and
centrifuged at 4696 g. The media were discarded, the mycelia washed twice with distilled water,
freeze-dried, and stored at -20 °C.

Saponification and extraction were performed based on the method by (Headly et al.

2002) with some modifications. For this purpose, 200 mg of ground dried mycelia was mixed
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with 6 mL of KOH/water/methanol (6:24:70, w/v/v), left under nitrogen for 1 min, closed tightly,
shaken and held in a 90 °C water bath for 2 h; the mix was shaken every 30 min. Unsaponifiable
compounds were extracted 3 times with 600 mL of petroleum ether. The supernatants were
removed and dried under nitrogen. The residues were dissolved in methanol to a final
concentration of 1 mg/mL.

2.2.6. Thin layer chromatography (TLC)

Unsaponifiable lipids from the fungal membrane were separated by TLC, based on the
method described by Marriot (1980) with some modifications. Standard solutions of 3 mg/mL of
cholesterol, ergosterol and cycloartenol were prepared, as well as solutions of 3 mg/mL of each
sample. Flexible plates coated with silica gel, 10 x 10 cm, were used. The solvent system used
for separation consisted of heptane/diisopropyl ether/acetic acid (60:40:4, v/viv). After air
drying, the coated plates were developed in a solvent system of 20 % phosphomolybdic acid in
ethanol at 70 °C for 5 min.

2.2.7. HPLC-MS analysis of sterols

Analysis and relative quantification of sterols was performed by HPLC-MS using an
Agilent 1200 series HPLC unit consisting of a degasser, binary pump, autosampler, thermostated
column compartment, and diode array detector (Agilent Technologies, Palo Alto, CA, USA),
coupled to an Applied Biosystems MDS SCIEX 4000 Q TRAP LC-MS/MS System (AB Sciex,
Concord, ON, Canada) equipped with an atmospheric pressure chemical ionization (APCI)
source operating in positive mode. Sterols were eluted using a Kinetex C18 100A (100 x 3.0
mm, 2.6 um) column. Isocratic elution was used with a mobile phase consisting of
methanol/water (95:5). The run time was 15 min. The flow rate was 0.4 mL/min and the

injection volume was 5 pL. The wavelength for DAD detector was 208 nm. Multiple reactions
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monitoring (MRM) mode was used for relative quantification. The following APCI conditions
inlet were applied. Heated vaporization temperature, 400 °C; nebulizing gas (GS1), 50 psi;
curtain gas, 10 psi; nebulizer current, 3 pA; declustering potential (DP), 20 V; entrance potential
(EP), 10 V and collision exit potential (CXP), 10 V . The collision energy (CE) was optimized
for each pair of ions for all compounds, using a sample of P. roqueforti, which contains all lipids
identified in the samples. The values ranged from 30 to 50 eV. The two most abundant
transitions (Q1—Q3) for each compound were selected for quantification and confirmation,
being Q1 always the parent ion. In order to correct variations in the response and the amount of
substance injected, cholesterol was added to each sample as an internal standard (IS) at a final
concentration of 5 mg/L and therelative quantity of the compounds was calculated by dividing
their analyte peak area by the IS peak area. The transitions (Q1—Q3) for all compounds are
shown in Table 2-4. Due to possible variances in the response of the compounds the relative
amouts of the sterols can be compared only between samples. Data were acquired and analyzed
using Analyst 1.5 software. Results are expressed as means + standard deviations of three
independent experiments.
2.2.8. Statistical analysis

MICs are expressed as means + standard deviations of three independent experiments.

SigmaPlot software (Systat Software, Inc., San Jose, CA, USA) was used to perform
statistical analysis. The generalized polarization values were statistically analyzed by one-way
ANOVA followed by Holm-Sidak method for multiple pairwise comparisons when required.
For all analyses statistical significance was based on P < 0.05.

Principal component analysis, linear discriminant analysis and correlation analysis were

performed using JMP software (version 8.0.1, SAS Institute, Inc.). The loading plot is a
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graphical representation of the amount of variation within the data set and shows the correlation
of the individual variables of the first two principal components (PC1 and PC2). The correlations

between fungal sterols and MICs were assessed by Pearson correlation analysis.

2.3. Results

2.3.1. Minimum inhibitory concentration (MIC) of potato secondary metabolites
against eight fungal strains
Caffeic acid at 6.7 g/L and and a-solanine and solanidine at 0.8 g/Lhad no antifungal activity
against A. niger, M. plumbeus and P. roqueforti. a-Chaconine had antifungal activity at
concentrations below 0.8 g/L. (Fig. 2-1) and A. niger, F. graminearum and P. roqueforti where
the most resistant strains. M. plumbeus and M. pinodes were moderately resistant and A.

alternata, P. teres and P. tritici-pentis were the most sensitive.
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Figure 2-1. MIC of a-chaconine against 8 fungal strains.
Values are means + standard deviation (n=3). Bars reaching the upper limit indicate MIC above the
maximum concentration tested (0.8 g/L)

In order to evaluate potential synergism between the secondary metabolites present in

potatoes, a-chaconine and caffeic acid, the MIC of a-chaconine was determined at different
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concentrations of caffeic acid against five fungal strains (Fig. 2-2). Caffeic acid decreased the
MIC of a-chaconine in a range of concentrations from 0.05 g/L to 6.7 g/L. For most strains, a-
chaconine acted synergistically with caffeic acid as an antifungal agent. The MIC of P. teres, F.
graminearum, and A. niger showed an about 1000-fold decrease at the highest concentration of
caffeic acid. The MIC of P. roqueforti decreased about 10-fold and for M. plumbeus the decrease

was two-fold.
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Figure 2-2. MIC of a-chaconine at different concentrations of caffeic acid against 4 fungal strains.
A. niger (e), F. graminearum (m), P. roqueforti (A), M. plumbeus (X), P. teres (o). Values are
means + standard deviation (n=3)

2.3.2. Measurement of membrane fluidity by generalized polarization (GP)

Generalized polarization was calculated for five fungal strains in order to determine the
effect on the fluidity of the membrane caused by a-chaconine, a-solanine and solanidine, either
alone or in combination with caffeic acid (Table 2-3). The changes in the GP were species
dependent.

The addition of a-chaconine or a-solanine did not change the GP value of the
membranes compared with the controls. The GP values decreased when solanidine was present
and this change was significant for onestrain. In addition when caffeic acid and solanidine were

present the GP decreased significantly for 3 out of five strains.
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In all the cases but two, the addition of caffeic acid decreased the GP values. This
variation was significant for a-chaconine against the two most resistant strains.

2.3.3. Characterisation and relative quantification of sterols

In order to determine whether the sterols pattern of different fungal strains relates to their
resistance to a-chaconine, the unsaponifiable fraction extracted from the fungal membranes was
separated by TLC. The major band, likely ergosterol or a derivative appeared at the same
retention time for all strains. However, differences in the small bands were observed. Therefore,
further analysis was carried out by HPLC-APCI-MS (Fig. A-1, Fig. A-2). A total of 16 different
sterols were detected in all samples (Table 2-4). The mass spectra of these compounds were
characteristic of sterols analysed by APCI, with [M+H-H,0] * being the most abundant fragment
in all cases (Sanchez-Machado et al. 2004; Romero-Gonzalez et al. 2010; Headly et al. 2002;
Cabanete-Diaz et al. 2007).

Table 2-3. Generalized polarization of fungal membranes after addition of glycoalkaloids

Compound Generalized polarization values
A. niger .F' M. plumbeus A. alternata P. teres
graminearum

Blank * 0.60+0.04 ab 0.72+0.09 a 0.60+0.10 a 0.72+0.11 a 076+0.12 a
a-C 0.67+0.09 a 0.69+0.02 ab 047005 a, 0.69+£0.005 a 0.70£0.05 a
o-C+CA 055£0.01 b 049+0.11 ¢ 052+0.19 a 050+£019 ab 057018 a
a-S 053+0.02 b 073x0.04 a 0.71+£0.10 a 059+0.04 a 071+0.09 a
a-S+CA 051£004 b 059+006 bec 050+019 a 053+£020 ab 062+£002 a
S 058005 ab 049+0.01 c 049+£0.10 a 061+£002 a 069+0.11 a
S+CA 056+0.03 b 053+0.10 c 021+0.13 b 039+016 b 063+0.23 a

a-chaconine (a-C), a-solanine (a-S), solanidine (S), caffeic acid (CA)
n=3; GP values in the same column with different letters differ significantly (P < 0.05)
* MeOH/H,Offormic acid (50:50:1)

Since ergosterol was the only standard available, the sterols detected in the samples were

assigned with letters from A to P, according to their different m/z. The mass spectrum of

compound F matched that of brassicasterol, since most ions, including that of 381 m/z and 297
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m/z, matched with the mass spectrum reported by Mo et al. (2013) for brassicasterol. Compound
A is probably dehydroergosterol or an isomer, which main m/z are 395 and 377, according to
Mclintosh et al. (2008).

Table 2-4. Retention times and fragments identified in the extracted sterols.

Compound Retention m/z
time (min) [M+H]* [M+H-H,0]" Other

A 4.55 395 377 209

B 5.13 397 379 271

C 5.42 425 407 267
Ergosterol 5.96 397 379 295
E 5.96 445 427 409

F 5.95 399 381 297

G 6.48 411 393 295

H 6.54 459 441 423

I 6.86 399 381 213

J 7.05 413 395 325

K 7.06 383 365 145

L 7.57 423 405 149

M 7.58 409 391 149

N 8.39 427 409 241

o) 8.41 441 423 149

P 8.44 437 419 149

The identity of the rest of the compounds was not elucidated. The compounds were
relatively quantified by dividing the peak area in the MRM mode by the peak area of the internal
standard, cholesterol in order to correct variations in the response and the amount of substance
injected. Then, those amounts were normalized using P. roqueforti, which was the only strain
containing all the sterols, as a reference strain, (Fig. 2-3). In all strains considered in this study,
the most abundant sterols were ergosterol and compound E, the mass spectrum of which showed
the m/z of 445, 427 and 409, which are observed in 24-brassinolide as well. Therefore compound
E might be a brassinosteroid or a derivative. However, brassinosteroids are mainly found in

plants and the identity of compound E thus remains to be confirmed.
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Figure 2-3. Normalized amount of sterols from the fungal membrane of different strains, relative to P.

ABCDEFGHI JKLMNOP

roqueforti (analyte peak area/IS peak area). Ergosterol (D). Values are means + standard deviation (n=3).
The main m/z of the compounds is as follow: A (395,377,209), B (397,379), C (425,407,267), D
(ergostero) (397, 379, 295), E (445, 427, 409), F(399, 381, 297), G (411, 393, 295), H (459, 441, 423), |
(399, 381, 213), J (413, 395, 325), K (383, 365, 145), L (423, 405, 149), M (409, 391, 149), N (427, 409,
241), O (441, 423, 149), P (437, 419, 149).
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2.3.4. Principal component analysis of sterols and MIC relationship
PCA was used to determine correlations between the amounts and sterols found in the

strains (Fig. 2-4).
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Figure 2-4. Principal component analysis of the fungal strains related to their amount of normalized
sterols from the membrane and their MIC. (a) biplot; (b) loading plot. Strains: A. niger (e), F.
graminearum (m), P. roqueforti (A) M. plumbeus (%), M. pinodes (1), A. alternata (o), P. teres (o), P.
tritici-repentis (A). Ergosterol (Erg). The main m/z of the compounds is as follow: A (395,377,209), B
(397,379), C (425,407,267), D (ergostero) (397, 379, 295), E (445, 427, 409), F(399, 381, 297), G (411,
393, 295), H (459, 441, 423), 1 (399, 381, 213), J (413, 395, 325), K (383, 365, 145), L (423, 405, 149),
M (409, 391, 149), N (427, 409, 241), O (441, 423, 149), P (437, 419, 149).

The biplot (Fig. 2-4a) shows that strains clustered depending on their phylogenetic
position (see Table 2-1). A. alternata, P. teres, and P. tritici-repentis, from the family Pleospora,
are clustered together in the left low quadrant, as well as M. pinodes, which belongs to the same
order, Pleosporales. A. niger and P. roqueforti, which belong to the same subphylum
Pezizomycotina but to a different class, Eurotiomycetes clustered together, in the upper left side
of the chart. F. graminearum, from the same subphylum, is also located in the left side. M.
plumbeus is phylogenetically different from all other tested strains, it belongs to the phylum
Zygomyecota, and it is located in the right side of the biplot, far from all others. The loading plot
(Fig. 2-4b), was used to analyze correlations between MIC and the presence and amounts of

sterols in the fungal membranes. Variables in the same area were highly positively correlated. A
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high MIC was correlated to the presence of sterols H, G, E and Ergosterol. Compounds G and H
were present in the resistant strains, except for F. graminearum, but not in all sensitive strains.
In order to confirm correlation between these compounds and high MIC values, Pearson
correlation analysis was performed. Approaching significance P values of 0.09 were obtained for
sterols G and H. Therefore, a high MIC value of a-chaconine against any of the tested fungal
strains was related to a higher amount of the sterols H and G in the fungal membrane.

2.4. Discussion

The antifungal activity of solanidine, a-solanine and a-chaconine was determined for A.
niger, P. roqueforti and M. plumbeus. o-Chaconine was the only active compound at
concentrations below 0.8 g/L and its MICs values were determined also for F. graminearum, M.
pinodes, A. alternate, P. teres and P. tritici-repentis. The differences in the MICs of a-chaconine
against the strains were as high as nine fold, indicating species dependent antifungal activity. In
agreement with our findings, the antifungal activity of o-chaconine and a-solanine was
substantially different between fungal species, and a-chaconine demonstrated higher antifungal
activity compared to a-solanine, the activity of which was negligible in some cases (Fewell and
Roddick 1993; Fewell and Roddick 1997). In addition, differences in the antifungal activity of a-
solanine against 10 fungal strains from several species were reported (Cipollini and Levey 1997).
Furthermore, the lack of antifungal activity of the solanidine aglycone confirms the importance
of the sugar moiety in the membrane disruption mechanism of glycoalkaloids proposed by
Keukens et al. (1995). The crucial role of the sugar moiety can also be derived from the
observation that filamentous fungi detoxify a-chaconine through the removal of sugars (Oda et

al. 2002; Weltring et al. 1997).

44



CHAPTER 2

Synergism between numerous secondary metabolites in plants occurs as a defence
mechanism to environmental stress (Ryabushkina 2005). The antifungal synergism between a-
chaconine and caffeic acid observed in this study seems to be related to the defence mechanism
against fungal phytopathogens. To our knowledge, synergistic antifungal activity between
glycoalkaloids and phenolic compounds from potatoes has not been reported previously.
Therefore, this new finding requires further investigation.

This is the first in vitro study of the disruption of fungal membranes by glycoalkaloids,
and the results support previous findings from experiments carried out using liposome model
systems (Roddick and Rijnenberg 1987; Keukens et al. 1992; Keukens et al. 1995)

LAURDAN (2-(dimethylamino)-6-dodecanoylnaphthalene) is a fluorescent dye that is
used to study the variations of polarity in natural membranes, including hydration of the bilayer
(Parasassi et al. 1998). The GP values in the liquid phase usually range between 0.3 and -0.3,
whereas the values in the gel phase are between 0.5 and 0.6 (Sanchez et al. 2007; Hofstetter et al.
2012). GP values between 0.05 and 0.6 have been reported for bacteria (Ulmer et al. 2002). The
GP values in the fungal cells were between 0.6 and 0.76, indicating a higher concentration of
sterols in an organized gel phase, which is expected in eukaryotic cells.

The polarity in the membrane is determined by access of water to the polar-lipid
interphase (Parasassi et al. 1998) and strongly dependent on the membrane fluidity, modulated
by sterols. A decrease in the LAURDAN GP value occurs when there is a change from the gel
phase to a liquid-crystalline phase (Parasassi et al. 1998), which implies an increase in the
polarity. The polarity of the fungal membranes was not affected by the addition of a-chaconine
or a-solanine. However, a decrease in the GP value indicating an increase in the polarity of the

bilayer was observed when solanidine was present. These changes were significant for three out
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of five strains. Since the mechanism of membrane disruption by glycoalkaloids proposed by
(Keukens et al. 1995) implies first the insertion of the aglycone in the bilayer and then the
complex formation between the sugar moieties, our results confirm that solanidine is able to
insert in the phospholipidic bilayer by association with the sterols. In absence of the sugar
moiety, hydration of the bilayer occurs. In contrast, if the hydrophilic sugar moieties are present
as for a-chaconine and a-solanine, in spite of other changes occurring in the membrane, the
water concentration of the membranes would remain unchanged, likely due to hydrophilic
interaction between the sugar moieties with water molecules present in the surroundings.

The effect on the membrane caused by the three alkaloids was strongly enhanced by
caffeic acid. This partially explains the synergistic antifungal effect of a-chaconine and caffeic
acid observed (Fig. 2-2). Caffeic acid and solanidine in combination caused the highest polarity
change in the membrane, indicating similar mode of action.

Saponification with KOH, followed by extraction using organic solvents such as
petroleum ether, hexane, pentane or diethyl ether is the most common method for the recovery of
sterols from different matrices such as oil, seaweeds, wetland and fungi (Cabanete-Diaz et al.
2007; Fujino and Ohnishi 1978; Headly et al. 2002; Sanchez-Machado et al. 2004). Usually no
further sample treatment is needed. APCI-MS is a useful tool to identify sterols with standards;
and HPLC is used for sterols quantification (Careri et al. 2001; Kemmo et al. 2007; Segura
Carretero et al. 2008; Cabanete-Diaz et al. 2007; Headly et al. 2002; Sanchez-Machado et al.
2004; Mezine et al. 2003). Since identification of the sterols was not the aim of the study, APCI-
MS was used for differentiation between the sterols present in the fungal membrane and MRM
mode was used for relative quantification, since it provided higher sensitivity to detect minor

components compared to HPLC.
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Ergosterol was the second most abundant sterol in all fungal strains analysed, which
belong to the phylum Ascomycota (Fig. 2-3). This observation is in agreement with previous
findings that high concentrations of ergosterol are found in fungi from the phylum Ascomycota
and Basidomycota (Pasanen et al. 1999; Newell et al. 1988). The other tentatively identified
compound, brassicasterol, has also been found in fungi from the same phylum (Weete et al.
2010).

According to the PCA (Fig. 2-4), the sterol pattern of the analysed strains is correlated
with their phylogenetic classification as previously observed by Weete et al. (2010).
Nevertheless, there was an association between the MIC (resistance) against a-chaconine and the
presence of compounds G and H. This agrees with previous findings that the type of sterols
present in the membrane has an effect on the antifungal mode of action of a-chaconine (Keukens
etal. 1992).

In conclusion, fungal species differ in resistance to a-chaconine and possibly other
glycoalkaloids. This resistance is associated with their phylogenetic position and their sterols

pattern in the fungal membrane.
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Structure—function relationships of the antibacterial
activity of phenolic acids and their metabolism
by lactic acid bacteria
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3.1. Introduction

Phenolic compounds are plant secondary metabolites, which possess aromatic rings with
one or more hydroxyl or methoxy groups. Phenolic acids are a subclass of phenolic compounds,
encompassing hydroxybenzoic acids (Ce-Cy structures) and hydroxycinnamic acids (Cs-Cs
structures) (Schieber and Aranda Saldana 2008; Dai and Mumper 2010) Phenolic acids have
antimicrobial activity and hold promise for application as preservatives in food and food packing
materials. Phenolic acids or plant extracts containing these compounds gave satisfactory results
when added to beef and food packing materials such as hand sheets and pea starch (Ejechi and

Akpomedaye 2005; Elegir et al. 2008; Corrales et al. 2009).

The antimicrobial activity of phenolic acids is determined by their chemical structure, in
particular the number and position of substitution in the benzene ring, and the saturated chain
length (Cueva et al. 2010). Phenolic acids had lower antimicrobial activity compared with their
butyl and methyl esters (Cueva et al. 2010). The antimicrobial effect increased with increasing
length of the alkyl chain (Merkl et al. 2010). Oligomers show higher activity than the
corresponding phenolic acid monomers (Elegir et al. 2008). Hydroxybenzoic and
hydroxycinnamic acids occurring in plants exhibit diversity with respect the number of hydroxyl
or methoxy groups (Figure 3-1), however, current knowledge on structure-function relationships
of the antimicrobial activity of phenolic acids does not account for this diversity of compounds.
Moreover, additional derivatives of these compounds are produced from bacterial metabolism

(Figure 3-1).

Some lactic acid bacteria (LAB) such as L. brevis, L. fermentum and L. plantarum

metabolize phenolic acids by decarboxylation and/or reduction. The products of phenolic acid
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decarboxylases are vinylcatechol, vinylphenol, vinylguaiacol, pyrogallol and catechol, reduction
of hydroxycinnamic acids yields dihydrocaffeic and dihydroferulic acids (Van Beek and Priest
2000; Curiel et al. 2010; Svensson et al. 2010) (Figure 3-1). Lactobacilli that are capable of
phenolic acid metabolism were isolated predominantly from fermented products with a high

content of phenolic compounds such as olives, whisky, wine, and sorghum (Rozes and Peres,

1998; Van Beek and Priest 2000; Campos et al. 2009; Svensson et al. 2010).
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Figure 3-1. Hydroxybenzoic and hydroxycinnamic acids and their decarboxylated and reduced
metabolites used in this study.

Lactobacillus spp. are more resistant to phenolic compounds when compared to other
groups of bacteria such as Clostridium spp. and Bacteroides spp. (Lee et al. 2006). The tolerance
of lactobacilli to phenolic acids and their ability to metabolize phenolic acids are strain or species
specific (Van Beek and Priest 2000; Curiel et al. 2010; Svensson et al. 2010; Cueva et al. 2010).

However, the strain-specific tolerance of LAB to phenolic acids has not been related to the
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metabolism of phenolic acids. Moreover, the antibacterial activity of the products of phenolic
acid metabolism by LAB remains unknown. Knowledge on structure-function relationships of
phenolic acids is important for application of these compounds as food preservatives as well as
the selection of starter cultures for food fermentations. Therefore, this study aimed to elucidate
the structure-function relationships of phenolic acids with model organism isolated from food.
Moreover, it was determined whether phenolic acid metabolism by LAB is a mechanism of

detoxification of noxious compounds that LAB encounter in their natural habitat.

3.2. Materials and methods

3.2.1. Chemicals

Caffeic, p-coumaric, ferulic, gallic, protocatechuic and p-hydroxybenzoic acids were
obtained from Extrasynthése (Genay, France). Chlorogenic, cinnamic, syringic, benzoic,
dihydrocaffeic and phloretic acids, and catechol were purchased from Sigma (St. Louis, MO,

U.S.A.). MRS (Difco) and LB media were obtained from BD (Mississauga, ON, Canada).

3.2.2. Bacterial strains and culture conditions

The following strains and incubation conditions were used to evaluate the antibacterial
activity of phenolic acids: Lactobacillus plantarum TMW 1.460 (MRS medium, 30°C,
microaerophilic conditions), isolated from spoiled beer (Ulmer et al. 2000); Lactobacillus
hammesii DSM 16381 (MRS medium, 30°C, microaerophilic conditions), isolated from
sourdough (Valcheva et al. 2006); Lactobacillus fermentum FUA 3165 and Lactobacillus reuteri
FUA 3168 (both MRS medium, 34°C, microaerophilic conditions), both isolated from fermented

sorghum (Svensson et al. 2010); Bacillus subtilis FAD 110 (LB medium, 37°C, aerobic

51



CHAPTER 3

conditions), isolated from ropy bread (Rocken et al. 1993); and Escherichia coli AW1.7 (LB

medium, 37°C, aerobic conditions), isolated from beef (Dlusskaya et al. 2011).
3.2.3. Antibacterial activity

The minimum inhibitory concentration (MIC) of phenolic acids was determined by a
critical dilution assay as described by Parente et al., (1995) and Génzle et al., (1996). Stock
solutions of each phenolic acid (20 g/L) were prepared in 50% methanol (v/v) and 50 % of
phosphate buffer (50 mmol/L, pH 6.5). Caffeic acid was dissolved in 100% methanol. Media and
stock solutions were adjusted to pH 4.0, 5.5, and 7.0 with 2N HCI or NaOH in order to evaluate
the effect of the pH on the activity of phenolic acids. The stock solutions (100 pL) and media
(100 pL of LB or MRS) were mixed and two-fold serial dilutions of the phenolic acids were
prepared on microtiter plates (Parente et al., 1995; Génzle et al., 1996). Solvents were evaporated

under a sterile flow of air.

Indicator strains were subcultured twice in liquid media under the conditions listed
above. Media were inoculated with 10% of stationary cultures obtained after overnight
incubation and 50 pL inoculated media were added to microtiter plates. This procedure resulted
in phenolic acids concentrations in growth media ranging from 6.7 g/L to 6.5 mg/L and an initial
cell count of indicator strains of about 10" cfu/mL. Microtiter plates were incubated for 24 h.
After incubation, bacterial growth was determined by optical density at 630 nm. The MIC was
defined as the lowest concentration of phenolic acids inhibiting bacterial growth (Génzle et al.,
1996). MICs are expressed as means + standard deviations of at least two independent
experiments. For evaluation of structure-function relationships of antibacterial phenolic acids,

the MICs are reported as means * standard deviations of four independent experiments and
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significance was determined by Student’s t test using SigmaPlot software (SystatSoftware, Inc.,

San Jose, CA), where P was < 0.05.

3.2.4. Metabolism of phenolic acids by LAB strains

Modified MRS media (Svensson et al., 2010) were supplemented with caffeic, ferulic, p-
coumaric, protocatechuic or p-hydroxybenzoic acids at a concentration of 1 mmol/L to match
conditions employed in previous investigations related to phenolic acid metabolism by LAB
(Svensson et al., 2010). Chlorogenic acid was added at a concentration of 1.5 mmol/L. Media
were inoculated with 5% overnight cultures of L. plantarum, L. hammesii, L. fermentum or L.
reuteri and incubated for 24 h at 30 or 34°C. Sterile media containing the corresponding
phenolic acids served as a control. After incubation, cells were removed by centrifugation and
the supernatant was acidified with hydrochloric acid to pH 1.5. Liquid-liquid extraction with
ethyl acetate was carried out three times. The extracts were analysed by LC-DAD-MS using a
Shimadzu ultrafast liquid chromatography (UFLC) system with a Kinetex PFP column (100 x
3.0 mm, 2.6 um) and a SPD-M20A Prominence diode array detector. The mobile phase solvents
consisted of (A) 0.1% (v/v) formic acid in water, and (B) 0.1% formic acid in water/acetonitrile
(10:90, v/v). The gradient was as follows: 0-20% B (0-1.5 min), 20% B (1.5-4.5 min), 20-90% B
(4.5-7.5 min), 90% B (7.5-8 min), 90-0%B (8-14 min). The injection volume was 5 pL and the
flow rate was 0.9 mL/min. The analytes were quantified at 280 nm. Bacterial conversion of
phenolic acids during incubation was calculated as percentage of the initial substrate
concentration. Metabolism is expressed as means + standard deviation of duplicate independent

experiments analysed in duplicate.
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3.3. Results
3.3.1. Effect of pH on the antibacterial activity of phenolic acids

In order to evaluate the effect of pH on the antimicrobial activity of phenolic acids, the
MICs of five phenolic acids (chlorogenic, protocatechuic, caffeic, ferulic and p-coumaric acids)
were determined at pH 4.0, 5.5 and 7.0. Two strains of lactic acid bacteria, L. plantarum and L.
hammesii, were used as indicator strains. B. subtilis and E. coli did not grow at a pH of 4.0,
independent of the presence of phenolic acids (data not shown). The MIC of chlorogenic acid
was higher than the highest concentration used, 6.7 g/L. The antimicrobial activity of phenolic
acids increased at lower pH (Figure 3-2). This effect was more pronounced for L. plantarum

than for L. hammesii.
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Figure 3-2. MIC of protocatechuic acid (o), caffeic acid (®), ferulic acid (A) and p-coumaric acid (m)
against L. plantarum (a) and L. hammesii (b) at different pH values. Symbols on the upper axis indicate a
MIC that is higher than the highest concentration used (6.7 g/L).
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3.3.2. Structure-function relationship of phenolic acids: Effect of number of

hydroxyl (-OH) and methoxy (-OCHg3) groups in the aromatic ring

The effect of hydroxyl (-OH) and methoxy (-OCHj3) groups on the antimicrobial activity
of phenolic acids was studied by comparison of the MICs of benzoic acid, cinnamic acid,
hydroxybenzoic acids (p-hydroxybenzoic, protocatechuic, gallic and syringic acids) and
hydroxycinnamic acids (p-coumaric, caffeic and ferulic acids) against L. plantarum and L.
hammesii as well as E. coli and B. subtilis. The antimicrobial activity of hydroxycinnamic acids
was comparable or higher than of hydroxybenzoic acids with same number of hydroxyl groups
(Tables 3-1 and 3-2). The antimicrobial activity of hydroxybenzoic acids decreased significantly
with increasing number of hydroxyl groups (Table 3-1). The activity of gallic acid was
approximately two to tenfold lower compared to other hydroxybenzoic acids. In comparison, the
effect of the number of hydroxyl groups on the antimicrobial effect of hydroxycinnamic acids
was relatively minor (less than four-fold change in activity). Caffeic acid was only about half as

active as cinnamic and p-coumaric acids (Table 3-2).

Table 3-1. MICs of hydroxybenzoic acids according to number of hydroxyl and methoxy groups in the
aromatic ring.

MIC (g/L)
# of # of ]
-OH _OCH; L. pl L. hm. E. coli B.sub.
groups groups Hydroxybenzoic acids
0 0 1.45+0.04" 0.97+0.65" 0.07+0.01% 0.04+0.02*
1 0 1.57+0.15" 1.12+0.64* 0.12+0.08" 0.13+0.02°
2 0 3.87+0.02° 1.19+0.41% 0.31+0.06° 0.35+0.01“P
3 0 3.74+0.10° 4.56+0.86° 0.49+0.30° 0.64+0.20°
Methoxy-hydroxybenzoic acids

1 2 1.75+0.42" 1.15+0.65" 0.39+0.08° 0.26+0.125¢

Values are mean = standard deviation (n=4).
MICs values in the same column with different superscripts differ significantly (p<0.05).
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The antimicrobial activity of syringic acid with one hydroxyl and two methoxy groups
was higher than the activity of gallic acid but comparable to other hydroxybenzoic acids. Thus,
the antimicrobial activity of hydroxybenzoic acids increased through substitution of a hydroxyl
group with a methoxy group (Table 3-1). In contrast, the presence of methoxy groups did not
significantly affect the antimicrobial activity of cinnamic acids (Table 3-2). The MICs of ferulic

acid were comparable to MICs of other hydroxycinnamic acids, except for L. plantarum.

Table 3-2. MICs of hydroxycinnamic acids according to number of hydroxyl and methoxy
groups in the aromatic ring.

jioolfl —ggltls L. plantarum L. hammtivlsiiIC (g/L)E. coli B. subtilis
groups groups Hydroxycinnamic acids
0 0 0.79+0.11* 0.86+0.11* 0.11+0.01* 0.07+0.04*
1 0 1.21+0.20° 1.04+0.63" 0.12+0.02% 0.25+0.13°
2 0 1.52+0.14°%P 0.63+0.38" 0.23+0.12* 0.30+0.11°
Methoxy-hydroxycinnamic acids
1 1 1.68+0.14° 0.89+0.59" 0.16+0.08" 0.38+0.25"°

Values are mean + standard deviation (n=4).
MICs values in the same column with different superscripts differ significantly (p<0.05).

3.3.3. Metabolism of phenolic acids by lactobacilli

In comparison to E. coli and B. subtilis, lactobacilli were substantially more tolerant to
phenolic acids. The metabolism of phenolic acids by lactobacilli was investigated to determine
whether metabolic conversion detoxifies phenolic acids and thus contributes to tolerance. The
concentration of 1 mmol/L matched conditions employed in previous investigations (Svensson et
al., 2010) and corresponds to 0.13 to 0.2 g/L, well below the MIC of these phenolic acids against
lactobacilli (Tables 3-1 and 3-2). Metabolites of six phenolic acids (chlorogenic, caffeic, p-
coumaric, ferulic, protocatechuic and p-hydroxybenzoic acids) by four strains (L. plantarum, L.
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hammesii, L. fermentum and L. reuteri) were quantified using UFLC-DAD-MS (Svensson et al.,
2010). The metabolites were identified by comparing their mass spectra to literature data (Table
3-3). None of the strains metabolized p-hydroxybenzoic acid (data not shown). L. plantarum
consumed all phenolic acids except chlorogenic acid. L. hammesii consumed more than 80% of
caffeic acid, p-coumaric acid and protocatechuic acid. L. fermentum metabolized p-coumaric and

ferulic acids, L. reuteri metabolized only chlorogenic acid.

Table 3-3 Metabolism of phenolic acids by lactic acid bacteria. Shown are the percentage of phenolic
acids remaining after incubation and major and metabolites produced during incubation.

L. plantarum L. hammesii L. fermentum L. reuteri

Phenolic acids Rem. % Metabolites Rem.% Metabolites Rem. % Metabolites Rem. % Metabolites

Chl(;rggemc 96 + 7.4 Caffeic acid 98 + 2.3 Caffeic acid 75+1.0 Caffeic acid 64 +4.5  Caffeic acid
Caffeic Dihydrocaffeic
. 0.2 £ 0.07 Vinyl catechol 9+ 15 Vinylcatechol 63+26 acid 94 +16 NI*
acid .
Vinyl catechol
p-Coumaric /i i Phloretic acid -
acid 0.2+0.01 p-Vinyl phenol 16 +£2.2 p-Vinyl phenol 1+0.1 p-Vinyl phenol 85+10 NI
Ferulic Dihydro ferulic - Dihydroferulic *
acid 1+0.1 acid 94+7.2 ND 1+0.3 acid 86+6.0 NI
Protocatechuic 5, 5 9§ Catechol 0.5 +0.05 Catechol 82+4.2 NI* 91+3.4 ND*

acid

Values are mean + standard deviation (n=2) of the remaining amount of phenolic acids after 24 hours of
incubation with each LAB strain.
*NI, Not identified; ND, Not detected

Caffeic acid results from chlorogenic acid hydrolysis. L. plantarum, L. hammesii and L.
fermentum decarboxylated caffeic acid to vinylcatechol. L. fermentum alternatively reduced
caffeic acid to dihydrocaffeic acid. These compounds were identified based on mass spectra
reported by Svensson et al. (2010). Comparable to the metabolism of p-coumaric acid by other
lactobacilli (Van Beek and Priest 2000; Rodriguez et al. 2008), the decarboxylation of p-

coumaric acid by L. plantarum, L. hammesii and L. fermentum gave p-vinylphenol, which was
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identified by the [M-H] ion at m/z 119. L. fermentum also reduced p-coumaric acid to phloretic
acid, which was previously identified as a metabolite of p-coumaric acid (Barthelmebs et al.
2000). L. plantarum and L. fermentum reduced ferulic acid to dihydroferulic acid as previously
described by Svensson et al. (2010). Decarboxylation of protocatechuic acid by L. plantarum and
L. hammesii generated catechol, which was identified by the [M-H] ion at m/z 109 (Albarran et

al. 2010).

3.3.4. Antimicrobial activity of phenolic acids compared to their metabolites

produced by LAB.

The MIC of phenolic acids was compared to the MIC of their metabolites to determine
whether metabolism reduces their antimicrobial activity. Caffeic and p-coumaric acids were
compared with their reduced products, dihydrocaffeic and phloretic acids, respectively.
Protocatechuic acid was compared with its decarboxylated product, catechol. Six bacterial strains
(L. plantarum, L.hammesii, L. fermentum, L. reuteri, E. coli and B. subtilis) were used as
indicator strains. The antimicrobial activity of reduced metabolites was two to five -fold lower
than that of the substrates, except for B. subtilis (Figure 3-3). Decarboxylation of protocatechuic
acid decreased the antimicrobial activity against L. fermentum, E. coli and B. subtilis, but did not

alter the MIC against L. plantarum, L. hammesii and L. reuteri.
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Figure 3- 3. Comparison of the antibacterial activity of phenolic acids and their metabolites. (a) Effect of
the reduction of the double bond hydroxycinnamic acids. Shown is the MIC of caffeic acid (=) and p-
coumaric acid (m) and the corresponding reduced metabolites dihydrocaffeic acid (=) and phloretic acid
(#), respectively. (b) Effect of decarboxylation. Shown is the MIC of protocatechuic acid (m) and the
decarboxylated metabolite, catechol (5).

3.4. Discussion

Despite the substantial body of literature related to the antibacterial activity of phenolic
acids (Table 3-4), a systematic evaluation of the effect of hydroxyl and methoxy groups on the
antibacterial activity of phenolic acids has not been reported. Moreover, different studies used
different methodologies for determination of antibacterial activity, and organisms of the same
species or genus exhibit substantial strain-to-strain variation in the sensitivity to phenolic acids.
This study determined structure-function relationships of hydroxycinnamic and hydroxybenzoic
acids by taking into account the effects of hydroxyl- and methoxy groups as well as the
contribution of carboxyl groups and the double bond in hydroxycinnamic acids. Our data
generally agree with MICs of phenolic acids that were previously published (Table 3-4). Our

results particularly confirm, and extend for a large selection of structurally diverse phenolic acids
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that lactobacilli are more resistant against their antibacterial activity compared to E. coli, B.

subtilis, and other bacteria relevant in food (Table 3-4, Lee et al. 2006).

In analogy to other weak organic acids, benzoic acid and hydroxybenzoic acids exert
antimicrobial activity by diffusion of the undissociated acid across the membrane, resulting in
acidification of the cytoplasm and, eventually, cell death (Herald and Davidson 1983; Ramos-
Nino et al. 1996; Phan et al., 2002; Campos et al., 2009). Consequently, the pK, and the
lipophilicity was proposed to determine the solubility of phenolic acids in bacterial membranes,
and thus their antimicrobial activity (Herald and Davidson 1983; Ramos-Nino et al. 1996;
Campos et al., 2009). Hydroxybenzoic acids and hydroxycinnamic acids are weak organic acids
but differ in their lipophilicity. Factors that affect the lipophilicity of phenolic acids include the
pH, which determines the charge of the carboxyl group, ring substitutions (hydroxyl and

methoxy groups), and the saturation of the side chain of cinnamic acids.

Table 3-4. Antibacterial activity of phenolic acids

MIC (g/L)
Phenolic acid Lactobacillus spp. E. coli Bzcr:)lg)lus References
Hydroxybenzoic acids
Benzoic acid * 1-1.8 0.50 0.05-0.12 (1), (2)
p-Hydroxybenzoic acid 0.125-13.8 0.34-0.55 0.40-0.69 (3), (4), (5), (2), (6)
Protocatechuic acid 7.7-14.1 0.55-2.67 0.4-2.67 4), (1), (5), (6)
Gallic acid <0.5? 0.60 0.02-1.6 3), (1), (8
Syringic acid 4.95-4.99 0.55 0.40 4), (5
Hydroxycinnamic acids
Chlorogenic acid 0.10 9
Caffeic acid 0.59-1 0.32-2.67 0.22-1.60 (10), (11), (12), (7), (13), (6)
p-Coumaric acid 0.59-1 0.45 0.40 (10), (4)
t-Cinnamic acid * 7.4 1.33 (5), (14)
Ferulic acid 05%-1 0.45-1.94  0.40-1.94 (10), (4), (6)

*Benzoic and t-cinnamic acids were included in this study to investigate the effects of aromatic
substitution on the antibacterial activity.? MIC corresponding to growth inhibition by 50% or more.
References: (1)(Chipley 2005; (2)(Cueva et al. 2010); (3)(Campos et al. 2003); (4)(Tuncel and Nergiz
1993); (5)(Landete et al. 2008); (6)(Merkl et al. 2010); (7)(Taguri et al. 2006); (8)(Wansi, et al. 2010);
(9)(Xia et al. 2010); (10)(Stead 1993); (11)(Wen et al.2003); (12)(Lee et al. 2006); (13)(Almajano et al.
2007)
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A decrease in the pH increased the antibacterial activity of phenolic acids. The same
trend has been reported for hydroxycinnamic acids and benzoic acid (Otto and Conn 1944;
Herald and Davidson 1983; Wen et al. 2003; Almajano et al. 2007). The concentration of
undissociated, more lipophilic phenolic acids increases with decreasing pH. The activity of
undissociated phenolic acids is higher compared to dissociated phenolic acids, because they are
more soluble in the cytoplasmic membrane (Ramos-Nino et al. 1996). However, our results
demonstrate that dissociation of phenolic acids does not fully account for the effect of pH on
their activity. The pH also had a strong effect on the MIC of phenolic acids when these were
calculated on the basis of the undissociated portion (data not shown). Thus, dissociation is not

the only factor responsible for their antibacterial activity.

The number of hydroxyl groups altered the antibacterial activity of hydroxybenzoic acids
but did not affect the activity of hydroxycinnamic acids. Likewise, an increase of the
lipophilicity by substitution of hydroxyl groups with methoxy groups increased the activity of
hydroxybenzoic acids but not of hydroxycinnamic acids. This result contrasts previous
estimations that 80% of the antibacterial activity of phenolic acids is determined by their pK; and
lipophilicity (Herald and Davidson 1983; Ramos-Nino et al. 1996). Hydroxycinnamic acids are
more lipophilic than hydroxybenzoic acids because of their unsaturated chain (Campos et al.
2003). It is thus possible that their lipophilicity is less affected by substitutions of the aromatic
ring. However, the double bond of the side chain, which is the main difference in the structure of
hydroxybenzoic and hydroxycinnamic acids, likely contributes to the antibacterial activity of

hydroxycinnamic acids.

The reduction of the double bond of hydroxycinnamic acids substantially decreased the

antibacterial activity against LAB. This unexpected result further confirms that the double bond
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of hydroxycinnamic acids plays an important role in their mode of action. The reduction of the
double bond, which strongly affects their antibacterial activity, has only a minor effect on the
lipophilicity of the overall molecule. In contrast, the number of hydroxyl groups did not affect
the antibacterial activity of hydroxycinnamic acids but has a more pronounced effect on the
lipophilicity. Decarboxylation of protocatechuic acid decreased the antibacterial activity against
some indicator strains (L. fermentum FUA3168, E. coli AW1.7, and B. subtilis FAD110).
However, the MIC against other lactobacilli (L. plantarum TMW 1.460, L. hammesii
DSM13681, and L. reuteri FUA3168) remained unchanged. The role of the carboxylic group on
the activity of protochatechuic acid was thus not more pronounced than the role of hydroxyl

groups.

LAB exhibit a strong strain to strain variation with respect to their tolerance to phenolic
acids (Campos et al. 2003). Because the antibacterial activity of phenolic acid metabolites was
generally lower when compared to the original substrates (Figure 3-3), this variability likely
relates to the strain specific metabolism. In keeping with prior observations, lactobacilli
metabolized phenolic acids by strain-specific decarboxylation and / or reduction (Van Beek and
Priest 2000; De las Rivas et al. 2009; Svensson et al. 2010). L. plantarum TMW 1.460 and L.
fermentum FUA3165 produced decarboxylases and reductases. However, metabolism of L.
fermentum FUA3165 differed from L. plantarum TMW 1.460 as the former strain also reduced
caffeic and p-coumaric acids. L. hammesii DSM13681 only produced decarboxylases.
Chlorogenic acid was hydrolyzed by L. reuteri FUA3165 and L. fermentum FUA3165 to produce
caffeic acid, indicating esterase activity of these two strains. Caffeic acid was also identified in
supernatants of other strains, but the low conversion of chlorogenic acid by these strains may be

attributable to factors other than enzyme activity. Among LAB, chlorogenic acid esterase activity
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was previously shown only for Lactobacillus gasseri (Coteau et al. 2001). L. reuteri FUA3168
had the highest esterase activity among the strains tested in this work, and converted more than
50% of the caffeic acid. This strain or its esterase could serve as suitable catalyst for enzymatic
conversion of chlorogenic acid and other phenolic acid esters for food and pharmaceutical
purposes.

Although the assay systems for determination of tolerance to phenolic acids and phenolic
acid metabolism differed, L. plantarum TMW1.460, the strain with the highest metabolic activity
towards phenolic acids, was also the most tolerant strain. L. reuteri FUA3168 was the most
sensitive among the four LAB strains tested in this work (Figure 3-3 and data not shown), and
also exhibited the lowest metabolic activity towards phenolic acids. L. fermentum FUA3165 and
L. hammesii DSM13681 exhibited intermediate sensitivity, and intermediate potential for
metabolism of phenolic acids. This relationship between metabolic capacity and sensitivity to
phenolic acids further indicates that metabolism of phenolic acids by LAB contributes to their

detoxification.

In conclusion, the antibacterial mode of action of hydroxybenzoic and hydroxycinnamic
acids differs. The antibacterial activity of hydroxybenzoic acids decreases with an increasing
number of hydroxyl groups and is thus primarily correlated to their lipophilicity. The
antibacterial activity of hydroxycinnamic acids, particularly their activity against lactobacilli,
depends to a much lesser extent on the substitutions of the aromatic ring with hydroxy or
methoxygroups but is strongly dependent on the double bond of the side chain. LAB metabolism
of phenolic acids by decarboxylation and / or reduction thus likely is primarily a mechanism for
detoxification of noxious compounds encountered by LAB in plant substrates. This knowledge

on structure-function relationships of antibacterial phenolic acids facilitates the selection of
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phenolic acids, or plant extracts containing phenolic acids for use as food preservatives as well as
the selection of starter cultures for fermentation of substrates that are rich in phenolic acids, such

as sorghum or olives.
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Extraction and fractionation
of phenolic acids and glycoalkaloids from potato peels
using acidified water/ethanol-based solvents
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4.1. Introduction

Potatoes (Solanum tuberosum L.) are among the most important staple crops consumed
by humans (Mattila and Hellstrom 2007). In the last years, the production of value-added potato
products has increased to satisfy the demand of consumers for convenience foods, whereas fresh
potato consumption is continuously decreasing. Processing leads to the production of significant
amounts of waste (Schieber and Aranda Saldafia 2009; Anonymous 2008). Processed potato
products account only for 50 to 60% of the raw material. The byproducts include cull potatoes
and processing waste (Charmley et al. 2006). Peels constitute the main fraction of the processing
waste. While considered waste, potato peels also contain valuable components (Wu et al. 2012).
Phenolic compounds and glycoalkaloids are particularly interesting because they are suitable for
application in the food and pharmaceutical industries after extraction and purification (Schieber
and Aranda Saldafia 2009; Wu et al. 2012).

Phenolic acids are the main phenolic compounds in potatoes (Wu et al. 2012; Schieber
and Aranda Saldafia 2009). They have shown antioxidant and antibacterial activities (Sanchez-
Maldonado et al. 2011; Rodriguez de Soltillo et al. 1998). Therefore, these compounds hold
promise for application as preservatives in foods, feeds, and packing materials. Plant extracts
containing phenolic acids were suitable as food preservatives (Ejechi and Akpomedaye 2005;
Elegir et al. 2008; Corrales et al. 2009). However, chlorogenic acid constitutes 90% of the
phenolic compounds in potato peels (Schieber and Aranda Saldafia 2009; Im et al. 2008).
Chlorogenic acid exists in the form of three main isomers, which include chlorogenic acid (5-O-
caffeoylquinic acid), neochlorogenic acid (3-O-caffeoylquinic acid) and cryptochlorogenic acid
(4-O-caffeoylquinic acid) (Lee and Finn 2007; Shui et al. 2005; Nandutu et al. 2007).

Chlorogenic acid isomers do not have strong antibacterial activity but can be hydrolysed to
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quinic and caffeic acids (Fig. 4-1). Caffeic acid shows antimicrobial activity against Gram
positive and Gram negative bacteria at concentrations ranging from 0.1 — 1 g / L (Sanchez-
Maldonado et al. 2011; Rodriguez de Soltillo et al. 1998). Quinic acid, the second product of
chlorogenic acid hydrolysis, is a starting material for the synthesis of drugs such as Oseltamivir

for influenza treatment (Yeung et al. 2006).
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Figure 4-1. Products of alkaline hydrolysis of chlorogenic acid

Glycoalkaloids are plant steroidal compounds that contain nitrogen and a sugar moiety
attached to the 3-OH position (Fig. 4-2). o-Chaconine and o-solanine are the main
glycoalkaloids found in potatoes (Friedman, 2004). The aglycone solanidine is an intermediate
for synthesis of hormones such as progesterone and cortisone derivatives (Nikolic and Stankovic
2003). Additionally, glycoalkaloids and their aglycones have been shown to possess anti-allergic,
antipyretic, anti-inflammatory, hyperglycemic, and antibiotic properties (Friedman, 2006).
Furthermore, potato glycoalkaloids have antifungal activities (Fewell and Roddick 1993; Fewell
and Roddick 1997). However, they are toxic for humans and should be absent in potato products
or potato extracts used for food applications (Rodriguez-Saona, Wrolstad & Pereira, 1999). For
fresh potatoes, a maximum of 200 mg of glycoalkaloids per kilogram is acceptable for human

consumption (Friedman 2006; Fewell and Roddick 1993).
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Figure 4-2. Product of hydrolysis of a-chaconine and a-solanine.

Conventional methods for the extraction of phenolic compounds from plant material use
organic solvents such as methanol, acetone, ethanol, and ethyl acetate (Dai and Mumper 2010).
Glycoalkaloids from potatoes are traditionally extracted with chloroform/methanol mixtures
(Bushway & Ponnampalam, 1981; Friedman, Roitman & Kozukue, 2003). These methods are
detrimental for the environment. More recently water, ethanol or their mixtures have been used
for the recovery of phenolic compounds from potato peels, in some cases for their applications in
foods (Kannat et al. 2005; Onyeneho and Hettiarachchy 1993; Singh and Rajini 2004).
Water/acetic acid mixtures also have been used to extract glycoalkaloids (Friedman, Roitman &
Kozukue, 2003; Machado, Toledo & Garcia, 2007; Sotelo & Serrano, 2000). However, to our
knowledge no studies aimed to extract and utilize both phenolic acids and glycoalkaloids from
the same source, most likely because the extract containing both requires fractionation in order to
obtain phenolic extracts free of toxic glycoalkaloids for food applications and the glycoalkaloids

fraction for pharmaceutical purposes. The use of these food-grade solvents facilitates the
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incorporation of phenolics extracts in food products and minimizes the environmental damage
caused by toxic solvents. In addition, recovery of these compounds from potato peels is an
advantage for the food industry, since organic waste causes disposal problems and is of
ecological concern (Kim and Kim 2010). Therefore, this is the first study aiming to develop a
sustainable method for the simultaneous extraction of these compounds from potato peels using
food grade acidified water/ethanol based solvents. Furthermore, experiments aimed to achieve
separation of polyphenols and glycoalkaloids from potato peels to allow applications of both
fractions in the food and pharmaceutical industries, respectively.

4.2. Materials and methods

4.2.1. External standards

Chlorogenic acid (5-O-caffeoylquinic acid) and caffeic acid were purchased from Sigma
(St. Louis, MO, USA). o-Chaconine, a-solanine and solanidine were obtained from
Extrasynthese (Genay, France).

4.2.2. Extraction of potato peels

Potatoes from the cultivar "Russet” purchased in a local grocery store in Edmonton,
Alberta, Canada, were used for this study. After manual peeling, 30 g of fresh peels were
simultaneously crushed and mixed with 75 mL of extraction solvent in a domestic blender. Peels
and solvent were left in the dark for 30 minutes, stirred for an additional 30 min, sonicated for 20
minutes, and centrifuged at 4696 g. The supernatant was recovered and filtered. Extraction was
performed three times per batch and samples from each extraction were collected. Three
different solvents were used for extraction, acetic acid was used to equal the pH to that of the
control solvent (3.2). Solvent A contained 25% water, 70% methanol, and 5% acetic acid;

solvent B contained 24% water, 67% ethanol, and 9% acetic acid; solvent C contained 46%
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water, 51% ethanol and 3% acetic acid. The organic solvent was evaporated under vacuum at 40
°C using a Rotavapor RE21 (Buchi, Flawil, Switzerland). The dry potato peel extract was
resuspended in 15 mL of water. A 0.04 mg/L standard solution of chlorogenic acid was extracted
under the same conditions as the potato peels, in order to evaluate the stability of chlorogenic
acid during the process.

4.2.3. Fractionation of phenolic acids and glycoalkaloids by solid-phase extraction

Phenolic acids were fractionated from the glycoalkaloids using a Sep Pak Vac 6 cc C18
cartridge. The pH of solvents and water was adjusted to 7. Prior to use, the column was
conditioned by elution with 5 mL of ethanol followed by 5 mL of water. Two mL of the extract
previously re-suspended in water was passed through the column and washed with 5 mL of water
(pH 7). Subsequently, 20 mL of the corresponding solvent was added, phenolic acids were eluted
with water/ethanol (80:20, v/v) and glycoalkaloids were eluted with water/ethanol (20:80, v/v).
In order to determine the volume of solvent required for complete elution, the fractions were
collected successively in 2 mL tubes, and the concentration of phenolic acids and glycoalkaloids
was determined subsequently.

4.2.4. Alkaline hydrolysis of chlorogenic acid

Three mL of the extract obtained from solvent C, previously dissolved in 15 mL of water,
was centrifuged and the supernatant was mixed with 750 puL of NaOH solution (10 M) and
flushed under nitrogen for 2 min. The vial was hermetically closed and the solution stirred for 4
hours at room temperature. Subsequently, the solution was adjusted to pH 4 with HCI and used
for fractionation as described in section 4.2.3. To evaluate whether alkaline hydrolysis results in
the loss of caffeic acid, a 13 mg/mL standard solution of chlorogenic acid was subjected to

alkaline hydrolysis under the same conditions as previously mentioned.
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4.2.5. Quantification of phenolic acids and glycoalkaloids

The separation and quantification of phenolic compounds from potato peels was
performed using an ultrafast liquid chromatography (UFLC) system consisting of a LC 20 AD
XR pump, SIL-20 AC XR Prominence autosampler, a Prominence column oven and a
Prominence SPD-M20 diode array detector (Shimadzu, Kyoto, Japan). Separations were
performed on a Kinetex PFP column (100 x 3.0 mm, 2.6 um). The injection volume was 5 pL.
and the flow rate was 0.9 mL/min. The temperature of the oven was 25 °C. The mobile phase
consisted of (A) 0.1% (v/v) formic acid in water and (B) 0.1% (v/v) formic acid in
water/acetonitrile (10:90), according to the method of Cruz et al. (2008). The gradient program
was as follows: 0-20% B (0-1.5 min), 20% B (1.5-4.5 min), 20-90% B (4.5-7.5 min), 90% B
(7.5-8 min) and 90-0% B (8-14 min). Phenolic acids were detected at 280 and 320 nm.
Quantification of chlorogenic and caffeic acids was performed using external standards dissolved
in a mixture of methanol/water/formic acid (80:20:0.1). Chlorogenic acid isomers,
neochlorogenic acid and chlorogenic acid, were quantified based on the standard curve of
chlorogenic acid. Calibration curves, with a correlation coefficient > 0.99, were established using
concentration ranges from 0.005 to 0.15 and from 0.01 to 0.32 g/L for caffeic acid and
chlorogenic acid, respectively. Fresh standard solutions were prepared on the same day of the
analysis for each run.

Phenolic compounds in the extracts were characterized by ultrafast liquid
chromatography -mass spectrometry (UFLC-MS), under the same LC conditions mentioned
above. The UFLC system was coupled to an Applied Biosystems MDS SCIEX 4000 Q TRAP
LC/MS/MS System (AB Sciex, Concord, Ontario, Canada) equipped with an ESI Turbo V™

source operating in negative mode with the pneumatically assisted electrospray probe using high-

74



CHAPTER 4

purity nitrogen gas (99.995%) as the nebulizing (GS1) and heating gas (GS2). The values for
optimum spray voltage, source temperature, GS1, GS2, and curtain gases were -4 kV, 600 °C,
and 50, 30, and 25 psi, respectively. Identification of phenolic compounds was performed using
an information-dependent acquisition (IDA) method, enhanced mass spectrometry-enhanced
product ion (EMS-4EPI). Q1 and Q3 were operated at low and unit mass resolution. The spectra
were obtained over a range from m/z 50 to 1300 in 2 s. Linear ion trap (LIT) fill time was 20 ms.
The IDA threshold was 100 cps. The enhanced product ion (EPI) spectra were collected from the
eight most intense peaks above this parameter. The EPI scan rate was 1000 amu/s. Collision-
induced dissociation (CID) spectra were acquired using nitrogen as the collision gas under two
different collision energies. The collision energy (CE) was -20 eV and collision energy spread
(CES) 0 eV. Declustering potential (DP), entrance potential (EP), and collision exit potential
(CXP) were -70 V, -10 V and -7 V, respectively.

The analysis of glycoalkaloids was performed using the same UFLC-MS system
described above, performed in positive MS mode. Quantification was done by MS using
Multiple Reaction Monitoring mode, UFLC gradient was used only to achieve separation. A
Kinetex C18 100A (100 x 3.0 mm, 2.6 um) column was used as the stationary phase. The
injection volume was 5 pL and the flow rate 0.6 mL/min. The temperature of the oven was 25
°C. The mobile phase consisted of (A) 0.5% (v/v) formic acid in water/acetonitrile (95:5) and
(B) 0.5% (v/v) formic acid in water/acetonitrile (5:95). The gradient was as follows: 20% B (0O-
12.5 min), 20-90% B (12.5-13.5 min), 90% B (13.5-14.5 min), 90-20% B (14.5-16 min) and 20%
B (16-20 min). An information-dependent acquisition (IDA) method, MRM - EPI, was used to
profile and quantify the glycoalkaloids. Q1 and Q3 were operated at low and unit mass

resolution. The spectra were obtained over a scan range from m/z 50 to 1000 in 2 s. LIT fill time
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was set at 20 ms. The IDA threshold was set at 100 cps, above which EPI were collected from
the eight most intense peaks. For the MRM the values for optimum spray voltage, source
temperature, GS1, GS2, and curtain gases were +4.5 kV, 600 °C, 60, 45, and 15 psi, respectively.
The MRM scan rate was 1000 amu/s. Optimization of DP, EP, CE and CXP was done
specifically for each transition and the values used were in the range of 55-70 V, 8-14 V, 60-100
eV and 10-40 V, respectively. The two most abundant transitions for each compound were
selected (Q1—Q3), for quantification and confirmation. For a-chaconine, a-solanine and
solanidine the transitions for quantification were (Q1 852—Q3 706), (Q1 868—Q3 398) and (Ql
398—Q3 98), respectively. For the EPI, the scan rate was 4000 amu/s and the values for
optimum spray voltage, source temperature, GS1, GS2, and curtain gases were +5 kV, 600 °C,
50, 30, and 10 psi, respectively. Standard solutions dissolved in methanol/water/formic acid
(80:20:0.1) were used for the calibration curves that gave a correlation coefficient > 0.99. The
concentration ranges were 100 to 10000 ppb for a-chaconine, and 50 to 5000 ppb for both a-
solanine and solanidine.

The limits of detection (LOD) and quantitation (LOQ) of phenolic acids and
glycoalkaloids were determined according to the International Conference on Harmonization
(ICH) (Chandran and Singh 2007; Nandutu et al. 2007) as LOD=3c/S and LOQ=100/S, where ¢
is the standard deviation of response and S is the slope of the calibration curve. The LOD and
LOQ of chlorogenic acid were determined as 0.36 and 1.20 ng/L, respectively. The LOD and
LOQ for caffeic acid were 0.16 ng/L and 0.55 ng/L, respectively. The LOD for a-chaconine, o-
solanine and solanidine were 3.22, 5.42 and 0.01 pg/L, respectively. The respective LOQ were
10.7, 18.07 and 0.033 ng/L, in the same order. Data are reported as means + standard deviations

of triplicate independent experiments.
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4.2.6. Quantification of quinic acid

After alkaline hydrolysis, quinic acid was quantified according to the method for organic
acids published by Teixeira et al. (2012). An Agilent 1200 series HPLC unit comprised of a
degasser, binary pump, autosampler, thermostated column compartment, and diode array
detector (Agilent Technologies, Palo Alto, CA, USA) was used. Separation was performed using
an Aminex HPX-87 column (Bio-Rad, Mississauga, ON, Canada) at 70 °C. Quinic acid was
detected at 210 nm. An isocratic gradient with a flow rate of 0.4 mL/min, during 60 min was
used. The solvent consisted of 5 mM H,SO,. No peaks were detected, indicating that the amount
of quinic acid in the samples was below the detection and quantification limits of the method.
For the standards, only concentrations above 1 mmol/L were detected.

4.2.7. Statistical Analysis

Data are reported as means + standard deviations of triplicate independent experiments.
SigmaPlot software (Systat Software, Inc., San Jose, CA, USA) was used to perform all
statistical analysis. To determine statistically significant differences between the three extraction
methods, data were subjected to two-way analysis of variance (ANOVA). For the rest of the
experiments, the recovery of each compound was statistically analyzed by one-way ANOVA
followed by Holm-Sidak method for multiple pairwise comparisons when required. For all
analyses statistical significance was based on P < 0.05.

4.3. Results

4.3.1. Extraction of potato peels using three different solvents

Three solvents were tested for the extraction of phenolic acids and glycoalkaloids from

fresh potato peels to compare their recovery using acidified aqueous methanol and ethanol based
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mixtures. There was no significant difference between the phenolic compounds and

glycoalkaloids extracted from potato peels with any of the solvents (Fig. 4-3).
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Figure 4-3. Phenolic acids and glycoalkaloids recovered from potato peels using 3 different solvents (A,
B or C). (a) Phenolic acids: chlorogenic acid (EH), neochlorogenic acid (), caffeic acid (). (b)
Glycoalkaloids: a-chaconine (E), a-solanine (EZ), solanidine (E2). Data are means + standard deviations
(n=3). Significant differences were determined by two-way ANOVA (P < 0.05). The vyields of the
compounds were compared as a function of the solvent used. There were no significant differences.

4.3.2. MS identification of phenolic compounds and glycoalkaloids in the extracts

UFLC-MS analysis of phenolic constituents showed four main compounds in the potato
peel extract. Mass spectra of the most abundant peaks matched those of caffeic acid, chlorogenic
acid and neochlorogenic acid. Their maximum absorption wavelength was 324, 326 and 322 nm,
respectively, which is typical for chlorogenic acid isomers (Nandutu et al. 2007). As previously
reported by others (Nandutu et al. 2007; Clifford et al. 2003; Matsui et al. 2007), neochlorogenic
acid eluted before chlorogenic acid under reversed-phase HPLC conditions and the MS spectra
of both isomers provided m/z 191 as the base peak, as well as peaks at m/z 135 and 179.
However, for chlorogenic acid the peak at m/z 179 was very weak. In addition, m/z 173 was seen
only in the mass spectrum of chlorogenic acid. The mass spectrum of the fourth peak showed

m/z 529 as the parent ion and base peak. This compound may correspond to a
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caffeoylferuloylquinic acid, as previously reported by Nandutu et al. (2007). However, no
fragmentation was observed to support the identity of this compound. a-Chaconine, a-solanine
and solanidine were identified in the extracts by UFLC-MS. Their mass spectra were compared
to those of the corresponding standards. a-Chaconine was identified by the fragments at m/z 852,
706 and 398, a-solanine by the fragments at m/z 868, 722, 398, and solanidine showed fragments
at m/z 398, 382 and 98.

4.3.3. Recovery of phenolic acids and glycoalkaloids from potato peels

The amount of neochlorogenic, chlorogenic and caffeic acids recovered from potato peels
was 13.3, 77.6, and 4.8 mg/100 g of potato peel fresh weight, respectively. The recovery of a-
chaconine, a-solanine and solanidine was 17.0, 7.1 and 0.1 mg/100 g of potato peel fresh weight
(FW), respectively. The recovery was calculated as average of the yield obtained with three
different solvents.

4.3.4. Consecutive extractions of bioactive metabolites from potato peels

To determine how many extraction steps are needed for the quantitative recovery of
secondary metabolites from potato peels, three consecutive extractions were performed with the
same batch of fresh potato peels. Samples from each extraction were collected and quantified by
UFLC-MS (Fig. 4-4). No significant differences between the three solvents was found for the
consecutive extractions. After the second extraction, 97% of chlorogenic acid, 94% of
neochlorogenic acid and 89% of caffeic acid were recovered. To evaluate whether the increase in
the proportion of caffeic acid in the second and third extraction was due to chlorogenic or
neochlorogenic acid hydrolysis, chlorogenic acid was extracted from a standard solution using
the same conditions as for potato peels (data not shown). No hydrolysis into caffeic acid was

observed and the extraction efficiency was higher than 99%. The recovery of a-chaconine and a-
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solanine after the second extraction was higher than 99%. In addition, 95% of solanidine had

been recovered after the second extraction.
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Figure 4-4. Recovery of phenolic acids and glycoalkaloids from potato peels in 3 consecutive extractions
with different solvents. (a) Phenolic acids: chlorogenic acid (), neochlorogenic acid (), caffeic acid
(CD. (b) Glycoalkaloids: a-chaconine (Ef), a-solanine (EZ), solanidine (). Data are means * standard
deviations (n=3). Significant differences were determined by two-way ANOVA (P < 0.05). The vyields of
the compounds were compared as a function of the solvent used for each extraction (first, second and
third). There were no significant differences.

4.3.5. Fractionation of phenolic acids and glycoalkaloids by solid-phase extraction

To accomplish fractionation of phenolic acids and glycoalkaloids from the potato peels
extract, solid-phase extraction with a Sep Pak Vac 6¢cc C18 cartridge was used. The extract
obtained using solvent C was employed for this purpose (Fig. 4-5). Statistical analysis showed
that quantitative recovery of chlorogenic acid was achieved. However, there was a significant
difference between the amounts of neochlorogenic acid and caffeic acid before and after

fractionation. The amount of neoclorogenic acid decreased, while caffeic acid increased.
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Figure 4-5. Recovery of phenolic acids and glycoalkaloids before and after fractionation by solid phase
extraction. (a) Phenolic acids; in crude extract: chlorogenic acid (), neochlorogenic acid ([]), caffeic
acid  ([1J); recovered in water/ethanol (80:20) fraction: chlorogenic acid (B5), neochlorogenic acid (B),
caffeic acid (B). (b) Glycoalkaloids; in crude extract: a-chaconine (B ), a-solanine (E),solanidine (&);
recovered in water/ethanol (20:80) fraction: (E#) a-chaconine, o-(8#) solanine, (&) solanidine. Data are
means = standard deviations (n=3). Significant differences were determined by one-way ANOVA
followed by Holm-Sidak method for multiple pairwise comparisons (P < 0.05). Comparisons between
extraction and separation were performed for each compound. * Indicates significant difference in the
recovery after fractionation compared to the crude extract.

For complete elution, phenolic compounds and glycoalkaloids required 10 and 8 mL of
solvent, respectively (data not shown). The fractionation allowed complete recovery of
glycoalkaloids and no hydrolysis to solanidine was observed. There was no significant difference
between the amount of glycoalkaloids before and after fractionation.The concentration of
glycoalkaloids in the fraction containing phenolic acids was below the detection limit of 3.2, 5.4
and 0.01 pg/L of a-chaconine, solanine and solanidine respectively. Vice versa, the
concentrations of phenolic acids in the glycoalkaloids fraction were below their respective

detection limits.
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4.3.6. Alkaline hydrolysis of the potato peel extract followed by fractionation of
phenolic acids and glycoalkaloids

The extract obtained from solvent C was subsequently subjected to alkaline hydrolysis
and fractionated by solid-phase extraction. The crude extract, the hydrolysed extract and the
recovered fractions were analyzed by UFLC-MS. The initial extract contained 226 pmol
chlorogenic acid/100 g potato peel FW and 37 pumol neochlorogenic acid/100 g of potato peel
FW. After alkaline hydrolysis, no chlorogenic acid isomers were detected and the extract
contained 179 pmol caffeic acid/100 g potato peel FW. After fractionation, 139 pumol caffeic
acid/100 g potato peel FW were recovered. In order to evaluate the efficiency of the hydrolysis
and the recovery after fractionation, the amounts in umol/100 g potato peel FW of chlorogenic
acid, neochlorogenic acid and caffeic acid present in the initial extract were summarized and
compared to the yield of caffeic acid after hydrolysis and after hydrolysis and fractionation. If
the reaction efficiency and the recovery after fractionation were both 100 %, these three values
should be equal. There was a significant difference between the sum of the three initial
compounds and the yield of caffeic acids after hydrolysis. However, no significant difference
was observed between caffeic acid after hydrolysis and after hydrolysis and fractionation. To
evaluate whether alkaline hydrolysis results in the loss of caffeic acid, a chlorogenic acid
standard was subjected to alkaline hydrolysis. After hydrolysis, 44% of the molar concentration
of chlorogenic acid was recovered as caffeic acid, indicating high losses of caffeic acid during
hydrolysis.

Following alkaline hydrolysis, the amount of a-chaconine and a-solanine significantly
decreased to about 50% of their initial quantity (Fig. 4-6). Moreover, no solanidine was detected

in the hydrolysed extract, indicating not only hydrolysis but also degradation of these alkaloids.

82



CHAPTER 4

However, the recovery of glycoalkaloids did not change significantly after hydrolysis compared

to after hydrolysis and fractionation.
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Figure 4-6. Phenolic acids and glycoalkaloids recovered after extraction (E), extraction and alkaline
hydrolysis (E+H) and extraction, alkaline hydrolysis and fractionation (E+H+F). (a) Phenolic acids:
Chlorogenic acid (B), neochlorogenic acid (), caffeic acid ([J). (b) Glycoalkaloids: a-
chaconine (E#), a-solanine (2 ). Data are means * standard deviations (n=3).Significant differences
were determined by one-way ANOVA followed by Holm-Sidak method for multiple pairwise
comparisons (P < 0.05). For panel (a) since hydrolysis of chlorogenic and neochlorogenic acids releases
caffeic acid, the summarized amounts of chlorogenic, neochlorogenic and caffeic acids were compared to
the amount of caffeic acid recovered after extraction and alkaline hydrolysis, and after extraction, alkaline
hydrolysis and fractionation. For panel (b) the yield of each compound was compared between extraction,
extraction and alkaline hydrolysis and extraction, alkaline hydrolysis and fractionation (capital letters
were used to compare amounts of a-chaconine and non capital letters to compare a-solanine). Different
letters in the same panel indicate significant difference. Solanidine was not quantified after hydrolysis,
since its concentration was below the lowest concentration of the calibration curve.

4.3.7. Purity of extracts

To obtain an approximation of the purity of the extracts regarding the amount of the
phenolic compounds in it before and after hydrolysis, the percentages of the compounds were
calculated related to the total peak area of the chromatograms at 280 nm and 210 nm. These
wavelengths were used since not only hydroxycinnamates, which are selectively detected at 320
nm, but a wide range of compounds have absorbance at this wavelength. Before alkaline

hydrolysis, the summarized amounts of neochlorogenic acid, chlorogenic acid and caffeic acid
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accounted for 75% and 69% of the material absorbing at 280 nm in the crude extract and
phenolic acids fraction, respectively. In the hydrolyzed phenolic acids fraction, caffeic acid
accounted for 80% of the UV absorbance at 280. At 210 nm and before alkaline hydrolysis,
neochlorogenic acid, chlorogenic acid and caffeic acid together accounted for 74% and 59% in
the crude extract and the phenolics fraction. After alkaline hydrolysis, caffeic acid in the
phenolic acids fraction was equivalent to 72% of the total material absorbing at 210 nm.

4.4. Discussion

This study compared the recovery of phenolic acids and glycoalkaloids from fresh potato
peels comparing a water/methanol-based solvent and two water/ethanol-based solvents.
Additionally, the suitability of solid phase extraction with ethanolic solvents for the fractionation
of phenolic acids and glycoalkaloids was evaluated. The recovery of phenolic acids without
modification or after alkaline hydrolysis of chlorogenic acid isomers into caffeic acid was
analysed. UFLC analysis was used for quantification of phenolic acids and UFLC-MS analyses
were used for identification of phenolic acids and identification and quantification of
glycoalkaloids.

The three solvent systems resulted in comparable recoveries of bioactive compounds.
Among the solvents that were evaluated in this study, solvent C with the highest proportion of
water (46% water) is the most environmentally benign and least costly alternative. The recovery
of chlorogenic, neochlorogenic and caffeic acids (Fig. 4-3) reported in this study is two- to
threefold higher compared to data in the literature. Rodriguez de Soltillo et al. (2006) found 24-
30 mg/100 g of chlorogenic acid and 1.4-2.7 mg/100 g of caffeic acid from fresh potato peels
and also reported the presence of protocatechuic and gallic acids. Mattila and Hellstrom (2007)

detected mainly chlorogenic acid (15 to 26 mg/100 g) and caffeic acid (4.1 mg/100 g to 4.4
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mg/100 g) from fresh potato peels. Because the profile and quantity of phenolic compounds
varies with the plant source, variety, season, climate, and several other factors, these differences
likely represent different levels of phenolic compounds in the raw material used. The recovery of
glycoalkaloids obtained in this study (Fig. 4-3) is well in agreement with previous studies, which
achieved between 0.9 to 37 mg/100 g of a-chaconine and from 0.4 to 17 mg/100 g of a-solanine
in fresh potato peels (Friedman et al. 2003).

Consecutive extractions of potato peels revealed that 97%, 94% and 89% of chlorogenic
acid, neochlorogenic acid, and caffeic acid, respectively, were recovered after the second
extraction, indicating that the extraction is more efficient for chlorogenic acid than for caffeic
acid. Higher amounts of caffeic acid in the third extraction are not likely to be resultant of the
hydrolysis of bound phenolic components in potato peels to hydroxycinnamatesas, as reported by
Nara et al. (2006), since no hydrolysis was observed when a chlorogenic acid standard was
extracted under the same conditions as the samples (data not shown). Therefore, the higher
efficiency for extraction of chlorogenic acid is attributable to the higher affinity of the solvents to
dissolve this compound that is more polar than caffeic acid. Between 95% to 99% of all
glycoalkaloids were extracted after the second extraction. This indicates that in general, two
consecutive extractions with solvent C are sufficient for the recovery of more than 90 % of the
total bioactive secondary metabolites from potato peels.

Alternative procedures for the extraction of bioactive compounds from plants include
subcritical water extraction, which eliminates the need for organic solvents. Subcritical water
was used to extract phenolic compounds from bitter melon (Budrat & Shotipruk, 2009),
rosemary plants (Ibafiez et al., 2003) and oregano (Rodriguez-Meizoso et al. 2006). This process

employs high pressure and high temperature and thus accelerates chemical reactions including
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the release of bound phenolic compounds and the degradation of caffeic and chlorogenic acid.
Singh and Saldafa (2011) compared the recovery and profile of phenolic acids extracted from
potato peels using subcritical water extraction to the recovery achieved with methanol extraction.
The total amount of phenolic acids obtained from subcritical water extraction was significantly
higher (81 mg/100 g FW) compared to the methanol extracts (46 mg/100 g FW) and ethanol
extracts (30 mg/100 g FW). Nevertheless, the recovery of chlorogenic and caffeic acids with
subcritical water was only 50% and 75%, respectively, compared to methanol extraction. In
contrast, subcritical water extracted hydroxybenzoic acids, which were not recovered with
methanol. Similarly, catechin was extracted from bitter melons with subcritical water but not
with solvent extraction (Budrat & Shotipruk 2009). The amount of phenolic acids reported in this
study cannot directly be compared to literature data because of the variability in the content of
phenolic compounds in the feedstock. However, the use of acidified solvents significantly
increased the recovery of phenolic compounds when onion waste was extracted (Khiari, Makris
& Kefalas, 2009). Moreover, the use of acidified ethanolic solvents avoids side reactions and the
resulting extract is relatively pure and stable. As shown by purity analysis, the methods utilized
in this study generate relative pure mixtures, consisting mainly of chlorogenic and caffeic acids.
Solid phase extraction of the crude extract containing phenolic compounds and
glycoalkaloids allowed complete recovery of all target compounds. Slight increases in caffeic
acid after fractionation may indicate hydrolysis of a small fraction of chlorogenic acid and other
phenolic compounds present in low quantities. The reason might be that fractionation was carried
out at pH 7 and ester hydrolysis occurs faster in alkaline conditions (Kim et al. 2006) In contrast,
glycoalkaloids were stable during fractionation, and hydrolysis to the aglycone solanidine was

not observed. Previous attempts to separate glycoalkaloids and phenolic acids from potato peel
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extract by alkaline precipitation of glycoalkaloids resulted in degradation of 30 % of phenolic
compounds and 90% of glycoalkaloids (Rodriguez-Saona, Wrolstad & Pereira, 1999). In
addition, the amount of solvent required for elution of both fractions is relatively small and
comparable with other protocols carried out with acetonitrile (Machado et al. 2007; Abreu et al.
2007). Therefore, solid phase extraction performed in this study results in a significant
improvement in the recovery of phenolic compounds and glycoalkaloids as separate fractions.
Alkaline hydrolysis of the crude extract achieved virtually quantitative hydrolysis of
chlorogenic and neochlorogenic acids. However, the recovery of caffeic acid represented only
57% of the theoretical yield, indicating degradation of caffeic acid during hydrolysis.
Degradation of caffeic acid was also observed during alkaline hydrolysis of a standard in the
same conditions as performed for the extract. Although alkaline hydrolysis is a common method
for the determination of bound phenolic acids (Kim, Tsao, Yang & Cui, 2006; Mattila &
Kumpulainen, 2002), degradation of more than 50% of caffeic acid during hydrolysis of
chlorogenic acid has been reported (Krygier et al. 1982; Maillard & Berset, 1995; Nardini et al.
2002). Under alkaline conditions, o-dihydroxy benzenes are oxidized to their corresponding
quinones when oxygen is present. The degradation of caffeic acid during alkaline hydrolysis can
be mitigated by the addition of antioxidants such as ascorbic acid, or by chelating metal ions
with EDTA (Nardini et al., 2002). Enzymatic hydrolysis with bacterial esterases is also an
alternative to increase caffeic acid recovery. Lactobacilli have the strain-specific capacity to
hydrolyze chlorogenic acid (Rodriguez de Soltillo et al., 1998; Sanchez-Maldonado et al., 2011)
and hydroxycinnamoyl esterases of lactic acid bacteria were recently characterized
(EstebanTorres et al. 2013). It is recommended to find a suitable method for quantification of

low concentrations of quinic acid in order to evaluate the yield and stability of this compound
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after hydrolysis and fractionation, since the detection limit of the method used in this study was
above the concentrations in the extract.

Glycoalkaloids and solanidine were also degraded during alkaline hydrolysis. However,
all glycoalkaloids present in the hydrolyzed extract were recovered using solid phase extraction,
indicating no degradation at pH 7. Rodriguez-Saona et al. (1999) reported minimum precipitation
of glycoalkaloids in a potato peel extract at pH 7 but increased precipitation at pH above 8.
Quantitative recovery of glycoalkaloids thus requires solid-phase extraction prior to alkaline
hydrolysis of chlorogenic acids.

Caffeic acid, a product of chlorogenic acid hydrolysis, has demonstrated substantial
antimicrobial activity (Sanchez-Maldonado et al. 2011), and both chlorogenic and caffeic acids
have been highly correlated to the antioxidant activity of potato peel extracts (Nara et al. 2006).
Therefore, due to their purity and stability, the phenolic acid fractions obtained in this study
before or after hydrolysis can likely be applied as food preservatives. In addition, solid phase
fractionation provided a high recovery of glycoalkaloids from potato peels, allowing their
utilization as raw materials in the pharmaceutical industry.

This study demonstrates that acidified ethanol-based solvents efficiently recover phenolic
acids and glycoalkaloids from potato peels and are thus suitable alternatives to the use of
environmentally harmful solvents, allowing the recovery of valuable plant secondary metabolites
from potato peels. Simultaneous fractionation and hydrolysis of esterified phenolic acids was
also achieved. However, use of antioxidants during alkaline hydrolysis or enzymatic hydrolysis
should be considered to allow quantitative recovery of caffeic and quinic acids. Hydrolysis
should be performed preferably after fractionation of phenolic acids and glycoalkaloids to avoid

degradation of the latter compounds. Solid-phase extraction of phenolic acids and glycoalkaloids
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is a suitable method that will allow the use of phenolic acids extracts as food preservatives
without any toxicological concerns, while recovered glycoalkaloids can be utilized for
pharmaceutical purposes. Thus, this study provides a valuable contribution to sustainable
production by assiting with the utilization of by-products as a source of biologically active

compounds.
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5.1 General Discussion

The food industry is challenged by the consumer’s demand of products with fewer
additives and the highest quality and safety (Sloan 2014; Tiwari et al. 2009; Cleveland et al.
2001). Recent outbreaks caused by foodborne pathogens as well as the high consumption of
chemical food preservatives, have augmented the safety concerns associated with current food
preservation approaches (Cleveland et al. 2001). Substitution of chemical additives by natural
components is a challenge for food technologists, since chemical additives simplify processing,
enhance organoleptic properties, extend shelf life and ensure safety of the products. In addition,
the disposal procedures for food processing waste, which usually include landfilling or
incineration, can be significantly costly and damaging for the environment (Kim and Kim 2010).
Consequently, the development of natural ingredients and the implementation of alternatives for
waste utilization are currently two important issues for the food industry.

The recovery of phytoalexins and phytoanticipins and their enzymatic derivatives from
food by-products and their application as preservatives would offer significant rewards for the
food industry. It might allow the creation of foods with long shelf-life and enhanced sensory
features that contain mostly natural constituents while mitigating environmental problems caused
by discarded plant parts, such as seeds, peels and bran of cereals.

In order to use new antimicrobials in foods, the industry requires information to address
specific points, including: (i) Mode of action of the antimicrobial compound (inhibitory
spectrum, structure-function relationships, effects on microorganisms, interactions with other
chemicals in foods). (ii) Sustainable and economical methods to recover active compounds or

food extracts. (iii) Acceptance by consumers.
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The utilization of phytoalexins, phytoanticipins and their enzymatic derivatives is
hampered by the lack of knowledge related to these points. Therefore, this thesis aimed to
improve the understanding of the antimicrobial mode of action of phenolic acids and
glycoalkaloids occurring together in some plants. Moreover, it aimed to develop an
environmentally friendly method using water/ethanol-based solvents for their recovery and
fractionation from industrial waste; with the purpose of obtaining phenolic extracts free of toxic
glycoalkaloids and glycoalkaloid extracts for pharmaceutical purposes.

The results of this project with respect to the mode of action of phenolic acids highlight
their outstanding potential as food preservatives. Although glycoalkaloids are not suitable for
food applications because of their toxicity, the procedures used in this work for the investigation
on their antifungal mode of action can be transferred to other natural extracts as part of their
validation process.

Validation is the first step before the commercialization of antimicrobials. Challenge tests
are generally used during antimicrobials validation, since experimentation in the laboratory
cannot mimic the conditions in the final products (Baranyi and Roberts 2000). Factors
considered include selection of culture media and microorganisms, preparation of the inoculum,
maintenance of organisms, changing conditions during growth and aeration of bacteria and
sampling (Baranyi and Roberts 2000). In most cases, determination of the inhibitory spectrum
would be the first step in looking for the mode of antimicrobial action, by distinguishing
sensitive microorganisms from insensitive (Engels et al. 2011; Schwaber et al. 2005). For
phenolic acids, this was done previously (Cueva et al. 2010). However, in this thesis the
variability of resistance of lactic acid bacteria and other species to phenolic acids was screened.

Furthermore, to our knowledge this is the first work that studies several fungal phytopathogenic
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and spoilage strains for sensitivity to glycoalkaloids. The differences found in the resistance of
the microorganisms to a-chaconine provide essential information for designing future research
trials for their potential utilization as antifungal agents in non-food systems.

Studying single pathogens allows the assessment of specific effects of an antimicrobial
(Baranyi and Roberts 2000). This was accomplished by studying the susceptibility of few
bacterial strains to several phenolic acids at different pH values and the metabolism of these
compounds by lactic acid bacteria. In addition, specific information was obtained by
investigating the interaction between glycoalkaloids and phenolic acids as antifungals and their
effects on the membrane polarity of five selected strains with different resistance.

The knowledge of the structure-function relationship is crucial for determination of
applications of food antimicrobials. Mango gallotannins are an example. The antimicrobial
activity of gallotannins is compromised by iron and proteins (Engels et al. 2011; Engels et al.
2012), which limits their application in protein-rich or iron-rich foods such as dairy products or
meat. However, knowledge of the mode of action allowed the successful application as a
biopreservative on ready-to-eat produce (Engels et al., 2012). This thesis investigated the
structure-function relationship of antimicrobial glycoalkaloids and phenolic compounds. For
potato glycoalkaloids, the results supported the action mechanisms proposed by Keukems et al.
(1995), regarding the importance of the interaction between the aglycone and membrane sterols
and the complex formation by the sugar moieties. In addition, a relationship between structure of
fungal sterols and resistance to glycoalkaloids was found.

The structure-function relationship of phenolic acids was related to the pH of the matrix,
which is a key factor for their application as food preservatives. Hydroxycinnamic acids are less

dependent on the pH for their activity. Therefore, they are suitable for less acidic foods. In
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contrast, hydroxybenzoic acids require low pH values to be active. The results indicated that
depending on the pH, the antimicrobial activity of these compounds can be comparable to that of
benzoic acid. The MICs of phenolic acids at pH 5.5 against E. coli and B. subtilis ranged from
0.12 to 0.49 and from 0.13 to 0.64, respectively, whereas the MICs of benzoic acid against E.
coli and B. subtilis were 0.12 at pH 5.6 and 0.5 at pH 6.3, respectively (Chipley 2005). This
shows the suitability of phenolic acids as substitutes for chemical antimicrobials currently used
in food, including benzoic and sorbic acid. Likewise, their interaction with lactic acid bacteria
was explored. The results indicated that lactic acid bacteria are more resistant than E. coli and B.
subtilis, likely due to their ability to metabolize phenolic acids as a strain-dependent
detoxification mechanism. This information is important with respect to control of lactic acid
bacteria spoilage in non-fermented (Samelis et al. 2000) and fermented (Suzuki et al. 2006)
foods and for selection of starter cultures in fermented products (Rodriguez et al. 2009; Svensson
et al. 2010), where the metabolic pathways influence the quality of the products (Teixeira et al.
2014).

Environmental approaches and reduction of costs are necessary when developing new
processing technologies. A methanolic extraction of potato phenolic acids and glycoalkaloids for
industrial applications is ecologically detrimental and the treatment of the toxic residues is
expensive. Moreover, extraction with methanol recovers phenolic compounds mixed with toxic
glycoalkaloids, which prevents their use as food additives. As a solution, the research presented
in this thesis accomplished the development of a sustainable method using innocuous solvents
for recovery and separation of phenolic acids and glycoalkaloids from plant matrices. In

addition, although glycoalkaloids are not suitable for food applications, their aglycones can be
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utilized for the synthesis of steroidal hormones (Nikolic and Stankovic 2003), which makes
worth their recovery.

When offering new food products and technologies, the main factors for acceptance by
the consumers are the perception of benefit, risks and naturalness (Siegrist 2008). The labeling of
a food product, including the ingredient list, is an important determinant for its success in the
market (McCluskey and Loureiro 2003). A label that includes natural plant extracts as
ingredients certainly creates a more natural and beneficial perception of the products. The use of
food grade solvents for obtaining phenolic acid fractions allows their direct application in foods,
and facilitates their labeling as natural ingredients. Bacteriocins are examples of natural
preservatives which are already used. They are labeled as “natural preservatives” in countries of
the European Union (Cleveland et al. 2001). Another example is fermented celery extract used in
natural and organic cured meat products. It substitutes the addition of nitrites by fermenting
nitrate-rich celery extract with a nitrate-reducer culture, making a safe product by inhibiting
Clostridium botulinum growth (Sebranek et al. 2012; Sullivan et al. 2012).

5.2 Conclusions

Overall, the results of this project are consistent with the hypotheses that differences in

the structure of phenolic acids account for variances in their mode of action, the structure of
glycoalkaloids affects their antifungal activity, and differences in the chemical structure of
plant secondary metabolites allow their recovery and separation. Moreover, the findings of
this work provide valuable knowledge for future research trials leading to the successful
application of natural plant extracts from food by-products as preservatives, which is highly

promising. This will allow the development of natural products of high quality and
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acceptance by the consumers while diminishing waste disposal costs and generation of

organic solvents waste, which may contribute to the preservation of the environment.

96



APPENDIX

97



APPENDIX

Ergostol,E,F

115

95

75

55

Absorbance, mAU

35

15 A

Y

900 10 20 30 40 50 60 7.0 80 90 10.0 11.0 12.0 13.0 140 150
Time, min

Figure A-1. Chromatogram of the sterols found in P. roqueforti, which contains all the sterols
present in the strains investigated. The wavelength was 208 nm.
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Figure A-2. Mass spectra of the sterols detected in the fungal membranes; compounds are: A, B,
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