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Abstract

The germination of legume seeds in the presence or absence of stress factors was studied
with respect to compositional changes in prenylated isoflavonoids and stilbenoids.
Different strategies were applied using (i) different types of legume seed, (ii) different
stress factors i.e. biotic, abiotic and their combination, and (iii) different time point of
application of the fungus. Mass spectrometric tools to better characterize the position of
prenyl groups in the molecules were optimized. Isoflavonoids and stilbenoids appeared
more inducible than flavonoids. Fungus was a more effective stress factor than light and
wounding. The impact of fungus might be enhanced by combining it with other stress
factors; the combination of fungus and light was more promising than that of fungus and
wounding. The seeds of various legume species appeared to respond differently towards
elicitation by Rhizopus during germination. The kind of molecules induced followed the
phylogenetic relationship of the various species, but their amounts induced during
germination, alone or combined with elicitation, did not. In terms of quantities of
compounds induced, some species such as Glycine max, Phaseolus spp., Lupinus spp. and
Arachis hypogaea were more promising than Vigna spp., Lablab purpureus and
Psophocarpus tetragonolobus. Moreover, the fact that Rhizopus and Aspergillus could
metabolize the stilbenoids induced during the process of simultaneous germination and
elicitation of peanut seedlings showed that the type of fungus was a crucial parameter for

optimizing accumulation of potentially bioactive compounds.
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Chapter 1

General Introduction

BACKGROUND

The family of Leguminosae comprises most of the common edible seed species. During
germination of legume seeds, often compounds are accumulated, which either support or
protect the growing seedlings.!! The accumulation of these molecules can be further
induced by exposing the germinating seeds to stress. The stress factors can be of a different
nature, such as microbial elicitors, UV irradiation or chemicals. Activation of plant defense
responses results in accumulation of anti-microbial compounds, so-called phytoalexins.! It
is generally accepted that phytoalexins have health-promoting potential. This is not only
because they often have anti-oxidant activity, but also because some of them are regarded
as hormone look-alikes that offer opportunities for treating hormone-related diseases.””! Due
to the interest in those health-promoting compounds, a method to increase isoflavonoid
content and diversity of legume seeds has been previously developed in our laboratory.™
The method consisted of two steps, malting and challenging of the seedlings by fungus,
performed under controlled conditions using a micro-malting machine, often employed in
the brewing industry. The method was applied to soybean using Rhizopus microsporus as
an elicitor. The composition and total content of isoflavonoids in the elicited soybean
seedlings were changed drastically upon the treatment. The elicited soybean seedlings
accumulated phytoalexins belonging to the isoflavonoid subclasses of pterocarpans and
coumestans, most of which were prenylated.”! These phytoalexins appeared to have
promising health-promoting or pharmaceutical properties, the estrogenic potential of which
(i.e. the ability to bind to human estrogen receptors to direct transcriptional activity, as
observed with the female sex hormone estradiol) was particularly of interest to us.!! To
obtain a larger set of molecules for unravelling the structure-activity relationships of
prenylated isoflavonoids with respect to estrogenic potential, the induction method was
optimized and extrapolated to various legume species. The research described in this PhD
thesis deals with the structural elucidation and quantification of the compounds induced
with the protocol of combined malting and elicitation by fungus.
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TAXONOMIC RELATIONSHIP OF ECONOMICALLY IMPORTANT LEGUMES

The Leguminosae (legume) represents one of the most exploited plant families worldwide
by human.””! Legumes have been domesticated for food and non-food purposes. Based on
their main use, legume seeds can be categorized into five groups: dry-grain legumes, green-
vegetable legumes, whole pod legumes, oil-bearing legumes and nitrogen-fixation legumes
(Table 1). Dry-grain legumes refer to legumes of which the dry seed is consumed. Most of
common legumes, such as Cicer arietinum (chickpea), Lens esculenta (lentils) and Vicia
faba (broad bean), are in this category. This category differs from green-vegetable legumes,
which are consumed while the seeds are still green and not dried, such as Pisum sativum
(green peas). The whole pod legumes are also harvested when they are very young, but they
are consumed as a whole, including the pods, such as Psophocarpus tetragonolobus
(winged beans). The oil-bearing legumes are mainly used for oil extraction, such as Glycine
max (soybean) and Arachis hypogaea (peanut). Trifolium species (clover) and Medicago
sativa (alfalfa) are used mainly for nitrogen fixation. Nevertheless, the classification is not
unambiguous, as in common use, some legumes might be categorized differently. The 2013
production quantities of the legume commodities in the world are shown in Table 1.
Amongst legume commodities, soybean is the most cultivated one, up to 70% (w/w) of the
total production of legume crops (Table 1).

The family of Leguminosae is the third most species-rich among flowering plants,
comprising approximately 19,325 species and 727 genera.®! Three subfamilies are
distinguished in the Leguminosae: Caesalpinioideae, Mimosoideac and Papilionoideae.
These three subfamilies are further divided into 36 tribes.®! The Papilionoideae is the
largest subfamily with 28 tribes, 478 genera and 13,800 species, including economically
important commodity legumes. The legumes used in this PhD research were
phylogenetically scattered over several different tribes within the Papilionoideae.” * For
instance, Lupinus and Arachis genera are in the Genisteae and Dalbergicae tribes,
respectively. Phaseolus, Vigna, Lablab, Psophocarpus and Glycine genera are in the
Phaseoleae tribe, whereas Lens, Vicia and Pisum genera are in the Fabeae tribe.
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Table 1. Production of legume commodities in 2013. Source: Food and Agriculture Organization of
the United Nations (FAO) database (http://faostat3.fao.org).

FAO categories Main use Production Species belonging to the FAO categories
categories (x10°tonnes) Scientific names Common names
Alfalfa N, fixation n.a’ Medicago sativa Alfalfa
Bambara beans Dry-grain 244 Vigna subterranea Bambara groundnut
Beans Dry-grain 23139
Phaseolus aconitifolius ~ Moth bean
Phaseolus acutifolius Tepary bean
Phaseolus aureus Mungo bean
Phaseolus calcaratus Rice bean
Phaseolus coccineus Scarlet runner bean
Phaseolus lunatus Lima bean
Phaseolus vulgaris Kidney bean
Vigna angularis Adzuki bean
Vigna mungo Black gram
Vigna radiata Mung bean
Broad beans Dry-grain 3398
Vicia faba var. equina Horse bean
Vicia faba var. major Broad bean
Vicia faba var. minor Field bean
Chick peas Dry-grain 13102 Cicer arietinum Chick pea
Clover N, fixation n.a’ Trifolium spp. Clover
Cow peas Dry-grain 5718 Vigna unguiculata Cowpea
Groundnut Oil bearing 45225 Arachis hypogaea Groundnut
Lentils Dry-grain 4952 Lens esculenta Lentil
Lupins Dry-grain 786 Lupinus spp. Lupin
Peas Green-vegetable 10980
Pisum arvense Field pea
Pisum sativum Garden pea
Pigeon peas Dry-grain 4742 Cajanus cajan Pigeon pea
Pulses Dry-grain 5212
Canavalia spp. Jack bean
Cyamopsis Guar bean
tetragonoloba
Pachyrrhizus erosus Yam bean
Stizolobium spp. Velvet bean
Lablab spp. Lablab
Soybeans Qil bearing 276406 Glycine max Soybeans
Vetches Dry-grain 735 Vicia sativa Spring vetch

“n.a.: Data were not available.

PHENOLIC COMPOUNDS IN LEGUME SEEDS

The major phenolic compounds of legume seeds belong to the classes of phenolic acids and
(iso)flavonoids.™ ' Other classes of phenolics are found less frequently in legumes seeds.
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In this thesis, we focus on flavonoids, isoflavonoids and stilbenoids. These classes are
derived from the same precursor, a polyketide unit, which is built by elongation of one
cinnamoyl coenzyme A (cinnamoyl-CoA) unit (derived from the shikimate pathway) with
three molecules of malonyl-CoA (derived from the acetate pathway) (Figure 1).
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Figure 1. Biosynthetic formation of the related classes: stilbenoid, flavonoid and isoflavonoid, dealt
with in this thesis.

For flavonoids, the polyketide precursor undergoes an intramolecular Claisen condensation,
resulting in chalconenaringenin (2°,4°,6’,4-tetrahydroxychalcone) or, via an additional
reduction step, in isoliquiritigenin (2’°,4’,4-trihydroxychalcone). This reduction step has
been associated with reductase acting in concert with chalcone synthase.''! The two
chalcones are transformed into flavanones naringenin (5,7,4-trihydroxyflavanone) and
liquiritigenin (7,4’-dihydroxyflavanone), and subsequently into an array of flavonoid
derivatives (Figure 1).!'"'? Isoflavonoids contain a rearranged flavonoid skeleton in which
the shikimate-derived ring (B-ring) has migrated to the adjacent carbon of the heterocycle
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(C-ring).""! Tsoflavones are derived from the flavanones naringenin and liquiritigenin by
two consecutive steps. The first step, the so-called aryl rearrangement, converts the
flavanones naringenin and liquiritigenin into 2,5,7,4’-tetrahydroxyisoflavanone and 2,7,4’-
trihydroxy-isoflavanone, respectively (Figure 1).% ' ¥ The first step, performed by
isoflavanone synthase (2HIS), involves the C-3 hydrogen abstraction of the benzopyran
moiety, followed by migration of the aromatic B-ring from the C-2 to the C-3 with a
concomitant C-2 hydroxylation.[ﬁ’ 13-141 The second step consists of a dehydration reaction,
performed by isoflavanone dehydratase (2HID), converting the isoflavanones into the
isoflavones genistein or daidzein (Figure 1).1 ¥ These two isoflavones are considered as
the key elements in the structural diversification of isoflavonoids. Stilbenoids result from
an aldol condensation in the polyketide precursor (Figure 1). Different from
(iso)flavonoids, the skeleton of a stilbenoid is shortened by one carbon unit through
decarboxylation to form resveratrol (Figure 1).1'?! The formation of stilbenes is known to

use one single enzyme, stilbene synthase (STS).['™

Flavonoids

A wide variety of flavonoids (2-phenyl benzopyrans) is found in legumes.!" Five subclasses
are made from the basic flavanone skeleton: flavone, flavonol, flavanol, flavanonol and
anthocyanidin (Figure 2).'" ' Modifications, such as hydroxylation, alk(en)ylation
(including methylation and prenylation) and glycosylation, increase the range of

compounds.'
o @
QL. GQ
anthocyanidin \ﬂavanone

flavanol flavanonol flavonol

Figure 2. The biosynthetic relationship among several representative flavonoid subclasses.

Flavonoids found in the seeds or seed coats of legumes occur mainly in glycosylated form.
Phaseolus vulgaris seeds, for instance, contains mainly flavonol glycosides, i.e. kaempferol
and quercetin O-glycosides,!'”’
i.e. apigenin C-/O-glycosides. The total content of flavonoids in legume seeds varies by
species, but often it is in the range of 0 to 0.3 mg/g dry weight!"*! (recalculated from fresh

whereas Vigna radiata contains mainly flavone glycosides,
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weight using a water content of 65-70% (w/w))'’). Nevertheless, some legume seeds, such
as Phaseolus vulgaris and Vigna radiata, have been reported to contain larger amounts of
flavonoids, i.e. 0.6 to 2.5 and 0.6 mg/g dry weight, respectively.!'”-*"!

Isoflavonoids

The class of isoflavonoids (3-phenyl benzopyrans) is characterized by large structural
variation due to different degrees of oxidation and the presence of extra heterocyclic rings,
i.e. the subclasses of pterocarpans, coumestans, coumaronochromones and rotenoids are
characterized by an additional D-ring (Figure 3).® ?" 22 These latter variations are not
encountered in the class of flavonoids. The loss of the 5-hydroxyl group on the isoflavonoid
skeleton, hydroxylation, methylation, methylenedioxy-bridge formation, prenylation, and
glycosylation enlarge the structural variation.*”)

8 1 8 6
7 o|2 > 9 0L 05 0 0
v : 12 =
ey S, C
O ¢ 4 O 1 3 HO

isoflavone® rotenoid 2-phenyl-benzofuran
: . s
O OI OH O. OH O. 00 3 O6 O
—Q -0 — QL Lk
28
© . . ° HO HO 101 10 ?
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| > > 6a 7
@ ) D G
o] OH HO 110 N 9
coumaronochromone isoflavan-4-ol isoflavan pterocarpan

Figure 3. The biosynthetic relationship among several representative isoflavonoid subclasses.
Subclasses without numbering system have the same system as in isoflavone.

Different from flavonoids, the majority of isoflavonoids has been found in the family of
Leguminosae. Nonetheless, at least fifty-nine non-leguminous families have been
reported to contain isoflavonoids.”¥ The occurrence of isoflavonoids in legume seeds is
mainly associated with the plant’s defense mechanism. The isoflavone content of legume
seeds can be affected by variety (cultivar) and environmental factors.””! Soybeans, for
instance, are known as one of the richest sources of isoflavones. The major isoflavones
found in soybean are conjugated forms (glucosides, acetylglucosides, or
malonylglucosides) of daidzein and genistein. The isoflavone content is highly variable and
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ranges usually between 0.2 and 2.0 mg/g dry weight, with occasional extremes up to 9.5
mg/g dry weight.[?"

Stilbenoids

Stilbenoids do not have a wide distribution in the plant kingdom. Phytochemical
investigation has hitherto focused mainly on a few families, such as Dipterocarpaceae,
Vitaceae, Cyperaceae, Gnetaceae and Leguminosae.”” > Peanut is the prominent example
of legumes that contains stilbenoids. Stilbenoids can be divided into two categories:
monomeric and oligomeric stilbenoids, the distribution of which varies depending on the
plant family. Monomeric stilbenoids have never been isolated from any of the
Dipterocarpaceae species, whereas stilbenoids found in Leguminoseae are predominantly in
monomeric form.””! Figure 4 shows the structures of the monomeric stilbenoids, i.e.
resveratrol, isorhapotigenin, piceatannol, oxyresveratrol. These four monomeric units can
be combined into a variety of homo- and hetero-oligomers.”® The two monomeric units
might be assembled in different ways, with up to four C-C and/or C-O-C cross-links
between them (Figure 5).**! This, combined with the various possible units, produces
structures with complex configurations and different degrees of oligomerization, creating a
huge number of oligomeric structures.”?

R1=R,=H resveratrol

R4=H, R,=OH piceatannol
R1=0H, R,=H oxyresveratrol
R1=H, R,=OCH3z=isorhapontigenin

Figure 5. Oligomeric stilbenoids assembled with different types of crosslinking.

Stilbenoids have attracted interest for their potential in therapeutic or preventive
applications in human health.”® Similar to isoflavonoids, the occurrence of stilbenoids in
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legume seeds is inducible. The resveratrol content in several peanut cultivars ranges
between 0.02-1.79 pg/g dry weight of peanut.*”

DERIVATIZATION OF PHENOLIC COMPOUNDS IN LEGUME SEEDS

Besides the more common substitutions, such as hydroxyl and O-methyl groups, phenolic
compounds can also be derivatized with larger substituents, such as prenyl groups and
glycosyl residues.

Prenylation of phenolic compounds

Prenylation refers to the substitution of a molecule with a five-carbon isoprenoid (prenyl; 3-
methyl-but-2-en-1-yl) group. In a more broad sense, prenylation also refers to the
substitution with other moieties originating from the isoprenoid pathway, including Cio-
isoprenoid (geranyl; 3,7-dimethyl-2,6-octadien-1-yl) or C;s-isoprenoid (farnesyl; 3,7,11-
trimethyldodeca-2,6,10-trien-1-yl). The prenyl groups are mainly attached to the C-atoms
of (iso)flavonoids, although O-prenylation also occurs in few cases.”” *'! With
isoflavonoids, C-prenylation occurs most frequently on ring A at positions C-6/C-8 and,
sometimes, on the B-ring at positions C-2°/C-3’ (Figure 3). Although this carbon
numbering accounts for most isoflavonoids, it should be noted that, according to TUPAC,
the carbon numbering of isoflavones differs from that of, for instance, pterocarpans and
coumestans (Figure 3). This might erroneously hint at different substitution patterns of
isoflavonoids, whereas they are actually the same. In pterocarpans and coumestans, the A-
ring C-6/C-8 and B-ring C-2’/C-5" positions of isoflavones are numbered C-2/C-4 and C-
7/C-10, respectively. The most frequent type of prenylation is represented by the 3,3-
dimethylallyl chain. Other forms of chains are known as well (Figure 6).*" The chain
prenyl substituent can be modified by oxidation or reduction, and subsequently by
dehydration or cyclization. The latter modification leads to either five (furan) or six-
membered (pyran) rings. Interestingly, some of the modifications were suggested to be
performed by fungi.*”

Prenylation is catalyzed by prenyltransferases. These are membrane proteins that are
located in plastids.”*! Only few (iso)flavonoid prenyltransferases from Leguminosae have
been characterized. These include (-)glycinol 4-methylallyltransferase (G4DT) from
Glycine max, naringenin 8-dimethylallyltransferase (SIN8DT) from Sophora flavescens,
genistein prenyltransferase (SfG6DT) from S. flavescens, isoliquiritigenin prenyltransferase
(SAILDT) from S. flavescens and isoflavone prenyltransferase (LaPT1) from Lupinus
albus.P*3% Some of these prenyltransferases have been reported to be substrate- and/or
regio-specific.”* LaPT1 seems to have a preference for the isoflavones genistein and 2’-
hydroxygenistein as an acceptor substrate, whereas isoflavones daidzein, formononetin,
biochanin A and 7-hydroxyisoflavone are less good acceptor substrates.**) G4DT
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exclusively prenylates the C-4 position of glycinol, a 6a-hydroxypterocarpan, and not the
C-2 position, another common position for prenylation of 6a-hydroxypterocarpans from
soybean seedlings.*

Chains

R Ao A A
G M e X M

Six-membered rings
OH
Five-membered rings

Moo e e e “yor
cor Aoy Ao Koy

Figure 6. C5-isoprenoid forms of phenolics naturally occurring in plants.

Glycosylation of phenolic compounds

Glycosylation is a key decoration in natural products from plants, resulting in chemical
complexity and diversity of compounds. It influences their chemical properties and
bioactivities.””) Glycosylation enhances water solubility. It provides stability through the
protection of reactive nucleophilic groups of the natural products and facilitates their
storage and accumulation in plant cells.”™ **! Glycosylation is also known as one of the
major factors determining natural product’s bioactivity and bioavailability.” In plants,
glycosylation involves uridine diphosphate glycosyl transferases (UGTs), a member of
family 1 glycosyl transferases (GTs).'””” The majority of the characterized UGTs utilize
UDP-glucose as the favored donor substrate. Other UDP-sugars, such as UDP-galactose,
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UDP-glucuronic acid, UDP-xylose and UDP-rhamnose, are also used by plant UGTs, albeit
less commonly.®” Glycosylation might occur on several types of atoms, including O-, C-,
N-, and S-atoms. Nevertheless, it remains to be established whether the same GT1 glycosyl
transferases are involved. In this thesis, only O- and C-glycosylation are relevant. Different
from O-glycosylation, in C-glycosylation the anomeric carbon of the glycosyl moiety is
directly attached to the phenolic skeleton. This results in resistance to hydrolysis by
glycosidases.!

IDENTIFICATION OF (1SO)FLAVONOIDS AND STILBENOIDS BY UHPLC-MS

Reversed-phase ultra-high-performance liquid chromatography (RP-U(H)PLC) coupled to
diode array detection (DAD) and/or mass spectrometry (MS) or tandem MS offers good
selectivity and sensitivity to analyze constituents of a complex extract without the need for
extensive sample preparation.*” *J DAD is an essential tool for the identification and
quantification of phenolic compounds. This technique records chromatograms at different
wavelengths simultaneously, resulting in UV-visible spectral data that can be compared to

library/references for either full identification or a compound’s subclass determination.™*
43]

Mass spectrometry is one of the most sensitive methods of molecular analysis. The mass
spectrum is produced by plotting the mass-to-charge (m/z) ratio of ions to their (relative)
abundance.”® “Soft” ionization techniques, such as electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI), have been frequently used to generate
ions from small plant metabolites, such as (iso)flavonoids. Soft ionization involves either
the protonation ([M+H]", positive ion (PI) mode) or deprotonation ([M-HJ, negative ion
(NI) mode) of the analyte.[”**) However, information about the m/z of the molecular ion is
insufficient to determine the structure. Therefore, collision-induced dissociation (CID) is
often employed to induce fragmentation of the charged analyte. In this way, structural
information can be retrieved upon analysis of the fragments by e.g. hybrid quadrupole time
of flight (Q-TOF) or ion trap (IT).*Y It is noteworthy that in certain cases, the mass
spectrometers mentioned generated different fragmentation patterns. Thus, the data created
by different methods are not necessarily comparable.[*¥

Identification of (iso)flavonoids

The UV spectral data of (iso)flavonoids are characterized by two absorbance bands that are
commonly referred to as Bands I and II. Band I (300-550 nm) is considered to be associated
with the absorption of the B-ring cinnamoyl system, whereas Band II (240-280 nm)
involves the A-ring benzoyl system (Figure 7).* ! The intensity and maximum
absorbance of the bands are influenced mainly by the size of the conjugated system, and, to

10
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some extent, by the oxygenation pattern of the moieties (Table 2).1*” *l Hence, the UV
spectral data can be useful information for subclass determination (Table 2).

Band Il

Figure 7. The two absorbance bands, referred to as Band | (associated with absorption of the B-ring
cinnamoyl system) and Band Il (associated with absorption of the A-ring benzoyl system).

Table 2. Representative spectral data of the main (iso)flavonoid subclasses.

uv
Flavonoid Isoflavonoid
Band | Band Il Retro-Diels Alder (RDA) fragmentsb Subclass
Flavonoid
300-380 240-280 3a/B", *’8", B Flavone
300-380 240-280 AT [V*B-2H], **A/BY, [M*B+2H] Flavonol
300-360°  270-295 2p% [+*B-2H]", [**B-H,0]" Flavanone
269-279 [**A-H,07", 8", “*A", [**B-H,0]" Flavan-3-ol
475-545 267-275 O3p*, %2p/B" Anthocyanidin
Isoflavonoid
300-340°  245-270 3a/B%, “A/B Isoflavone
300-360°  270-295 3p/B", %“B", 8" Isoflavanone
270-285 3a/B%, “A/BY, °A/B Isoflavan
280-310 24a/B%, Y a/BY, *fA/B* Pterocarpan
340-350 260-268° - Coumestan
330-347 260-268, - Coumaronochromone
280-289

“Shoulder or inflection.
b The numbers of the RDA fragmentation refer to the bond numbers as indicated.

The fragmentation pattern of many (iso)flavonoids has been systematically studied.
Generally, fragment ions resulting from the cleavage of the C-ring (often referred to as
retro-Diels Alder (RDA) reaction) and the neutral/radical losses occurring are used to
delineate the compound’s structure. Cleavage of the C-ring results in A-ring and B-ring

11
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fragment ions that provide information on the number and type of substituents of these
rings.*? The nomenclature used for fragmentation of the C-ring is based on the
nomenclature of carbohydrate fragmentation.’” A-ring and B-ring fragments are indicated
by either "A" and “B" or by YA and B for PI or NI mode fragmentation, respectively.”
The superscripts i,j represent the bonds that are cleaved in the C-ring, as indicated in Table
2. In the structural analysis of (iso)flavonoids, PI mode spectra are used more often than NI
mode spectra. The latter are considered to be more difficult to interpret than the former.!*”
The most common C-ring cleavage of (iso)flavonoids in PI mode is at the 1/3 bonds (Table
2). Nevertheless, the fragmentation of (iso)flavonoids appears to follow specific
degradation pathways, characteristic for each subclass, which is attractive to use for
identification purposes. Flavones and flavonols showed the fragmentation of the 0/2 bonds
that lack in the fragmentation of flavanones.”™*! Isoflavans and isoflavanones showed the
characteristic fragmentation of the C-ring through the 2/3 bonds in PI mode.’¥ The
neutral/radical losses are frequently related to the characteristic cleavage of substituents.
Thus, some studies (Table 3) have suggested the diagnostic neutral/radical losses to
determine groups attached to the (iso)flavonoid skeleton, e.g. glycosyl, malonyl, prenyl,
methoxyl and methylenedioxyl groups.

LC-MS has been used for identification and quantification of (iso)flavonoids in crude
extracts of various plant parts of legume species.”> *! This technique was also applied to
screen the change in content and composition of isoflavonoids during the induction
process.[s’ 37 Nevertheless, little information on fragmentation behavior of (iso)flavonoids,
prenylated forms in particular, is available. Recently, the diagnostic neutral losses have
been suggested to distinguish different type of prenyl substituents.” **! However, the
position of the prenyl substituent cannot be determined.

Identification of stilbenoids

Stilbenoids usually show UV absorption maxima at 280-336 nm.’”) As with many
phenolics, the UV spectral data of stilbenoids can be shifted by its substituents attached.
Furthermore, different isomers can occur as a result of the different configuration around
the double bond connecting the two rings (cis- or trans-isomers). These isomers can be
distinguished by their retention behavior with reversed-phase liquid chromatography and
UV absorption maxima. Generally, trans-stilbenoids are more polar and show a UV
absorption maximum at higher wavelength than cis-stilbenoids.®” The fragmentation
patterns of stilbenoids, other than those of resveratrol and piceatannol, have not been
described yet in any detail, particularly when they are substituted with prenyl or other
substituents, like arachidins."¢%
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Table 3. Neutral/radical losses in Pl mode of some representative substituents attached to
(iso)flavonoids.

Substituent Position Neutral losses Ref

C-Hexosyl-

0,C-Dihexosyl (1-52”) 180, 162 [63, 64]

Methoxyl-

Prenyl chain [55, 58]

2-Isopropenyl-dihydrofuran ring 42,70, 54, 15 [55, 58]

MODIFYING THE COMPOSITION OF PHENOLICS OF VARIOUS LEGUME
SEEDLINGS
The opportunities to modulate the content and composition of phenolic compounds are the

principle idea behind the research described in this thesis.® Germination has been reported
to increase the level of phenolics in legume seeds."” ®7'! The extent of enrichment in
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phenolics varies, depending on the type of legume seed, growth conditions and length of
germination period."®"! The content and composition of phenolics can be modulated
further by combining germination with stimulation of the defense response of the legume.”’
The exposure of seedlings to stress, which comprises both mechanical barriers and toxic
chemicals, can result in the mobilization of the plant’s defense mechanisms. The latter
mechanism includes a complex system of inducible defense molecules aimed at stopping
herbivores and pathogens, so-called phytoalexins.[74] Phytoalexins are defined as low
molecular mass (usually below 1000 Da) secondary metabolites, formed in plants via a
metabolic sequence induced either biotically or in response to chemical or environmental
factors.”) Some plants do not produce phytoalexins when challenged by pathogens, but
release chemicals that are normally stored as less toxic glycosides (so-called
phytoanticipins).” ™ 7 Activation of these compounds involves hydrolysis by
glycosidases, the activity of which can be induced by elicitation.” 7 78

Stimulation of defense response in various legume species

The compounds induced are often structurally unique and have chemotaxonomic potential.
Hence, they have been used to describe the relationships among geni or speci.”** Typical
phytoalexins of Leguminosae are isoflavonoids with characteristic species-specific
modifications in both their skeletons and their decorations (Table 4).**! The phytoalexin
isoflavonoid skeletons include isoflavone, isoflavanone, pterocarpan, isoflavan, coumestan
and coumaranochromone subclasses. Some species of Leguminosae produced non-
isoflavonoid types of phytoalexins, e.g. stilbenoid, as in the case of Arachis hypogaea.”®"
81 In terms of decoration, prenyl substituents have been frequently associated with the
plant’s defense mechanism against microorganisms.*¥ The attachment of prenyl
substituents increases the lipophilicity of the compounds, thereby enhancing their capacity
to penetrate biological membranes, and hence, to increase their toxicity towards
microorganisms.*¥

Table 4. Subclasses of phenolic compounds induced in some species of Leguminosae.

Species Plants tissue Induced phenolic compounds Ref
Arachis hypogaea Sliced seeds Stilbenoids [85]
Lupinus albus Roots Isoflavones, coumaronochromones [86, 87]
Glycine max Leaves 6a-Hydroxypterocarpans, coumestans [88]
Phaseolus vulgaris Cotyledons Isoflavanones, isoflavans [89]
Psophocarpus tetragonolobus Stems Pterocarpans [90]
Trigonella spp. Leaves Pterocarpans, isoflavans [79]
Apios tuberosa Leaves Isoflavones, pterocarpans [91]
Medicago spp. Leaves Pterocarpans, isoflavans [92]

The compounds induced are known to be plant tissue-dependent.”® The use of detached
leaflets in phytoalexin studies has been more popular than that of other plant tissues, such
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as seedlings.[””®" 84 92 996 The phytoalexins of various species representing 37 genera of
the Phaseoleae tribe, for instance, have been investigated using detached leaflets.®") Studies
with seedlings might yield different results than those with leaves.”” In addition, the age of
the seed/seedlings at the moment of application of the elicitor has been suggested to affect
the content and composition of phenolics.”™

Elicitors to induce phenolics in legume seeds

The content and composition of phytoalexins are not only affected by the legume species
and plant tissue (as described above), but also by other factors, including type of elicitor
and induction method. The elicitors can be of different nature, i.e. biotic elicitors and
abiotic elicitors. Biotic elicitation can be due to bacteria, fungi and yeasts, as well as
oligosaccharides, lipid and protein derived from microbial and plant cell walls.”*'% Biotic
elicitation has been shown to induce different responses, including increasing the content of
phenolics and diversifying the composition of phenolics."™ The wounded cotyledons of
Phaseolus vulgaris responded differently to elicitation with different rhizobacteria and
pathogenic fungi. Nine out of fifteen rhizobacteria induced the production of three
phytoalexins, i.e., kievitone, phaseollin and phaseollinisoflavan, in P. vulgaris, whereas the
phytoalexins were not detected when the other rhizobacteria were used.”” Similarly,
different biotic factors elicited production of stilbenoids in peanut, but the content and
composition of these phytoalexins varied considerably. Aspergilli were more potent
elicitors of stilbenoids than Cladosporium spp., Saccharomyces cerevisiae, Bacillus
subtilis, and Rhizobium leguminosarum.'® Additionally, microorganisms seem capable of
metabolizing or detoxifying phytoalexins, thereby altering the profile of compounds
induced."®!

Abiotic elicitation can be induced by wounding, chemicals, light and UV irradiation,
leading to similar phytoalexins as with biotic elicitation.”*'°? Wounding by slicing or
exposure to hydrogen peroxide, for instance, induced the production of stilbenoids in
peanuts. Under similar incubation conditions, the stilbenoid content in wounded peanuts
was significantly lower than that in peanuts elicited with hydrogen peroxide.'® The
presence of light during germination has also been suggested to increase the phenolic
content of legume seeds.!"" '”” The effect of light on the content of phenolic compounds in
legume species depended on the light parameters employed, including intensity, quality
(wavelength), direction and duration of the exposure.'° '% 1% In combination, the biotic
and abiotic elicitor treatments can either antagonize or harmonize with each other.'™
Taken together, the modulation of the content and composition of phenolics in legume
seeds can be influenced by several factors, i.e. legume species, plant tissue, nature of the
elicitor, elicitor dose, and time of application of the elicitor. As these factors (and
combinations thereof) have not been systematically investigated, it is fair to assume that
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there is room for optimization of the induction process. Nevertheless, such studies are
laborious.

AIM AND OUTLINE OF THIS THESIS

The demand for food products or supplements with health-promoting activities is
increasing. As legume species have the potential to produce an array of secondary
metabolites that offer such activities, it seems attractive to employ these species for this
purpose. Nevertheless, the production of bioactive compounds in legumes is often
inadequate, both from a qualitative and a quantitative point of view. By exposing the
legume seeds to stress during germination, the production of bioactive compounds might be
enhanced. This induction process has already been successfully implemented for soybean,
although there might be room for enhancing the content of isoflavonoids even further by
combining biotic and abiotic stress factors. Furthermore, we are interested in increasing our
collection of prenylated isoflavonoids to perform future structure-activity relationship
(SAR) with respect to estrogenic potential. In this thesis we aim to (i) extrapolate the
induction process established for soybean to various other legume species, with respect to
enhancing the content and molecular diversity of prenylated compounds, (ii) investigate
whether a change in biotic and abiotic stress factors, in particular light, wounding, time
point of application of biotic stress, different kinds of fungus, can enhance the efficiency of
the induction process. In this respect, efficiency relates to both quantity of, and variety
(skeleton and decorations) in, phytoalexins produced.

In Chapter 2, the effects of wounding and light on (iso)flavonoid content and composition
of Rhizopus-elicited soybeans is described. The discussion is extended to the impact of light
in mediating the prenylation of pterocarpans. In Chapter 3, the changes in (iso)flavonoid
content and composition in three edible lupine species during Rhizopus-elicitation is
described. Also a tool to characterize the position of prenyl group of prenylated isoflavones
is described. In addition, the estrogenic activities of extracts from elicited lupine, as well as
those of fractions enriched in prenylated isoflavones, were determined towards human
estrogen receptors. The application of Rhizopus to induce prenylated (iso)flavonoids was
extended to other species of Leguminosae. The amount and type of phytoalexins induced in
those species are described in Chapter 4. In Chapter 5, the effect of two food-grade fungi,
Rhizopus oryzae and Aspergillus oryzae, applied at two different time points, on the
stilbenoid composition of peanut seedlings was investigated. In Chapter 6, the content and
composition of the various phytoalexins, induced in all species studied in this thesis, are
correlated with the phylogenetic relationships between these species. In addition, key
factors that can improve the production of phytoalexins as found in this PhD research are
highlighted.
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Chapter 2

Modulation of Isoflavonoid Composition of
Rhizopus oryzae-Elicited Soybean (Glycine
max) Seedlings by Light and Wounding

The isoflavonoid profile of soybean was altered in different ways by stimulation of defence
response upon germination. The combination of simultaneous germination and induction by
Rhizopus oryzae increased the total isoflavonoid content of soybeans over two-fold.
Pterocarpans became the predominant isoflavonoids, up to 50% (w/w) of total
isoflavonoids. To modulate both isoflavonoid content and composition further, the
treatment was extended with wounding or light stimuli. The total isoflavonoid content
could be increased over three-fold compared to untreated beans by growing fungus-elicited
soybean seedlings in light, whereas wounding was less effective. Interestingly, light altered
the composition of prenylated pterocarpans by mediating the position of prenylation. The 2-
prenylated pterocarpan level increased two-fold, whereas that of 4-prenylated pterocarpan
remained similar. Taken together, fungus was the most effective elicitor to alter the
isoflavonoid content and composition of soybean seedlings, the impact of which can be
further enhanced and mediated by additional stimuli, particularly light.

Based on: Siti Aisyah, Harry Gruppen, Betty Madzora and Jean-Paul Vincken, Modulation of
isoflavonoid composition of Rhizopus oryzae elicited soybean (Glycine max) seedlings by light and
wounding, Journal of Agricultural and Food Chemistry, 2013, 61, 8657.



CHAPTER 2

INTRODUCTION

Isoflavonoids are a class of phenolic compounds mainly found in Leguminosae, comprising
amongst others the isoflavone, pterocarpan, and coumestan subclasses.!! The isoflavonoid
structure has similarity with that of mammalian estradiol and, therefore, many
isoflavonoids bind to the human estrogen receptors, resulting in estrogenic or anti-
estrogenic activities.”) These features might potentially benefit human health.” * For
instance, soybean seeds can be processed in such a way that they offer a range of
isoflavonoids, which might be used as food supplements or as therapeutic agents.*”!

Soybean (Glycine max) is a rich source of isoflavonoid compounds. The major
isoflavonoids found in soybean are conjugated forms (glucoside, acetylglucoside, or
malonylglucoside) of daidzein and genistein.™ * The amounts of these isoflavonoids in
soybean vary greatly with cultivar and with physiological and developmental stage of the
plant."*'"?! In addition, the isoflavonoid profile of soybean can be altered by different
factors: germination, fermentation, heat treatment, chemical / enzymatic hydrolysis, and
stimulation of plant defence response,® *"'*! the latter of which has the largest potential.
Such defence response can be induced by exposing germinating seeds to stress. The stress
factors can be of a different nature, such as fungal or bacterial elicitors, UV irradiation, and
chemicals."®"®! The activation of plant defence response results in the accumulation of
phytoalexins.!"” For example, so-called glyceollins, prenylated-6a-hydroxy-pterocarpans,
were the main compounds accumulated in germinating soybean exposed to fungal
infection, with glyceollin I-III as the main representatives.'* **! Both the content and
composition of glyceollins induced by fungal infection can vary depending on the
experimental conditions of the induction process, soybean varieties, plant tissues, and the
fungal genotype.” ' Besides fungal infection, the effect of wounding and light on the
isoflavonoid composition of germinating soybean has been investigated. Wounding
employed on fungus-treated soybean was reported as a stress factor that affected glyceollin
production.” The effect of light in combination with wounding was also reported to
increase the glyceollin content.?> 2!

Although the impact of wounding and its combination with light is known to enhance
phytoalexin content of fungus-treated soybean, such treatments have not been extensively
associated with changes in isoflavonoid composition. In this study, we systematically
investigated the effect of light and wounding on isoflavonoid content and composition of
fungus-elicited soybean, and we propose how these factors can mediate phytoalexin
accumulation in soybean.
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IMODULATION OF ISOFLAVONOID OF ELICITED SOYBEANS BY LIGHT AND WOUNDING

MATERIALS AND METHODS

Materials

Soybeans, Glycine max (L.) Merrill, were provided by Frutarom Ltd. (Londerzeel,
Belgium). The authentic standards of daidzein and genistein were purchased from Sigma
Aldrich (St. Louis, MO, USA). UHPLC-MS grade acidified acetonitrile (ACN) and water
were obtained from Biosolve BV (Valkenswaard, The Netherlands). Other chemicals were
purchased from Merck (Darmstadt, Germany). The fungus, Rhizopus oryzae (LU 581), was
kindly provided by the Laboratory of Food Microbiology, Wageningen University
(Wageningen, The Netherlands).

Soybean treatments

Soybean treatments were performed in a modified sprouting machine (Sprouter micro-farm
EQMM; EasyGreen, San Diego, CA, USA), which could accommodate 300 g dry beans.
The machine was modified to provide more appropriate experimental conditions. The
temperature (25-30 °C) was maintained by a heating mat with thermostat (HMT-A; Bio
Green, Bischoffen-Oberweidbach, Germany) placed under the machine, and a styrofoam
box covered the machine. Instead of using mist sprayed by the machine, humid air was
created by a fog generator (mini fogger; Conrad, Hirschau, Germany) placed in the water
compartment of the machine. The generator produced fog every 3 h with a duration 15 min.
During this period, a fan attached to the sprouting machine distributed the fog
homogenously with a frequency of 4 s per 20 s.

Soybeans were subjected to six different treatments: germination of soybeans in dark (g)
and in light (gL), germination of wounded soybeans in dark (gW), germination of fungus-
elicited soybeans in dark (gF) and in light (gFL), and germination of fungus-elicited
wounded soybeans in dark (gFW) (Table 1). In all treatments, soybeans were sequentially
subjected to soaking (1 d), germination (2 d) and elicitation (7 d) stages. Prior to the
soaking step, soybeans were surface-sterilised by immersing them in a 1% (v/v)
hypochlorite solution (5 L/kg beans) for 1 h at room temperature and subsequently rinsed 4
times with Milli-Q water (3 L/kg beans). The sterilized soybeans were soaked for 24 h at 25
°C in sterilized Milli-Q water in the absence of light. Subsequently, the soaked soybeans
were put in sterilized plastic cartridges, which were then placed in the modified sprouting
machine. Prior to this, the machine was sterilized according to the cleaning protocol
provided by the manufacturer. The soybeans were germinated for 2 d at 25 °C and 100%
RH. Next, a spore suspension (0.2 mL/g beans) was added to the soybeans, and the
soybeans were incubated for 7 d at 30 °C and a RH controlled at 55-85%. Spore
suspensions for the inoculation stage were prepared from pure plate cultures of R. oryzae
grown on malt extract agar (CM59; Oxoid, Basingstoke, UK). The sporangia were scraped
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off from the agar plate and suspended in 0.85% (w/v) NaCl solutions (10" CFU/mL). For
wounding experiments (gW and gFW), the soaked soybeans were wounded prior to the
germination stage by cutting the cotyledon individually (longitudinal cut ~6 mm long,
opposite side of hilum) with a sterilized knife. In the experiments with light (gL and gFL),
an incandescent 55 watt bulb (34.76 pmol/m%/s) was placed on top of the machine,
simulating natural sunlight,””? 220 mm away from the sample cartridge surface. The light
was applied during the germination and elicitation steps for 16 h per d (Table 1). All the
experiments were performed in triplicates. All treated soybeans were collected after 10 d of
treatment and directly stored at -20 °C.

Table 1. Summary of different soybean treatments.

Treatments Stage

Soaking (1 d) Wounding Germination (2 d) Elicitation (7 d)
Untreated - - - -
g \° - v (dark) < (dark, no-fungus)
gwW v \ ~ (dark) v (dark, no-fungus)
gL v - v (light) v (light, no-fungus)
gF R - v (dark) v (dark, fungus)
gFW v ) v (dark) v (dark, fungus)
gFL v - v (light) R (light, fungus)

“ The treatment mentioned was not performed.
® The treatment mentioned was performed.

Soybean extraction

Soybeans were freeze-dried and milled with a high speed rotor mill (Retsch Ultra
Centrifugal Mill ZM 200; Haan, Germany) using a 0.5 mm sieve. The sample extraction
was performed using a speed extractor (E-916; Buchi, Flawil, Switzerland). A soybean
sample (100 mg) was mixed with sand (granulation 0.3-0.9 mm, dried at 750 °C; Buchi)
and placed in a 40 mL stainless steel extraction cell. Cellulose filters (Buchi) were placed at
the bottom and top of the extraction cell. Hexane and 70% (v/v) aqueous ethanol (EtOH)
were used for defatting and extraction of isoflavonoids, respectively. During extraction, the
cell was filled with solvents, pressurized (100 atm) and heated (40 °C). For each extractant,
the sample was extracted using two consecutive extraction cycles of 10 min, in which all oil
(hexane) and isoflavonoids (70% aqueous EtOH) were recovered. After the second
extraction step with each solvent, the cell was flushed with 40 mL solvent and with a flow
of nitrogen for 300 s. The extract was collected into a 150 mL glass vial. The extract was
evaporated under reduced pressure. The dried extracts were re-solubilised in 5 mL of 70%
aqueous EtOH, and stored at -20 °C. All samples were centrifuged (18000 g, 5 min; room
temperature) prior to analysis. The hexane extract was found to be isoflavonoid-free, and
will not be considered further.
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Isoflavonoid analysis

The extracts obtained were analysed by UHPLC-MS. An Accela UHPLC system (Thermo
Scientific, San Jose, CA, USA) was equipped with a pump, autosampler, and photodiode
array (PDA) detector. Sample (1 pL) was injected onto an Acquity UPLC BEH shield
RP18 column (2.1 mm ID x 150 mm, 1.7 um particle size; Waters, Milford, MA, USA)
with an Acquity UPLC BEH shield RP18 VanGuard pre-column (2.1 mm ID x 5 mm, 1.7
um particle size; Waters). Water acidified with 0.1% (v/v) acetic acid, eluent A, and ACN
acidified with 0.1% (v/v) acetic acid, eluent B, were used as solvents at a flow rate of 300
pL/min. The temperatures of the autosampler and column oven were controlled at 15 and
35 °C, respectively. The PDA detector was set to monitor the 200-400 nm range. The
elution profile was as follows: 0-2 min, linear gradient from 10%-25% (v/v) B; 2-9 min,
linear gradient from 25%-50% (v/v) B; 9-12 min, isocratic on 50% B; 12-22 min, linear
gradient from 50%-100% (v/v) B; 22-25 min, isocratic on 100% B; 25-27 min, linear
gradient from 100%-10% (v/v) B; 27-29 min, isocratic on 10% (v/v) B. Mass spectrometric
analysis was performed on a LTQ Velos (Thermo Scientific) equipped with an HESI-MS
probe coupled to RP-UHPLC. Nitrogen was used as sheath and auxiliary gas. The spectra
were acquired in the m/z range of 150-1500. Data-dependent MS" analysis was performed
with a normalized collision energy of 35%. The system was tuned with genistein in both
positive (PI) and negative ionisation (NI) mode. For the PI mode, the ion transfer tube
(ITT) temperature was 400 °C and the source voltage was 4.50 kV. For NI mode, the ITT
temperature was 400 °C and the source voltage was 3.50 kV.

The identification of isoflavonoids was based on UV and MS spectra using the approach
reported earlier.”> **I MS fragmenter software (Advanced Chemistry Development, Toronto,
Canada) was used for further confirmation of glyceollidins isomers. The quantification of
isoflavonoids was performed based on their absorption at 280 nm by means of Xcalibur
(version 2.1.0, Thermo Scientific). For different compounds eluted at the same retention
time, the quantification was based on the ratio of intensity of those peaks in full HESI-MS,
assuming that no isomers eluted at the same retention time. As for many compounds no
commercial standards were available, the amounts of isoflavonoid were expressed as mg
daidzein equivalents per g dry weight of soybeans (mg DE/g DW), in which daidzein was
used as a generic standard to make a calibration curve with five data points (0.1-0.001
mg/mL, R*= 0.998).

Statistical analysis

Statistical analysis was performed using the SPSS Statistics (version 21, IBM, Armonk,
NY, USA). Differences in the amounts of isoflavonoid subclasses between treatments were
evaluated for significance (P < 0.05) with Tukey’s post hoc multiple comparison test.
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RESULTS

Identification of isoflavones in treated and control soybeans

UHPLC analysis of the extracts from untreated and treated soybeans showed that the UV-
profiles changed during the treatments (Figure 1). The untreated soybeans contained
mainly the 7-O-glucoside and 7-O-(6"-O-malonylglucoside) of daidzein and genistein,
whereas the induced soybeans contained predominantly other isoflavonoids. Thirty
isoflavonoids were identified in treated soybean belonging to isoflavone, pterocarpan, and
coumestan subclasses, and one compound was identified as flavonoid (Table 2). The
identities of most peaks were determined previously in our laboratory,”! whereas peaks 7,
8, 14, and 17 were identified in this study. These peaks were tentatively assigned as
isoflavones based on their maximum absorbance of around 260 (£3) nm. Compounds 8 and
17 were tentatively identified as 7-O-(6"-O-malonylglucoside) formononetin (or 6"-O-
malonylononin) and formononetin, respectively. Formononetin and ononin have been
previously found in soybean."! Compound 8 lost 248 Da (corresponding to the malonyl-
glucoside moiety) in MS? to afford the fragment ion m/z 269. This ion was fragmented
further in MS® to produce the fragment ions m/z 254 [M+H-CH,] ", 237 [M+H-CH,0H]’,
and 213 [M+H-2CO]’, the same fragmentation pattern as that of the corresponding
aglycone 17 in MS?. Additional evidence for the presence of a methoxy group at the B-ring
in compounds 8 and 17 was obtained from the abundance of fragment ion m/z 254 [M+H-
CH;]"™"; when the methoxy group is attached to the A-ring, loss of the methyl group is a
much more rare event.””’ These compounds have been previously found in soy-based
products.®”! Peak 14 was tentatively assigned as prunetin, which has the methoxy group at
the A-ring. This compound produced the fragment ions m/z 267 [M+H-H,0]", 257 [M+H-
COJ", and 229 [M+H-2CO]’, without a predominant methyl loss, matching the prunetin
fragmentation pattern described in the literature.”” Compound 7 was tentatively identified
as 7-0-(6"-O-malonylglucoside) demethyltexasin. Demethyltexasin has been previously
found in soybean.!"! Compound 7 provided the aglycone fragment ion m/z 271, which was
fragmented further in MS® to afford the fragment ions m/z 253 [M+H-H,0]", 215 [M+H-
2CO]", and the retro-Diels Alder (RDA) fragment ion m/z 153 A", indicating that the
hydroxyl group was attached to the A-ring of daidzin, but different to genistin, which eluted
earlier.
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Figure 1. RP-UHPLC-UV profile of 70% aqueous EtOH extracts of untreated and fungus-elicited
soybean. Codes (Untreated, gF, gFW, gFL) refer to the treatment in Table 1, and peak numbers refer
to compounds in Tables 2 and 4.
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Identification of pterocarpans in treated and control soybeans

The pterocarpans detected in fungus-elicited soybean were glycinol (3), glyceollidins (18-
19), and glyceollins (10, 21-24, 28). Glycinol is the non-prenylated precursor of all
prenylated pterocarpans in soybean. The prenyl group can be attached to the 4-position
(glyceollidin I, glyceollin I and VI) or the 2-position (glyceollidin II, glyceollin II, III, IV,
and glyceofuran) of the A-ring, either as a chain or as a ring (pyran or furan) with an
adjacent hydroxyl group. The tentative assignment of these 6a-OH-pterocarpans was based
on their maximum absorbance of around 280 (+3) nm in UV spectrum. An additional
maximum absorbance was observed at 317 nm in the UV spectrum of 24. This absorption
might be caused by the extra conjugated double bond in the 2"-isoprenyl-furano group of
glyceollin VI. Further confirmation of the assignment of the pterocarpans was performed
by analysis of their MS/MS fragmentation pattern obtained in both NI and PI mode.

The fragmentation patterns of pterocarpans in NI mode have been elaborated in a previous
report,”® but it was impossible to distinguish the two glyceollidin isomers (I and IT) known,
which were suggested to elute at the same retention time (7). In the present study, two
peaks with m/z 339 (NI mode) were observed (#z 11.08 and 11.19), which might correspond
to the two glyceollidins isomers. The main fragment ions of m/z 339 were m/z 324, 295,
270, and 161 (Table 3). Interestingly, the previously unreported anion, m/z 270, appeared
to be more abundant in the mass spectrum at 7z 11.08 than that at #; 11.19 (Figure 2),
suggesting that this difference in abundance might be diagnostic for one of the isomers. The
fragment ion m/z 270 might represent the radical anion originating from homolytic cleavage
of the prenyl group from a deprotonated glyceollidin precursor (Figure 3). Although the
formation of this radical anion is a violation of the ‘even-electron rule’, exceptions have
been reported to occur, especially when the radical anion can be resonance-stabilized by an
aromatic ring system.”'**! We hypothesize that the loss of the radical fragment CsHy' from
the [M-H] of glyceollidin II is less likely to occur than that of glyceollidin I, as the radical
anion of glyceollidin I might be resonance-stabilized (Figure 3), which was supported by
theoretical fragmentation using MS fragmenter software. Glyceollidin II was at least 5-fold
more abundant than glyceollidin I, in line with Zahringer et al. stating that glyceollidin I
comprised approximately 10% of the glyceollidins mixture (Table 4).**

Apart from the two glyceollidins, also the isomers glyceollin V and VI could not be
distinguished in our previous report.”! The 3-OH in both glyceollin V and VI is not free,
and consequently the fragmentation rules derived for glyceollidin I and II cannot be
employed here. By extrapolating the differences observed in the fragmentation patterns of
glyceollin I and II (4- and 2-prenylated pterocarpan, respectively), and the series of
glyceollin II, III, IV, and glyceofuran (all 2-prenylated pterocarpans, but with different
configurations of the A-ring), 24 was tentatively annotated as glyceollin VI, as follows.
First, the relative abundance of the RDA fragment ion m/z 149 (2’4B’), a distinctive ion
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amongst glyceollin isomers, was higher for glyceollin I than for glyceollin II and other 2-
prenylated pterocarpans (Table 3). Second, prenyl configurations other than the pyran ring
seemed to yield fragment ion m/z 149 (*'B”) in lesser abundance for the series of 2-
prenylated pterocarpans. Taken together, we speculate that the relatively high abundance of
fragment ion m/z 149 (**B7) suggests that 24 is a 4-prenylated pterocarpan, most likely
corresponding to glyceollin VI, assuming that the extra conjugated bond in the prenyl group
does not contribute too much to the stability of the fragment ion.
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Figure 2. Ms? spectra of m/z 339 in NI mode and proposed cleavage of glyceollidin | eluted at t;
11.08 (A) and of glyceollidin Il eluted at t; 11.19 (B). Bold dashed arrows indicate cleavage yielding
product ions with relative abundance over 50%.

m/z 270 m/z 270

Figure 3. Proposed route for the formation of radical fragment ion m/z 270 of glyceollidin I, which is
resonance-stabilized.
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Isoflavonoids in fungus-elicited soybean

Simultaneous germination and elicitation by R. oryzae (gF) increased the isoflavonoid
content of the soybeans from 1.30 to 2.95 mg DE/g DW (Table 4). This increase was
mainly due to the accumulation of pterocarpans, which were accumulated up to 1.47 mg
DE/g DW, constituting 50% (w/w) of the total isoflavonoid content. Besides, lower
quantities of isoflavone (1.23 mg DE/g DW) and coumestan (0.25 mg DE/g DW) were
found. Amongst the pterocarpans, glyceollin I (23) was the most predominant species with
a content of 0.44 mg DE/g DW. Glycinol (3) was accumulated in lower quantities (0.15 mg
DE/g DW). The levels of 4-prenylated pterocarpans (18, 23-24) and 2-prenylated
pterocarpans (10, 19, 21-22, 28) were 0.53 and 0.79 mg DE/g DW, respectively. Within the
isoflavone subclass, the isoflavones glucoside and malonylated glucoside were predominant
(82% (w/w) of total isoflavones). Only a small amount of the isoflavones was prenylated
(0.12 mg DE/g DW).

Effect of wounding on the isoflavonoid profile of fungus-elicited soybean

A combination of the stress factors fungus and wounding was applied to germinated
soybeans (gFW). Compared to the gF treatment, the total isoflavonoid content in the gFW
was not notably different, as were the types of compounds present. Interestingly, the
content of glycinol was 1.5 times higher than in the gF. It seemed that the procedure of
wounding prior to inoculation with fungus triggered the accumulation of phytoalexins by
inducing the pterocarpan precursor, but this did not increase the total content of prenylated
pterocarpans (Table 4). Nevertheless, the composition of prenylated pterocarpans was
remarkably different in gFW compared to gF, with glyceollin III becoming equally
abundant as glyceollin 1. Besides, the content of glyceollin 1V, the relatively less abundant
isomer, increased 1.6 times in gFW compared to gF. After the treatment, the quantity of 4-
prenylated pterocarpans and 2-prenylated pterocarpans was 0.42 and 1.01 mg DE/g DW,
respectively. Moreover, the content of neither isoflavones nor coumestan was influenced by
wounding. These results showed that fungal elicitation combined with wounding
rearranged the pterocarpan composition.

Effect of light on isoflavonoid profile of fungus-elicited soybean

The isoflavonoid level of fungus-inoculated soybeans grown in the light (gFL) increased up
to 4.61 mg DE/g DW. Pterocarpans, reaching 58% of the total isoflavonoid content, were
mainly responsible for this increase (Table 4). Light raised the content of glycinol more
than two-fold compared to the gF treatment, as well as the content of 2-prenylated
pterocarpans. Surprisingly, light did not boost the level of 4-prenylated pterocarpans in
fungus-treated soybean. Hence, the level of 4-prenylated pterocarpans and 2-prenylated
pterocarpans became 0.58 and 1.70 mg DE/g DW, respectively. Glyceollin III became the
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most abundant pterocarpan, up to 0.58 mg DE/g DW, whereas normally glyceollin I was
the most predominant pterocarpan species. Isoflavone content in fungus-treated soybeans
were also influenced by light. The total isoflavone level increased up to 1.65 mg DE/ g
DW. This increase was characterised by an increase of 6”-O-malonylgenistin, genistein and
daidzin. Unlike the increase in prenylated pterocarpans, the content of prenylated
isoflavones remained the same as in gF. Finally, light did not influence the coumestan
level. Thus, light did not only considerably increase the pterocarpan level in fungus-treated
soybeans, it also rearranged their pterocarpan composition.

Isoflavonoids profile of germinated soybean in the absence of fungus

In a separate set of experiments, the effect of germination of soybean in the absence of
fungus (g, gW, and gL) was investigated with respect to isoflavonoid composition (Figure
4).

Germinated soybean (g). The isoflavonoid content in germinated soybeans increased
slightly from 1.30 to 1.53 mg DE/g DW. After 9 days of germination, the isoflavonoid
profile did not change much and isoflavones were still dominant, equivalent to 93% (w/w)
of the total isoflavonoid content (Table 4). Pterocarpans and coumestans accumulated to
0.08 and 0.02 mg DE/g DW, respectively. This result showed that germination alone in the
dark has much less impact on isoflavonoid content and composition of soybean than in
combination with fungus.

Germinated wounded soybean (gW). The isoflavonoid level in gW increased up to 1.75 mg
DE/g DW, mainly characterised by the accumulation of isoflavones (Table 4).
Interestingly, glyceollins were found up to 0.47 mg DE/g DW, which is the highest amount
of glyceollins found in treatments without fungus. It showed that the wounding treatment
prior to germination was able to trigger the accumulation of common glyceollins. This
result was in line with a previous report.**! Surprisingly, accumulation of glyceollins was
not accompanied by higher accumulation of glycinol, which was found below 0.01 mg
DE/g DW. Although wounding alone was much less effective than treatment with fungus, it
was sufficient to initiate accumulation of glyceollins in germinated soybean.

Germinated soybean in the light (gL). An increase of isoflavonoid content was observed
when the soybeans were germinated in the presence of light. The total isoflavonoid content
increased substantially up to 2.60 mg DE/g DW (Table 4). Strikingly, the isoflavones were
the most affected compounds, accumulating up to 2.28 mg DE/g DW, especially 6"-O-
malonyldaidzin and 6”-O-malonylgenistin.””- **! In addition, small quantities of pterocarpans
(0.22 mg DE/g DW) and coumestans (0.11 mg DE/g DW) were induced. These results
were in line with a previous report, showing that germination alone in light can effectively
increase the content of malonylated isoflavones glucoside, but not that of pterocarpans and
coumestans.
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Figure 4. RP-UHPLC-UV profile of 70% aqueous EtOH extracts of untreated and germinated soybean
in the absence of fungus. Codes (Untreated, g, gW, gL) refer to the treatment in Table 1, and peak
numbers refer to compounds in Table 2 and 4.
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DiscusSION

Six different treatments with soybean seedlings were performed to investigate whether the
accumulation of phytoalexins can be directed towards larger amounts of these molecules
and towards specific compositions of mixtures of them. It appeared that wounding and
treatment with fungus were essential to induce the accumulation of mainly (prenylated)
pterocarpans, with the fungus being the best elicitor of the two. Prenylation always
coincided with induction of molecules from the pterocarpan and coumestan subclasses.
Besides, light appeared to be a key factor in boosting the total amount of isoflavonoids, the
kind of which strongly depended on whether fungus was applied (Figure 5).
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Figure 5. (A) Total non-prenylated and prenylated isoflavonoid contents of untreated and treated
soybean. (B) Total non-prenylated, 4-prenylated, and 2-prenylated pterocarpan content of
untreated and treated soybean. Codes (Untreated, g, gW, gL, gF, gFW, and gFL) refer to the
treatment in Table 1. All contents are expressed in mg daidzein equivalent (DE) per g dry weight
(DW) of soybean. Data are the means + SD of experiments performed in triplicate. Bars with
different letters (a-d) show significant differences (Tukey’s test, P < 0.05, conducted for the three
types of pterocarpans differing in prenylation (N: non-prenylated, 4P: 4-prenylated, 2P: 2-
prenylated)).
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Wounding in addition to fungus did not boost isoflavonoid content

The combination of fungus and wounding did not increase the isoflavonoid content in
germinating soybeans compared to unwounded fungus-elicited soybeans, although a small
increase in pterocarpan level was detected (Figure 5). Instead, wounding influenced the
pterocarpan composition of fungus-elicited soybean. This was in contrast to a previous
report showing that the amount of common glyceollins (I, II, and III) in wounded (half-
sliced) Aspergillus-treated soybean was approximately 10-fold higher than that in
unwounded Aspergillus-treated soybean, with glyceollin I always being the predominant
pterocarpan species.*!! This discrepancy in glyceollin composition might be explained by
differences in the variety of soybean, time point of application of the fungus after
wounding, or the fungal genotype employed.””

Enhancing isoflavonoid content of soybean seedlings by light

Exposure of the fungus-elicited soybean seedlings to light boosted the accumulation of all
subclasses of isoflavonoids (Figure 5), except coumestans. Moreover, our results suggested
that light and fungus are synergistic factors in raising the total pterocarpan content
(compare pterocarpan level of gL, gF, and gFL). Light is thought to increase the production
of malonyl-CoA and coumaroyl-CoA,"” thus enhancing the pool size of natural precursors
for isoflavonoid production, including daidzein, the first devoted precursor of pterocarpans.
Hence, daidzein was available in larger abundance for the production of prenylated
pterocarpans. The increase of prenylated pterocarpans in fungus-treated soybean grown in
light has been shown before for soybean seedlings exposed to Phytophthora
megasperma.?® Our results indicate that the combination of fungus and light holds
potential for the production of prenylated isoflavonoids, which might find use as estrogenic
and anti-estrogenic food supplements or therapeutics.”

Mediating the position of prenylation of pterocarpans by light

The most downstream event in the biosynthesis of pterocarpans is prenylation of glycinol,
often followed by cyclization into a pyran or a furan ring. Attachment of the prenyl group
to the pterocarpan moiety can occur at the 2- and 4-position of pterocarpans.®*! Our results
showed that exposure to light can alter the preference of site of prenylation. The ratio of 4-
to 2-prenylated pterocarpans of inoculated beans changed from 1:1.5 in gF to 1:2.9 in gFL,
in which the content of 4-prenylated pterocarpans remained the same, and the content of 2-
prenylated pterocarpans increased. This is schematically summarized in Figure 6. This
observation provides strong evidence for regiospecific prenylation of glycinol, in
accordance with other reports.”****! The biosynthesis of glyceollin I is known to require
the C-4 specific prenyltransferase known as G4DT (glycinol 4-dimethylallyltransferase).
For prenylation of the 2-position of glycinol, PT3 has been suggested as a candidate of
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G2DT (glycinol 2-dimethylallyltransferase). Soybean PT3 is 61% identical at the amino
acid level to G4DT, which has been abundantly found in stress-induced soybean
seedlings.®® Taken together, our results suggest that exposure of soybean sprouts elicited
with fungus in light not only accumulated more pterocarpans, but also orchestrated
prenylation towards a higher proportion of 2-prenylated pterocarpans.
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Figure 6. Schematic illustration summarizing the influence of light on the position of prenylation of
glycinol in fungus-elicited soybeans. The block arrows with black solid fill (™ ) and white solid fill
(=) represent the flux of prenylated pterocarpan production obtained in dark and light,
respectively. The size of the arrow indicates the importance of the flux. Dashed arrows indicate
proposed conversions, awaiting further proof.

ACKNOWLEDGEMENTS

This research was financially supported by Directorate General of Higher Education
Ministry of National Education of Indonesia. The authors are grateful to Prof. Dr. Michel
W.F. Nielen and Ing. Edwin J. Bakx for fruitful discussions on mass spectrometry.

40



IMODULATION OF ISOFLAVONOID OF ELICITED SOYBEANS BY LIGHT AND WOUNDING

REFERENCES

[1] N. C. Veitch, Isoflavonoids of the Leguminosae, Natural Product Reports 2007, 24, 417-464.

[2] R. Simons, H. Gruppen, T. F. H. Bovee, M. A. Verbruggen, J.-P. Vincken, Prenylated isoflavonoids from
plants as selective estrogen receptor modulators (phytoSERMSs), Food and Function 2012, 3, 810-827.

[3] K. D. R. Setchell, Phytoestrogens: The biochemistry, physiology, and implications for human health of soy
isoflavones, American Journal of Clinical Nutrition 1998, 68, 1333S-1346S.

[4] K. D. R. Setchell, A. Cassidy, Dietary isoflavones: Biological effects and relevance to human health,
Journal of Nutrition 1999, 129, 758S-767S.

[5] R. Simons, J.-P. Vincken, N. Roidos, T. F. H. Bovee, M. Van Iersel, M. A. Verbruggen, H. Gruppen,
Increasing soy isoflavonoid content and diversity by simultaneous malting and challenging by a fungus to
modulate estrogenicity, Journal of Agricultural and Food Chemistry 2011, 59, 6748-6758.

[6] S. M. Boue, T. E. Cleveland, C. Carter-Wientjes, B. Y. Shih, D. Bhatnagar, J. M. McLachlan, M. E.
Burow, Phytoalexin-enriched functional foods, Journal of Agricultural and Food Chemistry 2009, 57,
2614-2622.

[7] E. H. Kim, S. H. Kim, J. I. Chung, H. Y. Chi, J. A. Kim, I. M. Chung, Analysis of phenolic compounds and
isoflavones in soybean seeds (Glycine max (L.) Merill) and sprouts grown under different conditions,
European Food Research and Technology 2006, 222, 201-208.

[8] S. Barnes, M. Kirk, L. Coward, Isoflavones and their conjugates in soy foods: Extraction conditions and
analysis by HPLC-mass spectrometry, Journal of Agricultural and Food Chemistry 1994, 42, 2466-2474.

[9] G. Wang, S. S. Kuan, O. J. Francis, G. M. Ware, A. S. Carman, A simplified HPLC method for the
determination of phytoestrogens in soybean and its processed products, Journal of Agricultural and Food
Chemistry 1990, 38, 185-190.

[10] M. Naim, B. Gestetner, S. Zilkah, Y. Birk, A. Bondi, Soybean isoflavones: Characterization,
determination, and antifungal activity, Journal of Agricultural and Food Chemistry 1974, 22, 806-810.

[11] K.-M. Oksman-Caldentey, D. Inzé, Plant cell factories in the post-genomic era: New ways to produce
designer secondary metabolites, Trends in Plant Science 2004, 9, 433-440.

[12] S.J. Lee, J. K. Ahn, S. H. Kim, J. T. Kim, S. J. Han, M. Y. Jung, I. M. Chung, Variation in isoflavone of
soybean cultivars with location and storage duration, Journal of Agricultural and Food Chemistry 2003,
51,3382-3389.

[13] S. B. Agrawal, S. Singh, M. Agrawal, Ultraviolet-B induced changes in gene expression and antioxidants
in plants, in Advances in Botanical Research, Vol. 52,2009, pp. 47-86.

[14] S. W. Banks, P. M. Dewick, Biosynthesis of glyceollins I, II and III in soybean, Phytochemistry 1983, 22,
2729-2733.

[15] P. McCue, K. Shetty, Health benefits of soy isoflavonoids and strategies for enhancement: A review,
Critical Reviews in Food Science and Nutrition 2004, 44, 361-367.

[16] M. Montesano, G. Brader, E. T. Palva, Pathogen derived elicitors: Searching for receptors in plants,
Molecular Plant Pathology 2003, 4, 73-79.

[17] A. K. Mishra, K. Sharma, R. S. Misra, Elicitor recognition, signal transduction and induced resistance in
plants, Journal of Plant Interactions 2012, 7, 95-120.

[18] R. A. Dixon, N. L. Paiva, Stress-induced phenylpropanoid metabolism, Plant Cell 1995, 7, 1085-1097.

[19] R. J. Grayer, T. Kokubun, Plant-fungal interactions: The search for phytoalexins and other antifungal
compounds from higher plants, Phytochemistry 2001, 56, 253-263.

[20] R.L.Lyne, L.J. Mulheirn, Minor pterocarpinoids of soybean, Tetrahedron Letters 1978, 19, 3127-3128.

[21] M. Yoshikawa, K. Yamauchi, H. Masago, Glyceollin: Its role in restricting fungal growth in resistant
soybean hypocotyls infected with Phytophthora megasperma var. sojae, Physiological Plant Pathology
1978, 12, 73-82.

[22] P. Moesta, H. Grisebach, Investigation of the mechanism of glyceollin accumulation in soybean infected
by Phytophthora megasperma f. sp. glycinea, Archives of Biochemistry and Biophysics 1981, 212, 462-
467.

[23] S. M. Boué, C. H. Carter, K. C. Ehrlich, T. E. Cleveland, Induction of the soybean phytoalexins coumestrol
and glyceollin by Aspergillus, Journal of Agricultural and Food Chemistry 2000, 48, 2167-2172.

[24] H.J. Kim, H. J. Suh, J. H. Kim, S. C. Kang, S. Park, C. H. Lee, J. S. Kim, Estrogenic activity of

glyceollins isolated from soybean elicited with Aspergillus sojae, Journal of Medicinal Food 2010, 13,
382-390.

41



CHAPTER 2

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

42

T. L. Graham, M. Y. Graham, Signaling in soybean phenylpropanoid responses: Dissection of primary,
secondary, and conditioning effects of light, wounding, and elicitor treatments, Plant Physiology 1996,
110,1123-1133.

E. W. B. Ward, R. I. Buzzell, Influence of light, temperature and wounding on the expression of soybean
genes for resistance to Phytophthora megasperma f.sp. glycinea, Physiological Plant Pathology 1983, 23,
401-409.

H. Shi, P. K. Nam, Y. Ma, Comprehensive profiling of isoflavones, phytosterols, tocopherols, minerals,
crude protein, lipid, and sugar during soybean (Glycine max) germination, Journal of Agricultural and
Food Chemistry 2010, 58, 4970-4976.

R. Simons, J.-P. Vincken, M. C. Bohin, T. F. M. Kuijpers, M. A. Verbruggen, H. Gruppen, Identification
of prenylated pterocarpans and other isoflavonoids in Rhizopus spp. elicited soya bean seedlings by
electrospray ionisation mass spectrometry, Rapid Communications in Mass Spectrometry 2011, 25, 55-65.
P. J. A. Madeira, C. M. Borges, M. H. Floréncio, Electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometric and semi-empirical calculations study of five isoflavone aglycones, Rapid
Communications in Mass Spectrometry 2010, 24, 3432-3440.

M. Bustamante-Rangel, M. M. Delgado-Zamarrefio, R. Carabias-Martinez, J. Dominguez—Alvarez,
Analysis of isoflavones in soy drink by capillary zone electrophoresis coupled with electrospray ionization
mass spectrometry, Analytica Chimica Acta 2012, 709, 113-119.

M. Karni, A. Mandelbaum, The ‘even-electron rule’, Organic Mass Spectrometry 1980, 15, 53-64.

Y. Cai, Z. Mo, N. S. Rannulu, B. Guan, S. Kannupal, B. C. Gibb, R. B. Cole, Characterization of an
exception to the ‘even-electron rule’ upon low-energy collision induced decomposition in negative ion
electrospray tandem mass spectrometry, Journal of Mass Spectrometry 2010, 45, 235-240.

S. S. Quadri, R. E. Stratford, S. M. Boug¢, R. B. Cole, Screening and identification of glyceollins and their
metabolites by electrospray ionization tandem mass spectrometry with precursor ion scanning, Analytical
Chemistry 2013, 85, 1727-1733.

U. Zihringer, J. Ebel, L. J. Mulheirn, R. L. Lyne, H. Grisebach, Induction of phytoalexin synthesis in
soybean. Dimethylallylpyrophosphate:trihydroxypterocarpan dimethylallyl transferase from elicitor-
induced cotyledons, FEBS Letters 1979, 101, 90-92.

S. M. Bou¢, F. F. Shih, B. Y. Shih, K. W. Daigle, C. H. Carter-Wientjes, T. E. Cleveland, Effect of biotic
elicitors on enrichment of antioxidant properties and induced isoflavones in soybean, Journal of Food
Science 2008, 73, H43-H49.

S.J. Lee, J. K. Ahn, T. D. Khanh, S. C. Chun, S. L. Kim, H. M. Ro, H. K. Song, I. M. Chung, Comparison
of isoflavone concentrations in soybean (Glycine max (L.) Merrill) sprouts grown under two different light
conditions, Journal of Agricultural and Food Chemistry 2007, 55, 9415-9421.

P. A. Abbasi, M. Y. Graham, T. L. Graham, Effects of soybean genotype on the glyceollin elicitation
competency of cotyledon tissues to Phytophthora sojae glucan elicitors, Physiological and Molecular
Plant Pathology 2001, 59, 95-105.

T. Akashi, K. Sasaki, T. Aoki, S. I. Ayabe, K. Yazaki, Molecular cloning and characterization of a cDNA
for pterocarpan 4-dimethylallyltransferase catalyzing the key prenylation step in the biosynthesis of
glyceollin, a soybean phytoalexin, Plant Physiology 2009, 149, 683-693.

N. C. Veitch, Isoflavonoids of the Leguminosae, Natural Product Reports 2013, 30, 988-1027.



Chapter 3

Compositional Changes in (Iso)Flavonoids
and Estrogenic Activity of Three Edible
Lupinus Species by Germination and
Rhizopus-elicitation

The effects of germination and elicitation on (iso)flavonoid composition of extracts from
three edible lupine species (Lupinus luteus, L. albus, L. angustifolius) were determined by
RP-UHPLC-MS". The total (iso)flavonoid content of lupine increased over 10-fold upon
germination, with the total content and composition of isoflavonoids more affected than
those of flavonoids. Glycosylated isoflavones were the most predominant compounds
found in lupine seedlings. Lesser amounts of isoflavone aglycones, including prenylated
ones, were also accumulated. Elicitation with Rhizopus oryzae, in addition to germination,
raised the content of isoflavonoids further: the total content of 2'-hydroxygenistein
derivatives was increased considerably, without increasing that of genistein derivatives.
Elicitation by fungus triggered prenylation of isoflavonoids, especially of the 2'-
hydroxygenistein derivatives. The preferred positions of prenylation differed among the
three lupine species. The change in isoflavone composition increased the agonistic activity
of the extracts towards the human estrogen receptors, whereas no antagonistic activity was
observed.

Based on: Siti Aisyah, Jean-Paul Vincken, Silvia Andini, Zahara Mardiah and Harry Gruppen,
Compositional Changes in (Iso)Flavonoids and Estrogenic Activity of Three Edible Lupinus Species by
Germination and Rhizopus-elicitation, 2015, Submitted.



CHAPTER 3

INTRODUCTION

Isoflavonoids have been associated with several health-promoting effects, including
reduced risks of various cancers and alleviating effects of hormone replacement therapy.
These effects are (partially) exerted by binding of isoflavonoids to human estrogen
receptors (hER).['] Previously, we have developed an effective method to elevate the
isoflavonoid content of soybeans by performing germination and fungal elicitation
simultaneously.”” The treatment increased the total isoflavonoid content of soybeans by up
to 2-fold, accompanied by compositional changes. The total amount of prenylated
isoflavonoids was boosted up to 13-fold. As a result, up to 50% (w/w) of total isoflavonoids
were prenylated pterocarpans, i.e. glyceollins.”) Glyceollin I, a major prenylated
pterocarpan in elicited soybean, has been suggested as a novel therapeutic agent for
hormone dependent tumors.™

Lupine (Lupinus) is a genus of the legume family, consisting of around 200-400 species.!

Contrary to most genera of legumes, roots and leaves of lupine can produce a variety of
prenylated isoflavonoids in addition to glycosylated ones and aglycones.” ® Further
investigation on the ability of lupine to generate defense metabolites upon stress showed
that lupine failed to induce isoflavonoids other than the constitutive ones.””) Nevertheless, it
has been observed that the isoflavonoid content of Lupinus angustifolius can be boosted in
response to fungal infection.”! Moreover, fungal infection is known to increase the ratio of
aglycones to glycosylated isoflavonoids of L. albus, which was linked to an increase of 3-
glucosidase activity.!**

Contrary to studies on the content of isoflavonoids in leaf and root parts, the induction of
isoflavonoids in lupine seedlings has not been extensively investigated. Furthermore, most
studies focused on aglycones."”’ Additional to soybean, germinated or elicited lupine seeds
might be a source of bioactive isoflavonoids. Hence, in the present study, the seeds of three
edible lupine species, L. luteus, L. albus and L. angustifolius, were subjected to the process
of simultaneous germination and elicitation by fungus, which has been successfully applied
to soybean seeds previously.™ ' ¥ It is hypothesized that isoflavonoid content and
molecular diversity of isoflavonoids in lupine seedlings, as well as the estrogenic potential
of lupine seedling extracts, will change upon the treatment. Thereby, it will provide novel
lead molecules for therapeutic purposes when compared to extracts obtained from soybean
seedlings. The compositional changes during treatment were monitored by LC-MS/MS
analysis with emphasis on prenylated isoflavonoids. For this, the current diagnostic tools
for characterizing prenylation of isoflavonoids in complex extracts were extended using
MS/MS fragmentation data.'" 314
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MATERIALS AND METHODS

Materials

The seeds of three lupine species (L. albus, L. angustifolius, and L. luteus) were purchased
from Vreeken’s Zaden (Dordrecht, Netherlands). Standards of wighteone and
lupiwighteone were purchased from Plantech UK (Berkshire, UK). Daidzein, genistein, L-
leucine, L-histidine and 17B-estradiol (E2) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Acidified acetonitrile (ACN) (ULC/MS and HPLC-R grade), water (ULC/MS
grade), HOAc (ULC/MS grade), acetonitrile (ACN) (ULC/MS and HPLC-R grade),
methanol (ULC/MS and HPLC-R grade) and silica gel (60 A, 70—-230 mesh) were
purchased from Biosolve BV (Valkenswaard, The Netherlands). Water for other purposes
than UHPLC was prepared using a Milli-Q water purification system (Millipore, Molsheim,
France). Yeast nitrogen base without amino acids and without ammonium sulphate and
agar were obtained from Becton-Dickinson (Franklin Lakes, NJ, USA). The reporter yeast
strain was provided by RIKILT (Wageningen, The Netherlands). Rhizopus oryzae (LU 581)
was kindly provided by the Laboratory of Food Microbiology, Wageningen University,
Wageningen, The Netherlands. Other chemicals were purchased from Merck (Darmstadt,
Germany) and Sigma Aldrich Chemie (Zwijndrecht, The Netherlands).

Lupine seed treatments

The treatment of lupine seeds was performed in an EQMM sprouting machine (EasyGreen,
San Diego, CA, USA), which was modified as described previously.” The seeds were
sequentially subjected to a soaking (1 d) and a germination (7 d) stage. Prior to soaking,
seeds were surface-sterilized by immersing them in a 1% (v/v) hypochlorite solution (5
L/kg beans) for 10 min at room temperature and subsequently rinsed 4 times with Milli-Q
water (3 L/kg beans). The sterilized seeds were soaked for 24 h at 25 °C in sterilized Milli-
Q water. Subsequently, the soaked seeds were transferred into plastic cartridges (sterilized
by soaking them in hypochlorite 1% (v/v) for 2 h, and subsequently rinsing them with
Milli-Q water), which were then placed in the sprouting machine. Prior to this, the machine
was sterilized according to the cleaning protocol provided by the manufacturer. The lupine
seeds were germinated for 7 d at 25 °C and 100% RH. In another set of sprouting
experiments, the lupine seeds were also subjected to fungal elicitation. A spore suspension
(0.2 mL/g beans) was added to the seeds after 2 d of germination. Spore suspensions for the
inoculation stage were prepared from pure plate cultures of R. oryzae grown on malt extract
agar (CM59; Oxoid, Basingstoke, UK). The sporangia were scraped off from the agar plate
and suspended in a 0.85% (w/v) NaCl solution (10’ CFU/mL). The fungus-elicited seeds
were incubated for 5 d at 30 °C and a RH controlled at 55-85%. The seeds were collected
after the treatment and directly stored at -20 °C.
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Extraction of (iso)flavonoids from lupine seeds

The extracts of untreated and treated lupine seeds were prepared as described previously for
soybean,”™ with the modification that 80% (v/v) aqueous methanol (MeOH) was used for
extraction of (iso)flavonoids from lupine. For (iso)flavonoid profiling of the lupine, the
dried extracts were re-solubilized in 80% (v/v) aqueous methanol to a concentration of 5
mg/mL and subjected to LC-MS/MS analysis. Prior to the estrogenic activity assay,
alkaloids were removed from the dried extracts by solid phase extraction (SPE), because
lupine is known to contain alkaloids of the quinolizidine group that showed in-vivo
estrogenic activity in rats.'> 'Y The SPE was performed on a cation-exchange column
(Supelclean LC-SCX, 500 mg, Sigma-Aldrich) according to a procedure described
elsewhere,!'”! with the exception that the extract was solubilized in 0.05 M HCI instead of
water. The extracts were solubilized to a concentration of 20 mg/mL. Prior to sample
application, the column was pre-conditioned using 5 mL methanol followed by 5 mL water.
Samples (2 mL) were percolated through the columns. After washing with water (5 mL),
the column was eluted with methanol (5 mL), followed by 2 M ammonium in methanol (10
mL). Both methanol and ammoniated methanol fractions were collected and subsequently
evaporated under reduced pressure. The dried fractions were resolubilized to the required
concentration in 80% (v/v) aqueous methanol (LC-MS/MS analysis) or DMSO
(estrogenicity assay). All samples were centrifuged (18,000 g, 5 min; room temperature)
prior to analysis. The mass chromatograms of the crude extract from L. albus seedlings
before SPE, and the alkaloid fraction retained on the column, are shown in Figure S1
(Supporting Information).

Fractionation of elicited L. angustifolius extract

The fungal elicitation process of L. angustifolius was scaled up in a two-tank steep
germinator (Custom Laboratory Products, Keith, UK). The elicitation process of L.
angustifolius consisted of the same steps as described for the sprouting machine. The
soaking step was performed at 22 °C, involving three subsequent steps: 6 h immersing in
water, 12 h resting in humid air and 6 h immersing in water. The germination step was
performed at 22 °C and a humidity of 95-98%, whereas the elicitation with fungus was
performed at 30 °C and a humidity of 70-90%. The elicited L. angustifolius seedlings were
freeze-dried and milled (Retsch Ultra Centrifugal Mill ZM 200; Haan, Germany). The dried
powder was extracted with 80% (v/v) aqueous methanol with ratio 1:20 (w/v) under
influence of sonication at 40 °C for 30 min. The extract was evaporated under reduced
pressure and then freeze-dried. A Reveleris Flash system (Grace, Deerfield, IL, USA) was
used to obtain fractions enriched in prenylated genistein and prenylated 2'-hydroxygenistein
derivatives. To this end, dry extract (250 mg) was mixed with 1.2 g of silica gel. The
mixture was transferred into an empty 5 g cartridge and closed with a plunger. The
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cartridge was placed upstream of a 12 g Reveleris C18 RP column (particle size 38.6 pum)
(Grace Davison Discovery Science, Columbia, MD, USA). Water (Milli-Q) acidified with
1% (v/v) HOAc (HPLC grade) + 1% (v/v) ACN (HPLC grade), eluent A, and methanol
(HPLC-grade), eluent B, were used as eluents. The flow rate was 30 mL/min and the
experiment was performed at room temperature. The following elution profile was used: 0-
1 min, isocratic on 0% B; 1-3 min, linear gradient from 0-60% B; 3-5 min, isocratic on 60%
B; 5-6 min, linear gradient from 60-70% B; 6-9 min, isocratic on 70% B; 9-10 min, linear
gradient from 70-80% B; 10-13 min, isocratic on 80% B; 13-17 min, linear gradient from
80-100% B. The eluate was monitored at 260 nm. Fractions (10 mL) were analyzed with
UHPLC-MS. Fractions containing similar prenylated genistein or prenylated 2'-
hydroxygenistein derivatives were pooled. The pools were evaporated under vacuum,
frozen and freeze-dried. The pools were solubilized in 80% (v/v) aqueous methanol for
analysis with UHPLC-MS and solubilized in DMSO to determine their estrogenicity.

RP-UHPLC-MS analysis

The lupine extracts obtained were analyzed by LC-MS as described previously.”!

Quantification of (iso)flavonoids was performed based on their absorption at 260 nm by
means of Xcalibur (version 2.1.0, Thermo Scientific, San Jose, CA, USA). For compounds
eluted at the same retention time, the quantification was based on the ratio of intensity of
the peaks corresponding to those compounds in full HESI-MS, assuming that no isomers
eluted at the same retention time. As for many compounds no commercial standards were
available, the amounts of (iso)flavonoid were expressed as mg genistein equivalents per g
dry weight (mg GE/g DW). Genistein was used as a generic standard to make a calibration
curve with five data points (0.1-0.001 mg/mL, R*= 0.998).

Determination of estrogenic activity

To determine estrogenic activity of the extracts, a yeast-based bioassay was used®! with
slight modifications as described previously.'”’ Dilution series of each sample were
prepared in DMSO. The final concentration of DMSO in the assay did not exceed 1% (v/v).
A range of 0.1-10 pg/mL was assayed for the estrogenicity of elicited lupine extracts on
ERa, whereas a range of 0.01-1 pg/mL was prepared for ERP. Pools containing prenylated
2'-hydroxygenistein derivatives and prenylated genistein derivatives were tested in the
range of 0.0007-0.7 and 0.0005-0.5 pg/mL, respectively, on ERa, and in the range of
0.00007-0.07 and 0.00005-0.05 pg/mL, respectively, on ERP. ECs, calculations were
performed in Sigma Plot (8.02, SPSS Inc., Chicago, IL, USA). The yeast-based assay was
validated with a dilution series of estradiol. The ECs, values of estradiol in the ERa and
ERp bioassay were 0.74 nM and 0.16 nM, respectively, which were in line with those
reported previously.!"®)
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RESULTS

Chromatographic profiling of different lupine extracts

UHPLC-UV analysis of the L. albus extract showed that the extract from untreated seeds
contained only a single peak (Figure 1A), whereas both germination and elicitation by
fungus generated an array of compounds (Figures 1B and 1C). The untreated seeds of two
other Lupinus species contained two peaks, one of which was eluted at the same retention
time as that of L. albus (data not shown). Both other species showed a similar response to
the treatments (germination and elicitation) as L. albus, although they accumulated different
sets of compounds (Figures 1D and 1E). In total, sixty-one peaks were used for further
analysis. Within each chromatogram, the peaks analyzed represented more than 95% of the
total UV response at 260 nm of the chromatogram. The identification showed that the
(iso)flavonoids identified belong to the flavone, flavanone, isoflavone and
coumaronochromone subclasses. The molecules were present in aglyconic, glycosylated
and prenylated forms. The identification of aglycones and glycosylated derivatives was
based on comparison of spectral data obtained from UHPLC-UV-ESI-MS/MS (including
fragmentation patterns) with literature data (Table 1).2°% Spectral analysis of LC-MS/MS
data of the majority of prenylated derivatives, not previously described in the literature, is
elaborated upon in the present study.

C- and O-glycosides of (Iso)flavonoids

Twenty-seven non-prenylated (iso)flavonoids glycosides were tentatively identified in
treated Lupinus, comprising the flavone, flavanone and isoflavone subclasses. The different
subclasses were discriminated on the basis of UV absorption. Typical Ay, values of 270
(£5) and 330-365 nm for flavones, 290 (+5) nm for flavanones, and 260 (+5) nm for
isoflavones were observed.”"! The glycosylated derivatives had one to three glycosyl
residues, some of which were malonylated. The glycosyl residues found previously in
lupine were mainly glucosyl, xylosyl, and rhamnosyl, attached to hydroxyl groups or
directly to a C-atom.”"! In the present study, the C- and O-glycosylated (iso)flavonoids
were distinguished by their characteristic fragmentation patterns resulting from the
cleavage of the sugar moieties in MS”.”"**/ Neutral losses of 162/146/132 Da are ascribed
to O-glucoside/O-rhamnoside/O-xyloside residues, respectively, whereas neutral losses of
90 and 120 Da are ascribed to C-glucosides of (iso)flavonoids in PI or NI mode.** 3> %!
Moreover, neutral losses of 150/164/180 Da in NI mode are attributed to O,C-diglycosides,
namely O-xylosyl-C-glucosyl/ O-rhamnosyl-C-glucosyl/ O-glucosyl-C-
glucosyl(iso)flavonoids, respectively.®™ A high relative abundance of these neutral losses
was ascribed to the attachment of one of these glycosyl residues at the 2"-OH of the C-
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glucosyl residue.””! In addition, a malonyl group was identified by neutral losses of 44 or
86 Da, in NI or PI mode, respectively.?" %]

Prenyl configuration of isoflavonoids in extracts of lupine seedlings

Twenty-five prenylated isoflavonoids were found in treated lupines, including prenylated
isoflavonoid glycosides. The UV spectra indicated that most of the prenylated derivatives
were isoflavones. Two compounds were identified as prenylated coumaronochromones (58
and 59), which were distinguished from isoflavones by their UV spectrum, exhibiting Aax
values of around 257 (+2), 284 (+2) (sh), and 338 (+3) nm.'"*! The prenyl group can be
attached in different configurations to the A- and/or B-rings (Table 2). A neutral loss of 56
Da (C,Hs) was used to distinguish a prenyl chain from a ring-closed prenyl in PI mode.["*
34 Major neutral losses of 42 Da (C3Hg) and, to a lesser extent, 70 Da (CsHg + H,0), 54 Da
(C4Hg) and 15 Da (CHse) were used to identify both 2,2-dimethylpyran and 2-
isopropenyldihydrofuran rings.!"*) Neutral losses of 18 Da (H,0) and 72 Da (C4H;O) were
indicative of a 2-(1-hydroxy-1-methylethyl)-dihydrofuran ring."*! Based on these neutral
losses, peaks 41, 45, 47, 51-55 and 57-59 were classified as prenyl chain isoflavonoid
derivatives. It was impossible to distinguish between isoflavonoid isomers with a pyran or
furan substituent by mass spectrometry, as both of them provided almost the same
fragmentation patterns. Nevertheless, these isomers were tentatively assigned on the basis
of the literature, accounting for their elution behavior and their abundance in previous
studies.[ * 3%% Peaks 42 and 48-50 were assigned as 2,2-dimethylpyran isoflavonoids,
whereas 33 and 46 were assigned as 2-isopropenyl dihydrofuran and 2-(1-hydroxy-1-
methylethyl)-dihydrofuran isoflavonoid, respectively. Moreover, lupine generated
diprenylated isoflavonoids as well. The fragmentation behavior of diprenylated
isoflavonoid was similar to that of monoprenylated isoflavonoid, only the diagnostic losses
occurred twice: in MS* and MS*.*! As a result, peaks 56 and 61 were annotated as
isoflavonoids containing two prenyl chains, whereas peak 60 was assigned as an
isoflavonoid containing a prenyl chain and a pyran-ring. In addition, five out of twenty-five
prenylated isoflavonoids were in O-glycosylated form (peaks 13, 26, 30, 34, and 35), no C-
glycosylated form was found. This is consistent with the fact that prenylation and C-
glycosylation can occur at the same positions. The type of prenyl attached to these
glycosides of prenylated isoflavonoids can be determined from fragmentation of the
aglycone product ions in either in MS® or MS”. As a result, all glycosides of prenylated
isoflavonoids were annotated as isoflavonoids containing a prenyl chain.
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Figure 1. RP-UHPLC-UV profiles at 260 nm of 80% (v/v) aqueous methanol of a crude extract of
untreated L. albus (A), germinated L. albus (B), elicited L. albus (C), elicited L. luteus (D) and elicited L.
angustifolius (E). Peak numbers refer to compounds in Table 1.
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ISOFLAVONOIDS AND ESTROGENICITY OF GERMINATED AND ELICITED LUPINE

Table 2. Structures of tentatively identified prenylated isoflavonoids found in the Lupinus extracts.

Bh] b
Ry Q OH \( >_</J HO ? ( 4

OH O
Isoflavone (IF) Coumaronochromone (CC)  Prenyl-C Prenyl-F1  Prenyl-F2  Prenyl-P
No”  Moiety R, R, R, R, R, R, R’
13 IF OH prenyl-C 0-Glc H OH H 0-Glc
26 IF OH prenyl-C 0O-Glc-mal H OH H 0-Glc
30 IF OH prenyl-C 0O-Glc H OH H OH
33 IF OH prenyl-F2 H OH H OH
34 IF OH prenyl-C 0-Glc H H H OH
35 IF OH H 0-Glc H OH prenyl-C OH
41 IF OCH, H OH prenyl-C OH H OH
42 IF OCH, H prenyl-P OH H OH
45 IF OH H OH prenyl-C OH H OH
46 IF OH prenyl-F1 H OH H OH
47 IF OH prenyl-C OH H OH H OH
48 IF OH H prenyl-P OH H OH
49 IF OH prenyl-P H OH H OH
50 IF OH H OH H OH prenyl-P
51 IF OH H OH H OH prenyl-C OH
52 IF OH H OH prenyl-C H H OH
53 IF OH H OH H H prenyl-C OH
54 IF OH prenyl-C OH H H H OH
55 IF OH prenyl-C OH H H OCH, OH
56 IF OH prenyl-C OH prenyl-C OH H OH
57 IF OCH, H OH prenyl-C H H OH
58/59 cC H prenyl-C - - - - -
58/59 cC prenyl-C H - - - - -
60 IF OH prenyl-C OH H OH prenyl-P
61 IF OH prenyl-C OH H OH prenyl-C OH

? Number refers to compounds in Table 1.

b Standard three-letter codes for monosaccharide and malonyl are used.
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CHAPTER 3

A- or B-ring prenylation in isoflavonoids

Analysis of retro-Diels-Alder (RDA) fragment ions in PI mode from isoflavone isomers
was used to determine the position of the prenyl substituent (A- or B-ring).”® RDA
fragments diagnostic for A- or B-ring prenylation with a prenyl chain were obtained upon
fragmentation of the ion [M+H-C,Hs]" in MS® (Figures 2A and 2B). The diagnostic
fragments 13A*—C,4Hg and '*B"—C,H; still contained one carbon reminiscent of the prenyl
chain."**%! On the other hand, RDA fragmentation of isoflavones with a ring-closed prenyl
moiety mostly occurred upon MS? fragmentation of the parent ion with the prenyl
substituent still intact, yielding the diagnostic '*A* and '"B* RDA fragments (Figure 2C).
As a result, it is concluded that all monoprenylated isoflavones were A-ring prenylated,
except 35, 50, 51 and 53 that were B-ring prenylated. Similarly, RDA fragmentation of
diprenylated isoflavones with two chains was obtained upon fragmentation of the ion
[M+H-2C,H;]" in MS*, whereas RDA fragmentation of diprenylated isoflavones with a
chain and a ring-closed was performed on the [M+H-C4H;]" ion in MS®. As a consequence,
peak 56 was annotated as diprenylated isoflavone with two A-ring prenyl chains, whereas
peaks 60 and 61 were annotated as diprenylated isoflavones with an A-ring prenyl chain
plus a B-ring ring-closed prenyl, and with an A-ring plus B-ring prenyl chain, respectively.

13A" -5
i .
HO 0. OH T]+H* o ol on TeH* o o T]+H A
-C4Hg @ ci RDA @
Q,, “* Ttra, ™ oL
OH O OH OH O oH oHo
" BA*-C4H
IM+H]* [M+H-C4He] aHa.
m/z 355 m/z 299 (100%) m/z 165 (100%)
1,3A+ -
HO @ oy oH S HO. Ofl o I HO. o I+ | g B
C -C4H C: RDA @
—= RO ,/\J R
OH O OH O! OH O OH
OH B "OH
M+H]* [M+H-C,4Hg]* 13p% 1'38*—C4H2
m/z 355 m/z 299 (100%) m/z 153 (25%) m/z 147 (58%)
" .
T)+H* \1/\0/\(‘) T1+H o Ie) T]+H c
w000 T e
™ 36
] — ]
OH OH O OH O
[M+H]* 1.3p% 13A%.C4Hg
m/z 353 m/z 219 (100%) m/z 177 (100%)

Figure 2. Proposed RDA-fragmentation pattern of luteone (A), licoisoflavone A (B) and
parvisoflavone B (C) in Pl mode.
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ISOFLAVONOIDS AND ESTROGENICITY OF GERMINATED AND ELICITED LUPINE

Different to prenylated isoflavones, two prenylated coumaronochromones (58 and 59)
showed almost no RDA fragmentation. This observation was different to a previous report
showing that RDA fragmentation of some monoprenylated coumaronochromones occurred
at positions 0/4, albeit with low relative intensity (<1-10%). Nevertheless, our observation
corresponded with the fragmentation behavior of other prenylated coumaronochromones,
such as lupinalbin D and E, that did not show RDA fragmentation in that study./*”’ Hence,
the prenyl positions of coumaronochromones were not determined.

Position of prenylation within the A-ring of isoflavones

With respect to A-ring prenylation, two positional isomers are possible, i.e. attachment of
the prenyl substituent to the C-6 or to the C-8 position. We investigated the fragmentation
behavior of two authentic standards, wighteone and lupiwighteone, which are chain-
prenylated at C-6 and C-8, respectively. In PI mode MS?, both compounds produced
[M+H-C4Hg]" with m/z 283 at similar relative intensities. In MS?, the [M+H-C4H;]" ion of
the two compounds fragmented differently. The C-8 prenylated isoflavone almost
exclusively yielded a fragment ion with a neutral loss of 42 Da (C,H,0), whereas the C-6
prenylated isoflavone gave that fragment ion with less than 1% relative intensity (Figure
3). Therefore, we considered the fragment ion [M+H-C4H;s-C,H,0]" in MS? diagnostic for
distinguishing C-6 and C-8 chain-prenylation. This principle was applied to the extracts of
elicited lupine seedlings. As a result, peaks 47, 54 and 55 were classified as C-6 chain-
prenylated isoflavones, whereas 41, 45, 52 and 57 were classified as C-8 chain-prenylated
isoflavones. For glycosides of prenylated isoflavones, the fragmentations of the aglycone
product ions in MS* or MS* of PI mode were compared to their respective prenylated
isoflavone and used to determine the chain-prenyl position. Accordingly, peaks 13, 26, 30
and 34 were classified as C-6 chain-prenylated isoflavones.

As for the position of ring-closed prenylation (pyran, furan), it was observed that the
neutral loss of 54 Da in either PI mode MS? or MS® was found in relatively high abundance
(intensity of [M+H-54]" >20%) with some molecules and in lower abundance (intensity of
[M+H-54]" <5%) with others, putatively diagnostic for C-6 or C-8 ring-closed prenylation,
respectively. Similar observations were done before for closed-ring prenylated
flavones/flavonols.*”! Consequently, peaks 33, 46 and 49 were identified as C-6 ring-closed
prenylated isoflavones, whereas peaks 42 and 48 were annotated as C-8 ring-closed
prenylated isoflavones.
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Figure 3. Full ESI-MS, Ms? and MS® spectra of m/z 339 in Pl mode and proposed cleavage of
wighteone (A) and lupiwighteone (B). Bold dashed arrows indicate cleavage, yielding product ions
with relative abundance over 50%.

Content and composition of (iso)flavonoids of lupine seedlings

The (iso)flavonoid profiles of the three Lupinus species changed extensively upon
germination. The total flavonoid and isoflavonoid content increased from 0.28-0.46 mg
GE/g DW to 4.11-5.27 mg GE/g DW, dominated by glycosylated derivatives, which
accounted for up to 90% (w/w) of total (iso)flavonoids (Table S1 in Supporting
Information). A more than 300-fold increase was observed for total isoflavonoid content,
whereas only a 3-fold increase was noted for total flavonoid content. The total isoflavonoid
content reached up to 3.45-4.85 mg GE/g DW. Isoflavone was the predominant
isoflavonoid subclass found in lupine seedlings, mainly consisting of genistein derivatives
and smaller amounts of 2'-hydroxygenistein derivatives. The genistein derivatives were
dominated by their glycosylated forms, up to 90% (w/w). Typically, O-glycosylated
isoflavones were accumulated in all lupine seedlings, whereas C-glycosylated isoflavones
were absent in L. albus seedlings.
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ISOFLAVONOIDS AND ESTROGENICITY OF GERMINATED AND ELICITED LUPINE

The total flavonoid content increased after germination, from 0.28-0.46 to 0.42-1.08 mg
GE/g DW, mainly caused by accumulation of glycosylated compounds (more than 95%
(w/w) of total flavonoids) (Table S1 in Supporting Information). Flavone and, to a lesser
extent, flavanone were the main flavonoid subclasses found in lupine seedlings, with C-
glycosylated apigenin derivatives as the predominant compounds. Small amounts of
flavonoid aglycones were found in lupine seedlings, prenylated flavonoids were not
detected.

Content and composition of (iso)flavonoids of elicited lupine seedlings

Compared to the lupine seedlings, the total flavonoid and isoflavonoid content of elicited
lupine increased from 4.11-5.27 up to 5.99-8.78 mg GE/g DW (Table S2 in Supporting
Information). This was caused by the accumulation of isoflavonoids, particularly
isoflavones, as the flavonoid content was not considerably altered. The fungal elicitation
modified the total content and relative abundance of the group of genistein derivatives and
the group of 2'-hydroxygenistein derivatives, to different extents. The total content of 2'-
hydroxygenistein derivatives of elicited lupine seedlings increased 6 to 20 times compared
to that in non-elicited lupine seedlings, whereas the total amount of genistein derivatives
remained the same. Nevertheless, the relative abundance of genistein derivatives changed
during fungal elicitation just as that of the 2’-hydroxygenistein derivatives. The content of
O-glycosylated genistein derivatives decreased, coinciding with the increase of genistein
aglycone (Table S1 in Supporting Information). It is worth noting that no decrease in the
amount of C-glycosylated genistein derivatives was detected.

The change in the total content and relative abundance of isoflavones was different amongst
the three lupine species. The increase in total amount of 2'-hydroxygenistein derivatives in
L. albus was much more pronounced than that in the two other species. Surprisingly, the
level of prenylated 2'-hydroxygenistein derivatives was almost the same in all species. The
decrease in the content of O-glycosylated genistein derivatives was higher in L. albus than
in the other species. As a result, the elicited L. albus contained the highest amount of the
aglycone genistein. On the contrary, the highest content of prenylated genistein derivatives
was observed in L. angustifolius (Table S1 in Supporting Information).

Estrogenic activity of lupine extracts and fractions

The extracts from elicited lupine seedlings that were free from alkaloids were tested for the
estrogenic activity towards ERa or ERP. Results were expressed with the DMSO control
set to 0% and 0.2 nM 17p-estradiol set to 100% (Figure 4). The extracts tested showed a
clear dose-dependent agonistic activity towards both ERa and ER. The estrogenic activity
towards ERP} was around 10-fold higher than towards ERa. Of the extracts analyzed, the
elicited L. albus extract showed the highest estrogenic potency towards both ERs (Figures
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4). The extracts showed no anti-estrogenic activity (data not shown). In addition, no
estrogenic activity of extracts from untreated lupine seeds and alkaloid fractions was
observed (data not shown).
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Figure 4. Estrogenicity of extracts of fungus-elicited lupine seedlings towards ERa (A) and ER( (B).

The maximum ER response with estradiol was expressed as 1.0, and the relative estrogenic activity
was calculated as a ratio of this.
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Figure 5. Estrogenicity towards ERa (A) and ERP (B) of fractions enriched in prenylated derivatives
of 2'-hydroxygenistein and in prenylated derivatives of genistein from an extract of elicited L.
angustifolius seedlings. The maximum ER response with estradiol was expressed as 1.0, and the
relative estrogenic activity was calculated as a ratio of this.

To investigate the estrogenicity of prenylated isoflavones, the extract of elicited L.
angustifolius was fractionated using Flash chromatography. All fractions were analyzed by
UHPLC-MS. Two pools enriched in either prenylated genistein or prenylated 2'-
hydroxygenistein derivatives were made based on the compositional analysis. The pool of
prenylated genistein derivatives mainly consisted of wighteone (29%), whereas the pool of
prenylated 2'-hydroxygenistein derivatives mainly consisted of luteone (32%) and 2,3-
dehydrokievitone (25%) (Table S2 in Supporting Information). The two pools were tested
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for (anti)estrogenic activity towards ERa or ERP. The pool of prenylated 2'-
hydroxygenistein derivatives showed a ~70-fold higher estrogenic activity towards
ER than that of prenylated genistein derivatives (Figure 5B). The estrogenic activity of
prenylated 2'-hydroxygenistein derivatives towards ERo was ~100-fold lower than that
towards ERf, whereas no estrogenic activity of prenylated genistein derivatives towards
ERa was observed at the concentrations tested (Figure 5A). No anti-estrogenic activity
was observed for either fraction (data not shown).

DiscussioN

Germination alone or in combination with elicitation by fungus altered the total content and
composition of (iso)flavonoids in seed(ling)s of the three lupine species studied. The total
content of (iso)flavonoids increased after 7 days of germination, and increased further when
the germination was performed in the presence of fungus. During the treatments,
isoflavonoids appeared much more inducible than flavonoids, and the compositional
changes in isoflavonoids were species-dependent. Moreover, these compositional changes
affected the estrogenic activity of the extracts from the elicited lupine seedlings.

Elicitation of seedlings by fungus induces accumulation of particularly 2'-
hydroxygenistein derivatives

Elicitation by fungus increased the total content of 2'-hydroxygenistein derivatives of
lupine seedlings, whereas no such increase was observed for that of genistein derivatives
(Figure 6). The accumulation of the 2'-hydroxygenistein derivatives was most prominent
with L. albus, whereas the other two lupine species showed a two-fold lower increase. The
pool of 2’-hydroxygenistein derivatives did not seem to grow at the expense of that of
genistein derivatives during elicitation, suggesting de novo synthesis of these isoflavonoids.
Nevertheless, compositional changes in the pool of genistein derivatives occurred, i.e. due
to deglycosylation of the O-glycosides and, to lesser extent, to prenylation. It has
previously been shown that elicitation by fungus increased B-glucosidase activity,
evidenced by a higher amount of aglycones, which is in line with our results.”™ ! The higher
B-glucosidase activity in L. albus than in the other two species is in accordance with a
previous report stating that the increase of B-glucosidase activity in L. albus leaves after
infection with Pleiochaeta setosa was higher than that in L. angustifolius.”> No p-
glucosidase activity in L. /uteus has been reported. As expected, the amount of isoflavone
C-glycosides remained constant, as f-glucosidase is not known to cleave carbon-carbon
linkages.
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ﬂ genistein derivatives
a 2’-hydroxygenistein derivatives
5
4
=
(]
2
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-

GF G GF
L. luteus L. angustifolius L. albus

Figure 6. Total contents of genistein derivatives and 2'-hydroxygenistein derivatives of germinated
seeds (G) and Rhizopus-elicited seedlings (GF) of three lupine species. The color shades indicate
from darkest to lightest, O-glycosylated, aglycone, and prenylated isoflavonoids (including glycosides
of prenylated isoflavonoids). The hatched color pattern indicates C-glycosylated compounds. Data
are expressed in mg genistein equivalent (GE) per g dry weight (DW) of Lupinus. Data are the mean
value of measurements performed in duplicate. Error bars shows standard deviation of total content
genistein derivatives and 2'-hydroxygenistein derivatives.

Prenylation features in three lupine species compared

Accumulation of prenylated isoflavones was more pronounced during elicitation when
compared to germination. Except in L. angustifolius, 2'-hydroxygenistein seemed to be the
preferred substrate for prenyltransferases (Figure 7), as prenylated 2’-hydroxygenistein
was more abundant in L. albus and L. luteus than prenylated genistein, despite the lower
abundance of its respective unprenylated precursor. This is consistent with the fact that the
isoflavonoid prenyltransferase LaPT! isolated from L. albus is 20% more active towards 2'-
hydroxygenistein than towards genistein,'*! although no such data were available for
isoflavone prenyltransferase from either L. angustifolius or L. luteus. It might be speculated
that the prenyltransferase(s) from L. angustifolius are more promiscuous with respect to
their acceptor substrates (genistein and 2'-hydroxygenistein) than that (those) of L. luteus
and L. albus.
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Figure 7. The composition of prenylated genistein (gen) and prenylated 2'-hydroxygenistein (2'OH-
gen) of elicited lupine seedlings. The three prenyl positions, C-6, C-8 and C-3', were indicated by
different shading patterns, grey, white and black, respectively. All different kinds of prenylation
(chain, pyran, and furan) were accounted for. Data are the mean value of measurements performed
in duplicate. Error bars shows standard deviation of total content of prenylated genistein and 2'-
hydroxygenistein derivatives.

Another interesting finding was that the pattern of isoflavonoid prenylation differed among
the three lupine species (Figure 7). L. angustifolius isoflavones had the most versatile
prenylation pattern, with C-6:C-8:C-3' equalling 7:1:2 and 1:1:2, for prenylated genistein
and 2'-hydroxygenistein, respectively. With L. albus and L. luteus, prenylation seemed to
be more specific with one (mainly C-6) or two (C-6, and to a lesser extent C-8) preferred
positions for prenylation, respectively. From various reports on L. albus in the literature, it
might be deduced that each of the three positions for attachment of a prenyl chain requires a
distinct prenyltransferase.” **! Our results also hint at specific prenyltransferases for each
position, the expression of which seems to be lupine species-dependent. Nevertheless, in-
depth biochemical characterization of these prenyltransferases is required to establish such
region-specificity further.

Besides the position of prenylation, also the extent of the different kinds of prenylation
varied among the three lupine species. The ratio of chain : pyran : furan prenylation was
approximately 13:3:1 for L. luteus, 1:0:0 for L. angustifolius, and 4:0:1 for L. albus. This
suggests that the occurrence of cyclization reactions subsequent to the actual prenylation
step can differ among the three species.
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Accumulation of phytoestrogens during elicitation of seedlings by fungus

The estrogenic activity of extracts from lupine seed(ling)s increased after elicitation by
fungus. The L. albus extract displayed the highest estrogenic activity on both estrogen
receptors, followed by the L. luteus and the L. angustifolius extracts. The L. albus extract
contained the largest amount of aglycones (Figure 6), i.c. genistein and 2'-
hydroxygenistein, which might explain its higher estrogenic activity.!"" *! Nevertheless, the
relationship of estrogenic potential of the extracts and their isoflavonoid composition might
be more complex than proportion of aglycones. The prenylation pattern of isoflavonoids
differed between extracts, and it is not unlikely that this influences the estrogenic activity.!
Besides, C-glycosylated isoflavonoids (e.g. puerarin) are known to have estrogenic
activity,¥ but it is unknown whether this also holds for the isoflavonoid C-glycosides from
lupine. More in-depth studies with purified compounds are required to establish this further.

This study showed that the process of simultaneous germination and elicitation with
fungus, successful in inducing estrogenic isoflavonoids in soybean seedlings, can be
extrapolated to lupine seedlings for similar purpose. The estrogenic activity of extracts from
lupine and soybean seedlings was comparable. Nevertheless, the set of molecules induced
in elicited lupine seedlings differed from that in elicited soybean seedlings. In lupine, the
biosynthesis of isoflavonoids comes to a hold at a relatively early stage, i.e. 2'-
hydroxygenistein, whereas that of elicited soybeans continues to 6a-hydroxypterocarpans
and coumestans.” 'Y Besides different skeletons (and therewith planarity), also the
prenylation patterns between lupine and soybean are different, in that lupine showed more
chain prenylation than soybean (pyran and single prenyl). Therefore, prenylated
isoflavonoids from lupine might be an interesting complementary set of molecules to those
from soybean in studying modulation of estrogenic responses. In this respect, it is required
to determine ECsy and ICs, values of purified molecules in different bioassays (e.g. yeast
assay used in this study, and MCF-7 cells), in order to determine whether the molecules
show agonistic, antagonistic or SERM behavior.!"
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Figure S1. Mass chromatogram of the crude extract of L. albus seedlings before SPE (A) and the
alkaloid fraction retained on the column (B). Peak numbers refer to compounds in Table 1. Alkaloids
are labelled A1 and A2.
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Table S2. Relative abundance of prenylated isoflavonoids in the prenylated 2’-hydroxygenistein and
prenylated genistein pools.

Identification Area (%) based on MS chromatogram of pools 1 and 2

Prenylated 2'-hydroxygenistein (pool 1)

Lupinalbin A 3
2,3-Dehydrokievitone 25
Luteone 32
Licoisoflavone A 3
Lupinalbin B and D 7
Others (including saponin) 30

Prenylated genistein (pool 2)

Lupiwighteone 8
Isowighteone 8
Wighteone 29
Other (including saponin) 55

74



Chapter 4

Variation in Accumulation of Isoflavonoids
between Phaseoleae Seedlings Elicited by
Rhizopus

Seeds from seven species of the tribe of Phaseoleae, including Phaseolus, Vigna, Lablab
and Psophocarpus, were investigated for inducibility of isoflavonoids by germination with
or without subsequent elicitation with Rhizopus oryzae. Germination alone poorly induced
isoflavonoid production in Phaseoleae (in the range of 0.08-0.72 mg DE/g DW), whereas
application of Rhizopus onto the seedlings increased the isoflavonoid content considerably
(in the range of 0.43-2.27 mg DE/g DW). The inducibility of different subclasses of
isoflavonoids in seedlings with Rhizopus varied per species. Isoflavones and isoflavanones
were mainly found in elicited seedlings of Phaseolus, Vigna and Lablab species, whereas
pterocarpans were mainly observed in those of Psophocarpus. Isoflavones were mainly
found in either glycosylated or aglyconic form, whereas isoflavanones and pterocarpans
were primarily accumulated in prenylated form. Moreover, for all species, prenylation of
the main isoflavonoids mainly occurred on the A-ring, except for Psophocarpus for which
B-ring prenylation was predominant. Thus, despite their phylogenetic relatedness, the seeds
of various species within the Phaseoleae tribe appeared to respond differently towards
elicitation by Rhizopus during germination. The kind of molecules induced followed the
phylogenetic relationship of the various species, but their amounts induced during
germination, alone or combined with elicitation, did not.

Based on: Siti Aisyah, Harry Gruppen, Silvia Andini, Monique Bettonvil, Edouard Severing and Jean-
Paul Vincken, Variation in Accumulation of Isoflavonoids between Phaseoleae Seedlings Elicited by
Rhizopus, 2015, Submitted.



CHAPTER 4

INTRODUCTION

Flavonoids and isoflavonoids are major plant secondary metabolites that are synthesized
via the phenylpropanoid pathway.!! These compounds play important roles in many
essential physiological processes of plants, such as protecting against UV light, herbivores,
microbes or competing plants, and attracting pollinators.”) Besides, a range of human
health-promoting activities has been shown for (iso)flavonoids through in vitro and in vivo
studies, i.e. many isoflavonoids are regarded as hormone look-alikes that bind to the human
estrogen receptors, resulting in estrogenic and anti-estrogenic activity. This feature of these
so-called phytoestrogens might offer opportunities in therapies for hormone-dependent
diseases.” *! Various subclasses of isoflavonoids have gained attention, and particularly
isoflavonoid subclasses with prenyl substituents showed interesting estrogenic properties.”
I Due to our interest in these estrogenic properties, we aim to identify the potential of
various legume seeds to induce a collection of isoflavonoids, which differ in skeleton and
(kind, number and position of) substituents, particularly the prenyl group.

Flavonoids are widely distributed in plants, whereas the majority of isoflavonoids were
found in Leguminosae family.[" The content and composition of isoflavonoids of legume
seeds have been reported to differ between legume species and to change by subjecting the
seeds to different treatments.”” *! Our previous research on soybean and lupine has shown
that the content of isoflavonoids can be enhanced by germinating the seeds in the presence
of fungus.”'"! Besides, the diversity in isoflavonoid skeletons increases, and many of the
compounds induced are prenylated.”” ' The presence of the fungus seemed particularly
important for boosting the content and altering the isoflavonoid composition.!''*!

Phaseoleae is a diverse legume tribe containing over eighty genera, including some popular
edible legumes seeds, such as soybean (Glycine max), kidney bean (Phaseolus vulgaris),
and mung bean (Vigna radiata).™ ' Species other than soybean within this tribe have
been reported amenable to induction of isoflavonoids, using wounding, fungal elicitors,
bacterial elicitors and chemicals.!'*'* ' However, the inducibility of isoflavonoids in these
seeds during germination with concomitant elicitation by fungus has never been
systematically compared. In this study, we investigated the compositional changes in
isoflavonoids and flavonoids (in terms of total content and molecular diversity) of seven
common edible Phaseoleae seeds that were germinated in presence or absence of the food
grade Rhizopus oryzae. It was hypothesized that these closely related species responded
similarly to the treatment of germination under stress.
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MATERIALS AND METHODS

Materials

Seeds from seven edible Phaseoleae species (from four different genera) were purchased
from Vreeken’s Zaden (Dordrecht, The Netherlands): Phaseolus vulgaris, P. coccineus,
Lablab purpureus, Vigna angularis, V. unguiculata, V. radiata, and Psophocarpus
tetragonolobus. The authentic standards of daidzein and genistein were purchased from
Sigma Aldrich (St. Louis, MO, USA). ULC-MS grade acidified acetonitrile (ACN), water,
methanol and acetic acid (HOAc) were obtained from Biosolve BV (Valkenswaard, The
Netherlands). The fungus, Rhizopus oryzae (LU 581), was kindly provided by the
Laboratory of Food Microbiology, Wageningen University (The Netherlands). Other
chemicals were purchased from Merck (Darmstadt, Germany) and Sigma Aldrich Chemie
(Zwijndrecht, The Netherlands).

Treatments with Phaseoleae seeds

The treatment of seeds was performed in an EQMM sprouting machine (EasyGreen, San
Diego, CA, USA), which was modified as described previously.[“] The seeds were
consecutively subjected to soaking (1 d) and germination (7 d) stages. Prior to the soaking
step, seeds were surface-sterilized by immersing them in a 70% (v/v) aqueous ethanol (5
L/kg beans) for 10 min at room temperature, and subsequently rinsing them 4 times with
Milli-Q water (3 L/kg beans). The sterilized seeds were soaked for 24 h at 25 °C in
sterilized Milli-Q water. Subsequently, the soaked seeds were put into sterilized plastic
cartridges (sterilized by soaking them in hypochlorite 1% (v/v) for 2 h, then rinsing them
with Milli-Q water) that were covered with autoclaved filter paper. Next, they were placed
in the modified sprouting machine. Prior to this, the machine was sterilized according to the
cleaning protocol provided by the manufacturer. The seeds were germinated for 7 d at 25
°C and 100% RH. In another set of experiments, the seeds were also subjected to fungal
elicitation. A spore suspension (0.2 mL/g beans) was added to 2 d-old selected seedlings.
The non-germinated seeds were discarded. The fungus-inoculated seeds were incubated for
5 d at 30 °C, and a RH controlled at 55-85%. Spore suspensions for the inoculation stage
were prepared from pure plate cultures of R. oryzae grown on malt extract agar (CM59;
Oxoid, Basingstoke, UK). The sporangia were scraped off from the agar plate and
suspended in 0.85% (w/v) NaCl solutions (approximately 10" CFU/mL). The seeds were
collected after the treatment and directly stored at -20 °C.

Extraction of isoflavonoids from Phaseoleae seeds and seedlings

The extracts of untreated, germinated and elicited Phaseoleae seeds were prepared as
described previously for soybean, with the modification that 80% (v/v) aqueous methanol
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(MeOH) was used for extraction of (iso)flavonoids.'"! The dried extracts were re-
solubilized in 80% (v/v) aqueous methanol to a concentration of 5 mg/mL. All samples
were centrifuged (18,000 x g, 5 min; room temperature) prior to analysis.

RP-UHPLC-MS analysis

The extracts obtained were analyzed by UHPLC-MS. An Accela UHPLC system (Thermo
Scientific, San Jose, CA, USA) was equipped with a pump, autosampler, and photodiode
array (PDA) detector. Samples (1 pL) were injected onto an Acquity UPLC BEH shield
RP18 column (2.1 mm ID x 150 mm, 1.7 um particle size; Waters, Milford, MA, USA)
with an Acquity UPLC BEH shield RP18 VanGuard pre-column (2.1 mm ID x 5 mm, 1.7
um particle size; Waters). Water acidified with 0.1% (v/v) acetic acid, eluent A, and ACN
acidified with 0.1% (v/v) acetic acid, eluent B, were used as eluents at a flow rate of 300
pL/min. The temperatures of the autosampler and column oven were controlled at 15 and
35 °C, respectively. The PDA detector was set to monitor the 200-400 nm range. The
elution profile was as follows: 0-2 min, linear gradient from 10%-25% (v/v) B; 2-9 min,
linear gradient from 25%-50% (v/v) B; 9-12 min, isocratic on 50% B; 12-22 min, linear
gradient from 50%-100% (v/v) B; 22-24 min, isocratic on 100% B; 24-25 min, linear
gradient from 100%-10% (v/v) B; 25-30 min, isocratic on 10% (v/v) B. Mass spectrometric
analysis was performed on a LTQ Velos (Thermo Scientific) equipped with an HESI-MS
probe coupled to the RP-UHPLC. Nitrogen was used as sheath and auxiliary gas. The
spectra were acquired in the m/z range of 150-1,500. Data-dependent MS" analysis was
performed with normalized collision energy of 35%. The system was tuned with genistein
in both positive (PI) and negative ionisation (NI) mode. For the PI mode, the ion transfer
tube (ITT) temperature was 400 °C and the source voltage was 4.50 kV. For NI mode, the
ITT temperature was 400 °C and the source voltage was 3.50 kV.

Quantification of isoflavonoids was performed based on their absorption at 280 nm by
means of Xcalibur (version 2.1.0, Thermo Scientific). For different compounds eluted at the
same retention time, the quantification was based on the ratio of intensity of the peaks in
full HESI-MS, assuming that no isomers eluted at the same retention time. As for many
compounds no commercial standards were available, the amounts of (iso)flavonoid were
expressed as mg daidzein equivalents per g dry weight (mg DE/g DW). Daidzein was used
as a generic standard to make a calibration curve with five data points (0.1-0.001 mg/mL,
R*=0.998).

Phylogenetic analysis of Leguminoceous species

The Matk encoding regions were extracted from the following NCBI nucleotide sequences:
Lablab purpureus: gb|EU717408.1 (725-2239); Phaseolus coccineus: gb|DQ445964.1
(654-2198); Phaseolus vulgaris: gi|139387430 (4964-6505); Psophocarpus tetragonolobus:
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gi|378757903 (full); Vigna angularis gi|501594910 (5024-6538); Vigna radiata:
gi|289066804 (4996-6510); Vigna unguiculata: gb|AY589510.1 (692-2206); Glycine max:
gb|AF142700.1 (723-2240). These nucleotide sequences were translated into protein
sequences using the on-line version of TransSeq
(http://www.ebi.ac.uk/Tools/st/emboss_transeq/). Protein sequences were aligned using
muscle version 3.8.31.1"" The resulting alignments were converted to codon alignments by
replacing each amino acid by its corresponding codon and extending each gap to 3. The
jModelTest version was used for finding the appropriate evolutionary model for maximum
likelihood tree construction.'¥! The maximum likelihood trees were constructed using

PhyML version 3.1 using the parameters indicated by jModelTest with the addition that the
[19]

number of bootstrap samples was set to 100.

RESULTS

Flavonoid and isoflavonoid subclasses of Phaseoleae

UHPLC analysis of extracts from seeds and seedlings showed that UV-profiles changed
during the induction process. Figure 1 shows (iso)flavonoid profiles of P. coccineus during
germination and elicitation with Rhizopus. The other Phaseoleae species were analyzed in a
similar way, which revealed that different types of compounds were induced, and that their
onset of induction varied. Flavonoids and isoflavonoids were distinguished by their UV/vis
absorption spectra,”” the shape of which is largely determined by the presence/absence of a
double bond in the C-ring, and the position of the B-ring at the C-ring. Generally, both
classes have two absorbance bands that are commonly referred to as band I and II. Flavones
and flavonols with a double bond in the C-ring exhibited intense bands in the 240-280 nm
range (characteristic for the A-ring benzoyl system, band II) and in the 300-380 nm range
(characteristic for the B-ring cinnamoyl system, band I). The absence of the double bond in
C-ring of flavanones reduces the intensity of band I (in some cases to a shoulder (s#) on
band II), and only an intense band in the range of 270-295 nm is visible, representing band
II. Isoflavonoids without conjugation between the A- and B-ring normally show an intense
band in the range 245-290 nm (band IT) with little absorption above 300 nm (band I) (Table
1).2') Nevertheless, coumestans show a distinct intense band at 345 nm, with a very low
intensity band or no band below 300 nm."*) The exact UV absorption maxima of individual
(iso)flavonoids mostly depend on the level and position of oxygenation (Table S1 in
Supporting Information).

Mass spectral data, representing cleavage in the C-ring, can be used to classify the
compound’s subclass.”” ¥ Often cleavage in the C-ring resulted in diagnostic fragment
ions, most of which could be rationalized by retro-Diels—Alder (DA) reactions. Generally,
most (iso)flavonoids gave fragment ions resulting from C-ring cleavage in either PI or NI
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mode. The position of these cleavages in PI mode depended on the subclasses.*”

Nevertheless, all of the subclasses can be fragmented at the 1/3 position (Table 1).
Flavones and flavonols showed the characteristic cleavage at the C-ring through 0/2 bonds
in PI mode, while isoflavanes and isoflavanones showed the fragmentation through 2/3
bond,™! which is in line with previous data. On the other hands, coumestans hardly yielded
any fragment ions resulting from C-ring cleavage.” In total, nineteen peaks were classified
as flavonoids, dominated by the flavonol subclass, whereas fifty-four peaks were classified
as isoflavonoids, dominated by isoflavanone and isoflavone subclasses (Table S1 in
Supporting Information).
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Figure 1. RP-UHPLC-UV profile of a 80% (v/v) aqueous methanol extract of seeds (A), germinated
seeds (B), and fungus-elicited seedlings (C) of P. coccineus. Peak numbers refer to compounds in
Table S1.
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Table 1. Summary of the UV spectral and mass spectrometric characteristics of (iso)flavonoid
subclasses.

uv RDA fragmentation Subclass

Band | Band Il
300-380 240-280 3p/B, 8", *'B* Flavone
300-380 240-280 2a/8%, %2A/B", [“B+2H] Flavonol
300-360° 270-295 p/B, %'B" Flavanone
300-340° 245-270 2a/B", M A/BY Isoflavone
300-360° 270-295 RV W W - Isoflavanone

270-285 “3p/B", MA/B, /BT Isoflavan

280-310 >*p/B*, A/B", >°A/B Pterocarpan
340-350 260-268° - Coumestan
330-347 260-268, 280-289 - Coumaronochromone

? Shoulder or inflection.

Type of substituents attached to the flavonoid and isoflavonoid skeleton

Glycosyl, prenyl, hydroxyl, and methoxyl groups are common substituents of the
(iso)flavonoid skeleton. The presence of these groups can be derived from the losses of
neutral and/or radical fragments from parent ions in mass spectra. Glycosylated
(iso)flavonoids showed fragments originating from the loss of a glycosyl residue in MS? as
the most abundant species in both NI and PI modes. The neutral losses of 162/146/132 Da
indicated the presence of O-hexosyl/-rhamnosyl/-pentosyl isoflavonoids, respectively. The
neutral losses of 90 and 120 Da followed by several consecutive losses of 18 Da were
observed for C-hexosyl (iso)flavonoids. Often the glycosyl residues contained a malonyl
group, which was characterized by a neutral loss of 44 or 86 Da, in NI or PI mode,
respectively.?”! In this study, most of flavonoids were found to be glycosylated, whereas
glycosylation occurred less frequently with isoflavonoids (Table S1 in Supporting
Information).

Different to glycosylation, prenylation was restricted to isoflavonoids. The prenyl group
could be attached to the isoflavonoid skeleton in different configurations. A neutral loss of
56 Da (C4Hg) in PI mode was used to distinguish a prenyl chain from a ring-closed prenyl
(or 2,2-dimethylpyran ring), as reported before.”® %! Major neutral losses of 42 Da (C;Hg),
and to a lesser extent 70 Da (C3Hg+ H,0), 54 Da (C4Hg), and 15 Da (CH;¢) were used to
identify the 2,2-dimethylpyran and 2-isopropenyldihydrofuran rings.m] Neutral losses of 18
Da (H,O) and 72 Da (C4HsO) were indicative of the 2,2-dimethyl-3-hydroxy dihydrofuran
ring.” Remarkably, the isoflavonoid skeleton affected the intensity of fragment ions
resulting from the loss of prenyl group. The intensity of the fragment ion [M+H-prenyl]"
was predominant in MS? spectra of prenylated isoflavones, whereas the fragment ions
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produced by C-ring cleavage dominated in MS? spectra of prenylated isoflavans (Table S1
in Supporting Information). For prenylated isoflavanones, often the neutral loss of 18 Da
was more favored than that of a prenyl substituent (56 Da or 42 Da). The relative intensities
of [M+H-C4H;]" and [M+H-H,0]" in MS? spectra of kievitone, for instance, were 40% and
100%, respectively. Twenty-five out of fifty-four isoflavonoids were prenylated, of which
six were glycosylated.

Position (A- or B-ring) of prenylation of isoflavonoids

Fragments obtained after C-ring cleavage were used to determine the position of the prenyl
group in the isoflavonoid skeleton.®® *!) C-ring cleavage yielded fragment ions containing
the A- or B-ring and part of the C-ring. The C-ring cleavage at the 1/3 position of
prenylated isoflavones was mainly observed in MS® spectra with molecular ions containing
one carbon reminiscent of the prenyl chain, resulting in the fragment ions A, '*A-C,Hg",
and/or *B-C,Hs". Based on these fragment ions, three out of four prenylated isoflavones
(52, 69, and 78) were categorized as A-ring prenylated. Besides the 1/3 C-ring cleavage,
prenylated isoflavanones also showed 2/3 C-ring cleavage. Based on both C-ring cleavage
patterns, all prenylated isoflavanones (28, 30, 32, 37, 42, 50, 53, 61 and 66), were
categorized as A-ring prenylated. Prenylated isoflavans showed mainly C-ring cleavage at
the 2/3 position in MS”. Based on the fragment ion *’B”, being the base peak in MS®
spectra, phaseollinisoflavan (72) and 2’-O-methyl phaseollidinisoflavan (76) were
categorized as B-ring prenylated. The extra D-ring in the skeleton of prenylated
pterocarpans changed the fragmentation pattern. The fragmentation of prenylated
pterocarpan found in the extracts was extrapolated from that of prenylated 6a-OH-
pterocarpans reported elsewhere.”® In the PI mode, the **B-C,Hs" ion was detected in MS?
spectra of phaseollidin and its isomer (70 and 73, respectively), and the “*B-C3H;" ion was
detected as the base peak of MS® spectra of phaseollin and its isomer (77 and 71,
respectively), confirming their B-ring prenylation.

Anthraquinones

Five peaks were tentatively identified as anthraquinones, showing A, in the range of 220-
350 nm, and close to 400 nm, depending on the nature and position of the substituents.*?!
Of the five peaks, four anthraquinones (40, 49, 51 and 59) were characterized by the neutral
loss of 28 Da yielding the base peak [M-H-CO] in MS? which was followed by a
subsequent neutral loss of 44 Da [M-H-CO-CO,]” in MS*.®* In case of the fifth peak (55),
the neutral loss of 44 Da [M-H-CO,]” was observed in MS? followed by a loss of a methyl
radical to yield fragment ion m/z 194 in MS®, indicating the presence of a methoxyl
group.* ¥ Peaks 51 and 59 were tentatively identified as emodin and an isomer thereof,*"
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whereas peak 55 was tentatively annotated as methoxylated anthraquinone. The identities
of the two anthraquinone peaks 40 and 49 were not further established.

Changes in (iso)flavonoid composition during germination

UHPLC analysis showed that, generally, flavonoids were more commonly found in the
seeds than isoflavonoids. Glycosides of quercetin, kaempferol and apigenin were the main
flavonoids of the seeds. Nevertheless, among the seven species studied, only V. radiata and
P. tetragonolobus accumulated above 0.1 mg DE/g DW. The total (iso)flavonoid content of
seeds increased after 7 days of germination, up to 0.1- 1.0 mg DE/g DW. As an exception,
the total (iso)flavonoid content of V. radiata and P. tetragonolobus decreased, due to the
reduction in the flavonoids content during germination. The content of C-glycosylated
apigenin derivatives (+ 1.7 mg DE/g DW) in the V. radiata seeds, for instance, decreased
up to 90% (w/w) after germination. The same observation has been reported before for V.
radiata sprouts.”>> The increase of isoflavonoid content during germination was more
pronounced than that of flavonoids. Isoflavonoids were accumulated in the range of 0.1 to
0.7 mg DE/g DW, whereas for flavonoids this was in the range of 0.01 to 0.44 mg DE/g
DW. Isoflavone and isoflavanone subclasses were the predominant isoflavonoid subclasses
found in sprouts, mainly in the form of glycosides. Kievitone (a prenylated isoflavanone)
was found up to 0.2 mg DE/g DW in the sprouts, except in P. tetragonolobus (Table S2 in
Supporting Information).

@ anthraquinone
3.5 {1 DOisoflavonoids
m flavonoids

mg DE/g DW

0.5 1
N il I
G GF G GF G GF G GF G GF G GF G GF
V. angularis V. radiata V. unguiculata P. vulgaris P. coccineus L. purpureus  |P- tetragonolobus|

Figure 2. Total isoflavonoid and flavonoid contents of germinated seeds (G) and elicited seedlings
(GF) of species of the tribe of Phaseoleae. All contents are expressed in mg daidzein equivalents (DE)
per g dry weight (DW) of seedling. Data are the mean * SD of duplicates.
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Changes in (iso)flavonoid and anthraquinone composition during
elicitation

The total (iso)flavonoid content increased further when the germination was performed in
the presence of R. oryzae (Figure 2). Rhizopus boosted the total isoflavonoid content of the
sprouts 2- to 15-fold, whereas no substantial increase in the total flavonoid content was
observed (Table S3 in Supporting Information). After elicitation, the total isoflavonoid
content of Vigna species was around 0.7-1.4 mg DE/g DW, whereas that of Phaseolus
species was higher, up to 1.8-2.4 mg DE/g DW. The total isoflavonoid contents of
Psophocarpus and Lablab were around 1.2 and 0.4 mg DE/g DW, respectively (Figure
3A). The isoflavonoid composition was also affected by fungal elicitation. Generally, the
amount of glycosylated isoflavonoids decreased, whereas those of prenylated and aglyconic
ones increased almost in all elicited seedlings (Figure 3B). In addition, anthraquinones
were found only in elicited Phaseolus species and Vigna unguiculata, around 0.1-0.5 mg
DE/g DW. The occurrence of anthraquinones in Phaseolus vulgaris has been reported
before, in the range of 0.0-0.34 mg/g DW.1*%)

Five isoflavonoid subclasses, i.e. isoflavone, isoflavanone, isoflavan, pterocarpan, and
coumestan, were observed in the elicited seedlings (Figure 3A). Elicited Phaseolus
seedlings contained mainly isoflavones and isoflavanones. Isoflavanones were mainly
found in prenylated form, exceeding 40% (w/w) of the total isoflavanone content. In
contrast, isoflavones were mostly found in glycosylated form, above 50% (w/w) of the total
isoflavone content. Other subclasses were accumulated less in elicited Phaseolus.
Isoflavans, found primarily in prenylated form, for instance, were accumulated in elicited
Phaseolus species, around 0.1 mg DE/g DW, and coumestans and pterocarpans were
accumulated less than 0.1 mg DE/g DW. Similar to Phaseolus, isoflavone and isoflavanone
subclasses were predominant in Vigna and Lablab species. The isoflavanone found in these
two genera mainly occurred in prenylated form, whereas the isoflavones were found mainly
in unprenylated form. Other subclasses were found less than 0.1 mg DE/g DW in elicited
Vigna and Lablab. Tsoflavans were observed only in elicited V. unguiculata, around 0.02
mg DE/g DW. It is worth to note that the glycosides of prenylated isoflavanones, i.e.
prenylated kievitone, were found in P. vulgaris and V. unguiculata. In contrast to the
previous genera, fungus-elicited Psophocarpus seedlings contained mainly pterocarpans
that accumulated mostly in prenylated form, up to 90% (w/w) of the total isoflavonoid
content, whereas prenylated pterocarpans were accumulated in the range of 2-17% (w/w) of
the total isoflavonoid content in other species.
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Figure 3. (A) Total content of isoflavonoid subclasses of germinated seeds (G) and elicited seedlings
(GF) of Phaseoleae species. All contents are expressed in mg daidzein equivalents (DE) per g dry
weight (DW) of seedlings. (B) The composition (in percentage) of prenylated, glycoside of prenylated,
glycosylated and aglyconic isoflavonoids of germinated seeds (G) and elicited seedlings (GF) of
Phaseoleae species.

DiscussiON

The induction of isoflavonoids in the seedlings of seven common edible legume species
during germination and subsequent elicitation was investigated. The relationship among the
various species of the tribe Phaseoleae was plotted in a phylogenetic tree (Figure 4), with
addition of Glycine max (soybean). Glycine is also a member of the tribe of Phaseoleae and
the induction of isoflavonoids in this species has been investigated previously.” ') The
phylogenetic tree was constructed using the Matk encoding regions as described in
Materials and Methods section. According to the phylogenetic tree, genera Phaseolus,
Vigna and Lablab are more closely related to each other (clustered into the subtribe
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Phaseolinae) than Glycine (subtribe Glycininae) and Psophocarpus (not assigned to a
subtribe) (Figure 4).' The genetic relatedness between the species is discussed in terms of
inducibility of isoflavonoids, more in particular their content and molecular diversity.

mg DE
/g DW

genistein

@ isoflavonoids in seed
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unprenylated isoflavonoids in elicited seedling EN
[ § prenylated isoflavonoids in elicited seedling 92% demethyl- -
© prenylated aromatic ring s medicarpin
w

Figure 4. Overview of the inducibility of isoflavonoids in Phaseoleae species during various
treatments. The phylogenetic relationship amongst species is described by the un-rooted tree that
was constructed using maximum likelihood method. Number at branch point in the tree represents
deviating bootstrap support value (%), the other bootstrap support values were 100%. The scale bar
(0.008) indicates branch length. The range of total isoflavonoid content of the respective seeds,
seedlings and Rhizopus-elicited seedlings are indicated by colored circles. The structures indicate the
major isoflavonoid induced, when the sum of all compounds with that skeleton represented more
than 30% (w/w) of the total isoflavonoid content in Rhizopus-elicited seedlings of the tribe
Phaseoleae. The colored aromatic rings represent the most favored ring for prenylation.
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Inducibility of isoflavonoid content in Phaseoleae seedlings does not
follow lineage

The change in isoflavonoid content in the seeds during the treatments is represented in
Figure 4. Soybean was the only species that already contained a large amount of
isoflavonoids in the seeds. The isoflavonoid content was inducible during germination, but
the species studied responded differently. Generally, an increase in isoflavonoid content
was observed during germination of speci in the subtribe of Phaseolinae, contrary to G. max
and P. tetragonolobus (Figure 4). In the presence of Rhizopus, the isoflavonoid content
developed differently among the speci of the subtribe of Phaseolinae. Phaseolus spp.
seemed more inducible than Vigna spp. whereas L. purpureus poorly responded to
Rhizopus. On the other hand, the isoflavonoid contents of G. max and P. tetragonolobus
that were hardly induced by germination was increased during elicitation by fungus. Thus,
our results show that the isoflavonoid content is best boosted by germination in presence of
fungus, and that the extent of inducibility is not necessarily linked to genetic relatedness.

Molecular diversity of isoflavonoids induced in Phaseoleae seedlings
follows lineage

The main isoflavonoid skeleton induced in elicited seedlings was subtribe-dependent
(Figure 4). Species belonging to the subtribe of Phaseolinae accumulated mainly
isoflavones  (genistein and 2’-hydroxygenistein derivatives) and isoflavanones
(dalbergioidin derivatives), whereas G. max and P. tetragonolobus were dominated by 6a-
hydroxypterocarpans (glycinol derivatives) and pterocarpans (demethylmedicarpin
derivatives), respectively. This indicates that G. max and P. tetragonolobus are more
capable of synthesizing the more downstream compounds of the isoflavonoid pathway
during fungal elicitation than Phaseolus spp., Vigna spp., and L. purpureus.

The extent of, the preferred isoflavonoid subclass for, and position of prenylation varied
amongst species. Generally, the species of the Phaseolinae subtribe accumulated the
prenylated isoflavonoids in the range of 25-50% (w/w) of total isoflavonoids, whereas this
was around 50 and 90% (w/w) for G. max and P. tetragonolobus, respectively. With respect
to preferred isoflavonoid subclass for prenylation, pterocarpans and isoflavanones were
prenylated to an extent of 60-95% and 35-80% (w/w), respectively, whereas this was only
5-25% (w/w) for isoflavones (Figure 4). Furthermore, the position of prenylation of the
main compounds induced differed. A-ring prenylation was more favored for dalbergioidin
and glycinol, whereas B-ring prenylation was favored for the demethylmedicarpin (Figure
4). Consequently, the species of the Phaseolinae subtribe and G. max accumulated more A-
ring than B-ring prenylated isoflavonoids, whereas P. tetragonolobus was dominated by B-
ring prenylated isoflavonoids. Our results suggest that the type of skeleton induced upon
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elicitation might be deduced from the phylogenetic relationship of the species, whereas this
is less clear for the extent and position of prenylation.
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Chapter 5

Modification of Prenylated Stilbenoids in
Peanut Seedlings by the Same Fungi that
Elicited Them: The Fungus Strikes Back

Aspergillus oryzae and Rhizopus oryzae were compared for inducing the production of
prenylated stilbenoids in peanut (Arachis hypogaea) seedlings. The fungus was applied at
two different time points: directly after soaking (day 1) or after 2 days of germination (day
3). After the treatments, aqueous methanolic extracts of the elicited peanut seedlings were
analyzed by LC-PDA-MS. Aspergillus- and Rhizopus-elicited peanut seedlings
accumulated an array of prenylated stilbenoids, with overlap in compounds induced, but
also with compounds specific to the fungal treatment. The differences were confirmed to be
due to modification of prenylated stilbenoids by the fungus itself. Each fungus appeared to
deploy different strategies for modification, i.e. glycosylation by Rhizopus and oxidative
cleavage by Aspergillus. The content of prenylated stilbenoids modified by fungi accounted
for around 4% to 39% (w/w) of total stilbenoids. The contents of modified prenylated
stilbenoids by Aspergillus and Rhizopus were 1.9-fold and 2.6-fold higher, respectively,
when the fungus was applied on day 1 instead of day 3. Furthermore, the time point of
application of the fungus affected the content of unmodified prenylated stilbenoids of
peanut seedlings elicited by Rhizopus and Aspergillus differently. Early application (day 1)
of Rhizopus decreased the amount of unmodified prenylated stilbenoids of the seedlings up
to 3.8-fold compared to application at day 3, but that of Aspergillus increased the amount of
unmodified prenylated stilbenoids up to 2.4-fold. Taken together, type of fungus and time
point of inoculation appeared to be crucial parameters for optimizing accumulation of
prenylated stilbenoids in peanut seedlings.

Based on: Siti Aisyah, Harry Gruppen, Mathijs Slager, Bianca Helmink and Jean-Paul Vincken,
Modification of Prenylated Stilbenoids in Peanut Seedlings by the Same Fungi that Elicited Them:
The Fungus Strikes Back, 2015, Submitted.



CHAPTER 5

INTRODUCTION

By combining malting and fungal stress on legume seeds, phenolic compounds with health-
promoting properties, particularly isoflavonoids, can be induced.""! Upon such biotic stress,
the seedlings generate a pool of defense molecules, so-called phytoalexins, to fight the
fungus. This method has been applied to soybean and lupine. It appeared that not only the
content of isoflavonoids could be increased, but that also the isoflavonoid composition was
altered, albeit in different ways. After treatment, soybean seedlings contained prenylated
pterocarpans,’” whereas those of lupine accumulated prenylated isoflavones.”!

Unlike other members of the legume family, peanuts produce stilbenoid-type phytoalexins
instead of isoflavonoids upon elicitation by microorganisms.’! The major phytoalexins
found in peanuts are trans-resveratrol, arachidin-1, arachidin-2, arachidin-3, and trans-3’-
isopentadienyl-3,5,4’-trihydroxystilbene (IPD).”) The capacity of peanuts to produce
stilbenoid phytoalexins has been widely investigated, mainly to improve resistance to
pathogenic fungi, such as Aspergillus flavus that produces aflatoxin.”! Control of aflatoxin
contamination in peanut is an important issue in food safety.”! Pathogenic Aspergillus
species are reported to elicit a strong stilbenoid response in peanut compared to other biotic
elicitors such as Cladosporium species.” Stilbene-1, for instance, has only been found in
peanut seedlings elicited by Aspergillus.* Nevertheless, it is questionable whether stilbene-
1 in Aspergillus-elicited peanut seedlings is derived from the plant itself, or whether it is a
phytoalexin which has been altered by the fungus, e.g. to make it less harmful.”’ In other
words, is stilbene-1 a true or a modified phytoalexin?

The potential benefits of peanut phytoalexins to human health have increased the interest in
producing such compounds by elicitation with food-grade fungi. However, the induction of
peanut phytoalexins by food-grade fungi has not been extensively investigated. To the best
of our knowledge, only Rhizopus oligosporus has been used to elicit stilbenoid production
in peanuts.”! In the present study, we extrapolated the method, which has been applied to
soybean and lupine, to peanut. Two different types of food-grade fungi, Aspergillus oryzae
and Rhizopus oryzae, were selected to elicit peanuts. Rhizopus oryzae was selected to
facilitate comparison with legume species other than peanut, which have been successfully
subjected to a similar induction protocol in our laboratory, whereas Aspergillus oryzae was
selected because of its presumed higher potency to induce phytoalexins. Both fungi have
been widely used in food fermentation industry for a long time.!"* " It is worth to highlight
that 4. oryzae has low pathogenic potential and does not produce aflatoxins or any other
carcinogenic metabolites.'"! The content and compositional changes of stilbenoids in
peanuts, peanut seedlings and fungus-elicited peanut seedlings were investigated
systematically. It was hypothesized that the stilbenoid profile can be directed by the kind of
fungus applied, as well as by the time point of inoculation. Also, we describe, for the first
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time, the transformation of prenylated stilbenoids by 4. oryzae and R. oryzae, and discuss
the implications of this with respect to generating health-promoting compounds.

MATERIALS AND METHODS

Seeds and chemicals

Dehulled peanuts (4rachis hypogaea) were purchased from Vreeken’s Zaaden (Dordrecht,
The Netherlands). Trans-resveratrol and genistein were purchased from Sigma Aldrich
(Steinheim, Germany). UHPLC-MS grade acidified water, methanol, acetonitrile and
formic acid were obtained from Biosolve BV (Valkenswaard, The Netherlands). Other
solvents and D-glucose were purchased from Merck (Darmstadt, Germany) and Sigma
Aldrich Chemie (Zwijndrecht, The Netherlands). Neutralized bacteriological peptone and
yeast extract were purchased from Oxoid (Basingstoke, UK). Milli-Q water was prepared
using an integral water purification system (Millipore, Billerica, MA, USA).

Fungal strains and culture conditions

Rhizopus oryzae (LUS81) and Aspergillus oryzae var. effususs (LU009) were kindly
provided by the Laboratory of Food Microbiology, Wageningen University (Wageningen,
The Netherlands). The fungal strains were stored at -80 °C in 20% (v/v) glycerol. Pure plate
cultures of fungi were grown on CM59 malt extract agar (Oxoid, Basingstoke, UK) for 7
days at 30 °C.

Peanut treatments

The treatment of peanuts was performed in an EQMM sprouting machine (EasyGreen, San
Diego, CA, USA), which was modified as described previously.”) The peanuts were
sequentially subjected to soaking and germination stages. Prior to soaking, peanuts were
surface-sterilized by immersing them in 70% (v/v) aqueous ethanol (2 mL/g peanuts) for 15
min at room temperature and subsequently rinsed 4 times with Milli-Q water (5 mL/g
peanut). The sterilized peanuts were soaked for 24 h at 25 °C in sterilized Milli-Q water.
Subsequently, the soaked peanuts were peeled and put in plastic cartridges (sterilized by
soaking them in hypochlorite 1% (v/v) for 2 h, then rinsing them with Milli-Q water) that
were covered with autoclaved filter paper. Next, they were placed in the sprouting machine.
Prior to this, the machine was sterilized according to the cleaning protocol provided by the
manufacturer. The peanuts were germinated in the dark for 7 days (7G) at 25 °C and 100%
RH (Table 1). In another set of experiments, the peanuts were also subjected to fungal
elicitation. A spore suspension (0.2 mL/g peanuts) was added to the peanuts, either directly
after soaking (on day 1, SR and 5A), or after 2 days of germination (on day 3, 2G-5R and
2G-5A) (Table 1). The fungus-inoculated peanuts were incubated for 5 days at 30 °C and a
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RH controlled at 55-85%. Spore suspensions for the inoculation stage were prepared from
pure plate cultures of fungus grown on malt extract agar. The sporangia were scraped off
from the agar plate and suspended in 0.85% (w/v) NaCl solutions to spore concentrations of
107 and 10° CFU/mL for R. oryzae and A. oryzae, respectively. After treatment, samples
were directly stored at -20 °C.

Table 1. Summary of different peanut treatments.

Treatment Fungus Stage

codes Soaking (1 day) Germination (2 days) Incubation (5 days)
Un - - - -

76 - Vv v v

5R Rhizopus oryzae v v

2G-5R Rhizopus oryzae N N N

5A Aspergillus oryzae v v

2G-5A Aspergillus oryzae v \ v

?The treatment mentioned was not performed.
b The treatment mentioned was performed.

Extraction of phenolic compounds

Untreated and treated peanuts were freeze-dried and subsequently ground using a MM2000
bead mill (Retsch, Haan, Germany). The extraction was performed with a E-916 speed
extractor (Buchi, Flawil, Switzerland) as described previously,””! using n-hexane and 80%
(v/v) aqueous methanol for defatting and extraction of stilbenoids, respectively. The
aqueous methanol extract was evaporated under reduced pressure and freeze-dried. The
extract was re-solubilized in 80% (v/v) aqueous methanol to a concentration of 10 mg/mL
and subjected to LC-MS/MS analysis.

Preparation of extract enriched in prenylated stilbenoids

Freeze-dried and ground Rhizopus elicited peanuts were defatted using n-hexane (1:10
(w/v)) and subsequently extracted using ethyl acetate (1:20 (w/v)). During defatting and
extraction, the mixture was stirred for 1 min and then sonicated for 20 min at 40 °C. The
suspension was filtered through a Grade 3 filter paper (Whatman, Buckinghamshire, UK).
The defatting and extraction steps were repeated three times. The n-hexane extracts were
discarded, whereas the ethyl acetate extracts were combined and evaporated under reduced
pressure. The dried extract was dissolved in 10% (v/v) aqueous methanol and subjected to
solid-phase extraction (SPE) on a Sep-Pak Vac 20 cc (5 g) Cs cartridge (Waters, London,
UK). Prior to sample application, the cartridge was pre-conditioned using 30 mL of
methanol, followed by 30 mL of water. The sample was loaded onto the cartridge, and then
washed with 50% (v/v) MeOH (37.5 mL). The following elution profile was used: 60%
(v/v) MeOH (15 mL), 70% (v/v) MeOH (22.5 mL), 80% (v/v) MeOH (15 mL), and 100%
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(v/v) MeOH (15 mL). The SPE-fractions (7.5 mL) were subjected to LC-MS/MS analysis.
Subsequently, fractions containing only prenylated stilbenoids were combined and dried
under reduced pressure. The combined fraction was resolubilized in DMSO and used
further for a modification experiment by fungus.

Incubation of the fraction enriched in prenylated stilbenoids with fungus

R. oryzae and A. oryzae were grown at 30 °C in a cotton-plugged Erlenmeyer flask (100
mL), containing 25 mL of sterilized liquid medium, and shaken at 130 rpm. The liquid
medium consisted of glucose (50 g/L), neutral peptone (10 g/L) and yeast extract (1 g/L).
The medium was inoculated with either 1 mL of spore suspension of R. oryzae or A.
oryzae. After 4 days, 1 mL of the fraction enriched in prenylated stilbenoids (1 mg/mL)
was added to the culture, and the incubation was continued for another 3 days. All
experiments were performed in duplicate. Three control samples were used: (i) sterile liquid
medium with 1 mL of the fraction enriched in prenylated stilbenoids; (ii) Rhizopus culture
in liquid medium with 1 mL of DMSO; (iii) 4spergillus culture in liquid medium with 1
mL of DMSO. At day 7, the culture was filtered through a Grade 3 filter paper (Whatman).
The filtrate was acidified with 0.5 M hydrochloric acid to pH 3.0 and extracted three times
with 12.5 mL ethyl acetate. The ethyl acetate fraction was subsequently dried with a
saturated NaCl solution and centrifuged (10,000 x g, 5 min, 15 °C). The fungal biomass,
present on the paper, was also extracted with 12.5 mL ethyl acetate two times, using
sonication for 30 min at 40 °C. All ethyl acetate fractions were combined, evaporated under
reduced pressure and freeze-dried. The material was re-solubilized in 80% (v/v) methanol
to a concentration of 10 mg/mL and subjected to LC-MS/MS analysis.

LC-MS/MS

Stilbenoid analysis was performed using a UHPLC-MS system (Thermo Scientific, San
Jose, CA, USA), with a photo diode array (PDA) detector and a mass spectrometer.
Samples (1 pL) were injected onto a Hypersyl Gold C18 column (2.1 mm i.d. x 150 mm,
1.9 um particle size, Thermo Scientific). Water acidified with 0.1% (v/v) formic acid,
eluent A, and methanol acidified with 0.1 % (v/v) formic acid, eluent B, were used as
solvents at a flow rate of 300 uL/min. The temperatures of the autosampler and column
oven were controlled at 15 and 40 °C, respectively. The PDA detector was set to monitor
the wavelength range of 200-600 nm. The elution profile was as follows: 0-1 min, isocratic
on 0 % B; 1-2 min linear gradient from 0% to 30% B; 2-18 min, linear gradient from 30%
to 80 % B; 18-23 min, linear gradient from 80% to 95 % B; 23-24 min, linear gradient from
95% to 100% B; 24-26 min, linear gradient from 100% to 0% B; 26-31 min, isocratic on
0% B. Mass spectrometric analysis was performed on a LTQ Velos (Thermo Scientific)
equipped with an HESI-MS probe. Nitrogen was used as sheath and auxiliary gas. The
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spectra were acquired in the m/z range of 150—1,500. Data-dependent MS" analysis was
performed with a normalized collision energy of 35%. The system was tuned with genistein
in both positive (PI) and negative ionization (NI) mode. For the PI mode, the ion transfer
tube (ITT) temperature was 400 °C, and the source voltage was 4.50 kV. For NI mode, the
ITT temperature was 400 °C and the source voltage was 3.50 kV. Quantification of
stilbenoids was based on their absorption at 310 nm by using Xcalibur software (version
2.1.0, Thermo Scientific). As for many compounds no commercial standards were
available, the amounts of stilbenoids were expressed as mg frans-resveratrol equivalents
(RE) per g dry weight of peanut (mg RE/g DW). Trans-resveratrol was used as a generic
standard to make a calibration curve with six data points (0.0005-0.1 mg/L, R*=0.997).

REesuLTS

Aspergillus and Rhizopus elicit different morphological responses in
peanut

Four different treatments (5R, 2G-5R, 5A, and 2G-5A) using Rhizopus or Aspergillus as an
elicitor were performed on peanuts. The peanut seedlings responded differently to the kind
of fungus and to the time point of inoculation (Figure 1). Rhizopus mycelium expanded
faster and denser at the peanut seedling’s surface than that of Aspergillus. Moreover, the
occurrence of brown lesions on the peanut’s surface was more pronounced with
Aspergillus. Peanut seedlings elicited by fungus on day 1 (5A and 5R) were more
mycelium-covered than those on day 3 (2G-5R and 2G-5A).

Figure 1. Elicited peanut seedlings, with Rhizopus or Aspergillus applied at different time points.
Codes (5R, 2G-5R, 5A, and 2G-5A) refer to treatments in Table 1.

106



IMODIFICATION OF PRENYLATED STILBENOIDS OF ELICITED PEANUTS

100 Un

50
4-5 13-15 20,

3
16 21,5 24-26
7 9 / //22/

100 7G

50

100 5R

50

100 e 40 2G-5R

50

Relative Absorbance

100

50

[ |

100

50

o
I |

Time (min)

Figure 2. RP-UHPLC-UV chromatogram at 310 nm of 80% (v/v) aqueous methanol extracts of
untreated and treated peanuts. Codes (Un, 5R, 2G-5R, 5A, and 2G-5A) refer to the treatment in
Table 1, and peak numbers refer to compounds in Table 2.
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Structural elucidation of compounds in extracts from peanut seedlings

Differences between treatments were also observed in the chromatograms of extracts
obtained from elicited peanut seedlings (Figure 2). The chromatogram of untreated peanuts
contained peaks that eluted at retention time (#z) 0-9 min, whereas in the solely germinated
peanuts (7G) also peaks eluted at #z 13-18 min. For the peanuts elicited by fungi, a group of
compounds was eluted between f around 9-13 min. In total, 58 peaks were detected in the
various extracts from peanuts, based on the UV response at 310 nm (Figure 2, Table 2).
The annotation of many peaks was performed based on a comparison of spectral data from
LC-MS/MS (including retention behavior, UV spectra, and fragmentation patterns) to those
from the literature (Table 2).! '*'*] The peaks analyzed represented over 97% of the total
UV response in each of the chromatograms.

Phenolic acids. Phenolic acids in the extracts were characterized by their A, at 315 (£5)
nm." Of the 16 peaks, 14 were coutaric acid derivatives, including two in the non-
conjugated form. In NI mode, the trans- and cis-coutaric acids (1, 4), an ester of coumaric
acid and tartaric acid, were characterized by the neutral loss of 132 Da in MS?,
characteristic of a tartaric acid moiety.'"> ') These isomers might be distinguished by their
retention behavior in which frans-coutaric acid is more polar than cis-coutaric acid.['> '¥)
The coutaric acid derivatives were formed from coutaric acid conjugated to, amongst
others, hydroxycinnamic acids and alkaloids. The conjugates were characterized by specific
neutral losses, besides those of coutaric acid. For example, coumaroyl, caffeoyl, sinapoyl,
feruloyl and nicotinoyl groups provided mass losses of 146, 162, 206, 176 and 105 Da in
MS?, respectively.l'> 2" Fragmentation of deprotonated coutaric acid derivatives resulted in
a characteristic product ion of m/z 277 that was assigned as [M-H-conjugate-H,O] in
MS?." For instance, p-coumaroylnicotinoyltartaric acid with m/z 400 [M-H]" produced the
fragment ion of m/z 277 that was assigned as [M-H-105(nicotinoyl)-H,O]™ in MS?. The
characteristic product ion of m/z 277 was further fragmented to m/z 203 by loss of C,H,0;,
to m/z 233 by loss of a CO,, and to m/z 259 by loss of a H,O in MS®. "?! Compound 7 was
tentatively annotated as p-coumaroylcaffeoyltartaric acid-O-rhamnoside. The sugar unit
was identified from the neutral loss of 146 Da in MS®. The occurrence of an ester of a
glycosylated tartaric acid derivative has been reported before.”"! Compounds 9 and 20 were
identified as p-coumaric acid and hydroxycinnamic acid-alkaloid derivative, respectively.
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IMODIFICATION OF PRENYLATED STILBENOIDS OF ELICITED PEANUTS

Flavonoids and isoflavonoids. Compounds 2 and 6 were tentatively annotated as
flavanones, based on their A, at 290 nm, whereas 24 and 25 were tentatively annotated as
flavones, based on their Amay at 270 (£5) and 330-365 nm.*? All of them were glycosylated.
The sugar unit was attached to either the hydroxyl group or directly to a C-atom,
distinguished by the neutral losses of 146/162 Da (O-rhamnoside or O-hexoside,
respectively) or 120 Da (C-hexoside) in NI mode."*! Compounds 18, 28 and 29 were
tentatively identified as flavanonols. The typical Ay at 277 (£1) and 311 (£2) nm was
characteristic for 5-deoxy flavanonols, such as garbanzol (18).*! The fragment ions m/z
163 (**B") and 123 (**B") resulting from the cleavage at the C-ring confirmed the structure
of flavanonols.”” Two other flavanonols were assigned as methoxylated garbanzol
derivatives (28 and 29), namely 4’-methoxy-7-hydroxyflavanonol and 7-methoxy-4'-
hydroxyflavanonol, respectively. The neutral losses of 16 Da [M-H-CH;-H]™ in NI mode
suggested a methoxyl group attached to the skeleton of 28 and 29.*) Compound 26 was
suggested to have an isoflavanone skeleton based on its A, at 289 nm and the fragment
ion m/z 135 (**B") resulting from C-ring cleavage.””” ) Compound 27 was tentatively
identified as aracarpene 1, based on its An.x at 330 and 347 nm."” 221 This compound
produced the fragment ion m/z 284 in MS? that was further fragmented (MS?) to yield the
fragment ions m/z 256, 228, and 227. Aracarpene-1 has been reported before in peanut
elicited by Aspergillus.!"”*

Stilbenoids. Stilbenoids found in peanut extracts contained a resveratrol (3,5,4-
trihydroxystilbene) or a piceatannol (3,5,3’,4’-tetrahydroxystilbene) moiety, mostly
substituted with a prenyl group. These stilbenoids were characterized by a single A in the
297-351 nm range and a molecular mass of 294 or 296 Da (prenylated resveratrol
derivatives) and 312 Da (prenylated piceatannol derivatives). Fifteen prenylated stilbenoids
(31-45; Figure 2, Table 2) were induced in peanuts upon germination without fungus
(referred to as unmodified prenylated stilbenoids). The prenyl group can be attached in
either isopentenyl (3-methyl-but-1-enyl or 3-methyl-but-2-enyl) or isopentadienyl (3-
methyl-but-1,3-dienyl) form.”” *) The two isomers of isopentenyl stilbenoids can be
distinguished from the UV-spectra.l?” 4-(3-Methyl-but-1-enyl)-resveratrol (arachidin-3)
had a ~10 nm higher A, than 4-(3-methyl-but-2-enyl)-resveratrol (arachidin-2). This
might be explained by the position of the double bond in the prenyl chain of arachidin-3,
which is conjugated with those of the resorcinol moiety, creating a longer conjugated
system in arachidin-3 than in arachidin-2.*” Isopentenyl- and isopentadienyl-stilbenoids
can be differentiated by a mass difference of 2 Da and the neutral losses of 56 Da (C,Hg)
and 42 Da (C;Hg) in PI mode, respectively. The extra conjugated double bond in
isopentadienyl stilbenoids (as in trans-3'-isopentadienyl-3,5,4"-trihydroxystilbene (IPD))
was also expected to give a bathochromic shift compared to isopentenyl stilbenoids (such
as arachidin-2 or -3). Nevertheless, IPD showed a A, at 298 nm, which is lower than that
of arachidin-3.”® The structural elucidation of many prenylated stilbenoids (32, 34-39 and
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42-45) has been described before."> ' ' OQur observations were in line with those results
(Table 2). Four peaks (31, 33, 40, and 41) with a molecular mass of 310 Da have not been
identified before. They were tentatively identified as isomeric forms of 4-isopentadienyl-
3,5,3’,4’-tetrahydroxystilbene (4-isopentadienyl piceatannol, IPP). The 2 Da mass
difference to arachidin-1 and a neutral loss of 42 Da in PI mode of IPP confirmed the
isopentadienyl form. The isopentadienyl substituent of IPP might be attached at the 4- or
5’-position of the piceatannol skeleton. However, it was hard to determine the position of
isopentadienyl of IPP based on mass spectral data, as both rings (catechol and resorcinol
moieties) have equal number of hydroxyl groups. We speculated that the isopentadienyl
was attached at the 4-position, in analogy to the isopentenyl of arachidin-1. If so, then
attachment of an isopentadienyl substituent to a resorcinol moiety (as at the 4-position of
IPP) yields the expected bathochromic shift, whereas this is not observed with attachment
of an isopentadienyl substituent to a phenol moiety (as at the 3’-position of IPD).
Additionally, three dimer prenylated stilbenoids (42, 44 and 45) with the molecular masses
of 606 or 622 Da were observed. The structural elucidation of the dimers has been
described previously.!"® Our observations are in line with these results (Table 2).

Fourteen additional prenylated stilbenoids were observed upon challenging the peanut
seedlings with fungi (referred to as modified prenylated stilbenoids). The modified
prenylated stilbenoids were characterized by a Ay, in the 260-382 nm range and eluted
earlier than the unmodified ones. Interestingly, the nature of the modified prenylated
stilbenoids was fungus-dependent. The compounds found with Rhizopus were annotated as
O-hexosides of unmodified prenylated stilbenoids, based on their characteristic neutral loss
fragment of 162 Da in NI mode MS?, and the similarities in fragmentation of the aglycone
product ions in MS?® compared to their respective unmodified prenylated stilbenoids.!">*3%
Peaks R1 and R3-R5 were tentatively identified as O-hexosides of arachidin-1, -2 and -3.
The compounds found with Aspergillus often showed mass differences of +16 or +18 Da
(or their multiples) compared to unmodified prenylated stilbenoids. This presumably
reflects an extra O-atom or hydration of the prenyl double bond of the compounds. Three
peaks with the molecular mass of 344 Da were tentatively identified as stilbene-1 (A19)
and isomers thereof (Al4, A1l5). The carboxyl group attached to the lactone ring of
stilbene-1 gave characteristic neutral losses of 44 Da (CO,) in NI mode and 46 Da
(HCOOH) in PI mode. The presence of a prenyl group in stilbene-1 was concluded from
the abundance of fragment ion m/z of 271 [M+H-H,0-C,Hg]". Stilbene-1 has been
previously found in peanut seeds elicited by Aspergilli') Peak A21 with the molecular
mass of 342 Da was tentatively identified as 1"-dehydrostilbene-1. The compound showed
similar fragmentation behavior to stilbene-1. The presence of isopentadienyl in 1"-
dehydrostilbene-1 was supported by the same reasoning described previously for IPP
(Table 2). Further confirmation of 1"-dehydrostilbene-1 is required. Two stilbenoids with a
dihydroxy prenyl chain (A5, A9) amounting to a molecular mass of 330 Da were identified.
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The presence of two hydroxyl group attached to the prenyl chain was identified from the
neutral losses of 18 Da (H,0), 60 Da (C3HgO), 72 Da (C4HgO) or 90 Da (C4H;(0;). Peak
A9 was identified as arahypin-3, whereas peak A5 was suggested to have the same structure
as arahypin-2. The arahypin-2 and -3 have been reported previously in peanut seeds elicited
by Aspergillus caelatus"> Peak A18 was tentatively determined as hydroxyl IPD. The
presence of a hydroxyl group on the prenyl chain was identified from the neutral losses of
18 Da (H,0) and 72 Da (C4HgO). The fragmentation pattern of the fragment ion m/z 295
[M+H-H,0]" of peak A18 was similar to that of IPD, which supported the structure
proposed. One peak (A13) was tentatively identified as sulfated arachidin-2 or -3, based on
the neutral loss of 80 Da (SO;) in MS? and the fragmentation of the aglycone product ion in
MS?® that was similar to that of arachidin-2 and -3.°"**) Compound A13 was also found in
elicited peanut by Rhizopus. Typically, the elicited peanut seedlings also contained three
non-prenylated stilbenoids, piceatannol (10), resveratrol (17) and piceatannol lactone (8).
The latter is referred as modified non-prenylated stilbenoid. The spectral data of those
compounds were in line with those from literature.?***

Fungi are responsible for modification of prenylated stilbenoids

The modified prenylated stilbenoids were believed to be products of fungal metabolism of
the actual prenylated stilbenoids produced by peanuts. To verify this hypothesis, a sample
enriched in unmodified prenylated stilbenoids was added to cultures with growing fungus.
Figure 3 shows the RP-UHPLC-UV chromatograms of the sample enriched in unmodified
prenylated stilbenoids before (Figure 3A) and after exposure to fungi (Figures 3B and 3C).
It can be seen that Rhizopus and Aspergillus metabolized the prenylated stilbenoids in
different ways. Eight prenylated stilbenoids modified by Rhizopus and twenty-two
prenylated stilbenoids modified by Aspergillus were identified (Figure 3 and Table 2).
Glycosides of prenylated stilbenoids were observed predominantly in the Rhizopus culture.
Five out of the eight Rhizopus-modified prenylated stilbenoids were glycosylated, including
O-hexosides of arachidin-1, -2, and -3, whereas the kind of modification of the compounds
represented by the other three peaks remained unknown (Table 2). Remarkably, only small
amounts of frans-arachidin-1 and IPP were converted by Rhizopus, leaving almost 90%
(w/w) of them unconverted. In contrast, more than 50% (w/w) of arachidin-2, arachidin-3
and IPD were converted by Rhizopus (Figure 4). With Aspergillus, an oxidative product,
namely stilbene-1 (A19) was predominant. Hydroxylated and O-sulfated derivatives of
prenylated stilbenoids were also observed, but in much smaller quantities than stilbene-1
(Figure 3 and Table 2). Over 70% (w/w) of all unmodified prenylated stilbenoids were
metabolized, including trans-arachidin-1 and IPP (Figure 4).
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Figure 3. RP-UHPLC-UV chromatogram at 310 nm of a fraction enriched in prenylated stilbenoids,
before and after treatment with fungus. Samples comprise treatment without fungus (A), with
Rhizopus (B), and with Aspergillus (C). All peak numbers refer to compounds in Table 2.
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Figure 4. Proportion (%) of unmodified prenylated stilbenoids remaining after incubation of the
fraction enriched in prenylated stilbenoids in media inoculated with Rhizopus (black) or Aspergillus
(white). Data are the means + SD of experiments performed in duplicate.

Level of stilbenoid derivatives

The contents of stilbenoids were quantified using trans-resveratrol as an external standard
(Table S1 in Supporting Information). Although not present in the untreated seeds, the total
stilbenoid level of germinated peanuts (7G) was around 0.28 mg RE/g DW, comprising
only unmodified prenylated stilbenoids. Rhizopus inoculation at day 3 (2G-5R) increased
the total stilbenoid level of peanut seedlings up to 1.59 mg RE/g DW, of which up to 86%
(w/w) were unmodified prenylated stilbenoids (Figure 5A). An increase up to 1.80 mg
RE/g DW was observed after Aspergillus application on day 3 (2G-5A), with unmodified
prenylated stilbenoids comprising about 51% (w/w) of the total stilbenoid level (Figure
5A). The total level and composition of stilbenoids in elicited peanuts changed when the
fungus was applied earlier. The stilbenoid level of peanut elicited by Rhizopus on day 1
(5R) was 1.03 mg RE/g DW, of which up to 44% (w/w) was resveratrol (Figure 5A). The
highest amount of stilbenoids was observed in peanut seedlings elicited by Aspergillus on
day 1 (5A), up to 5.19 mg RE/g DW. Around 43% (w/w) of the total amount of stilbenoids
were unmodified prenylated stilbenoids (Figure 5A). It is worth to note that piceatannol
lactone was observed only in peanut elicited by Aspergillus, accumulated up to 0.14 (2G-
5A) and 0.63 (5A) mg RE/g DW (Table S1 in Supporting Information).
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Figure 5. (A) Total content (mg resveratrol equivalent (RE)/ g dry weight (DW)) of unmodified non-
prenylated stilbenoids, unmodified prenylated stilbenoids, modified non-prenylated stilbenoids and
modified prenylated stilbenoids in germinated and elicited peanut seedlings. (B) Total content of
(unmodified and modified) prenylated stilbenoids with resveratrol (Res) and piceatannol (Pic)
skeleton in germinated and elicited peanut seedlings. Codes (7G, 5R, 2G-5R, 5A, and 2G-5A) refer to
the treatments in Table 1. Data are the means + SD of experiments performed in duplicate.
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DiscusSION

Due to the fact that the two fungi studied are capable of modifying prenylated stilbenoids,
when they are separated from the alive tissue of peanut seedlings, we conclude that our
results provide strong evidence for in planta modification of phytoalexins by fungi, as
suggested before.**!

Effect of type of fungus and time point of inoculation on the composition
of prenylated stilbenoids

Both Aspergillus and Rhizopus effectively induced prenylated stilbenoids in elicited
seedlings. Nevertheless, the ability of Aspergillus to modify prenylated stilbenoids was
stronger than that of Rhizopus (Figure 5A). Moreover, the total content of modified
prenylated stilbenoids was about twice higher when the fungi were applied early onto the
peanuts (SR and 5A) than when it was applied later (2G-5R and 2G-5A) (Figure 5A).
Because of this, the content of unmodified prenylated stilbenoids was expected to be lower
in the former peanut seedlings than that of peanut seedlings elicited later. This was true for
those elicited with Rhizopus (3.8-fold lower; Figure 5A). Surprisingly, the opposite was
found with Aspergillus, where the content of unmodified prenylated stilbenoids was 2.4-
fold higher than that of peanut seedlings elicited later (Figure 5A). Furthermore, it
appeared that Aspergillus more effectively modified piceatannol-based structures than
resveratrol-based structures (Figure 5B), which is consistent with the fact that
dioxygenases require a catechol moiety.*” It is concluded that the type of fungus and the
time point of inoculation of the seed(ling)s with fungus strongly affect the content and
composition of stilbenoids in elicited peanut seedlings, in a fungus-specific way.

Aspergillus and Rhizopus employ different reactions to modify prenylated
stilbenoids

The present study demonstrated that modification of prenylated stilbenoids by Aspergillus
and Rhizopus involved several reactions, i.e. glycosylation, oxidation, hydroxylation and
sulfation. The overview of reactions is shown in Figure 6. Glycosylation is the main
strategy for Rhizopus to modify prenylated stilbenoids, a reaction not observed for
Aspergillus. Although the exact position of glycosylation could not be determined in this
study, it was evident that prenylated stilbenoids with a resveratrol skeleton (i.e. arachidin-2
and -3) were preferred substrates for the glycosyl transferases compared to those with a
piceatannol skeleton (i.e. arachidin-1 and IPP). Therefore, it is speculated that glycosylation
occurred at the hydroxyl group at the 4’-position, and that its vicinal OH (at the 3’-position)
hinders this process due to the intramolecular hydrogen bond formation.*® To the best of
our knowledge, this is the first report about glycosylation of prenylated stilbenoids by a
fungus, a reaction which has been reported before for flavonoids.”
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Aspergillus employed oxidative cleavage of the catechol ring as main strategy to modify
prenylated stilbenoids. As a result, arachidin-1 and IPP were converted to their respective
lactone derivatives, stilbene-1 and 1”-dehydro-stilbene-1 (Figure 6). Oxidative cleavage
was not restricted to prenylated stilbenoids, as also oxidative cleavage products of non-
prenylated stilbenoids were found, i.e. piceatannol lactone. Similar observations were
reported before, where piceatannol and astringin (piceatannol O-glucoside) from Norway
spruce (Picea abies) were converted into piceatannol lactone and astringin lactone by
Ceratocystis polonica.® Aspergillus is known to degrade aromatic substances via the so-
called p-ketoadipate pathway, in which a catechol moiety is a prerequisite for entrance.*>
3% The catechol moiety is converted to a B-carboxymuconolactone ring, such as in stilbene-
1.5 Apparently, there is no such pathway in Rhizopus oryzae, as stilbene-1 was not
detected in peanut seedlings elicited with this fungus. Nevertheless, stilbene-1 has been
reported in black skin peanuts elicited with Rhizopus oligosporus.® Besides oxidative
cleavage, Aspergillus also employed sulfation and hydroxylation for modification of
prenylated stilbenoids, albeit at lower frequency, considering the lower content of these
reaction products. A small amount of prenylated sulfated stilbenoids was also observed in
peanut seedlings elicited with Rhizopus, indicating that the sulfation was not a fungus-
specific modification process.

Unmodified prenylated stilbenoids produced by elicited peanuts have been reported to
possess biological activity against Aspergillus.[4] Hence, some of the modifications of
prenylated stilbenoids might be associated with detoxification of phytoalexins by fungi, i.e.
the ability of fungi to metabolize phytoalexins into less inhibitory products.”*”! Attachment
of glycosyl residues and hydroxyl substituents has been reported to decrease the
lipophilicity of phytoalexins and to lower their antimicrobial effect.[*” !l Oxidative
cleavage also has been suggested to decrease the toxicity of the compound.””) Nevertheless,
comparison of the antimicrobial activity of prenylated stilbenoids, before and after
modification, remains necessary to prove the detoxification hypothesis.

Optimizing production of bioactive stilbenoids

Our research shows that conversion of potentially bioactive prenylated stilbenoids in
elicited peanut seedlings to modified prenylated stilbenoids has to be considered when
fungal elicitation is used in the production of pharmaceuticals or ingredients for functional
foods. Aspergillus metabolized arachidin-1 into stilbene-1, whereas Rhizopus used
glycosylation as modification strategy. This might lead to diminished bioactivity. The
activity of stilbene-1 in a broad spectrum of biological assays, including anti-adipogenic
activity, has been reported lower than that of arachidin-1."* ** The catechol moiety might
be important to bind to receptors and irreversible destruction of this ring might reduce
bioactivity. There are no reports about the bioactivity of prenylated stilbenoid glucosides.
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As deglycosylation occurs naturally in the human gastrointestinal tract (as observed with
glycosylated (iso)flavonoids), the bioactivity of glycosylated prenylated stilbenoids might
be retained." In that respect, elicitation by Rhizopus might be a better option than
elicitation by Aspergillus, although the latter seems to enable higher production levels of
potentially bioactive compounds. Based on our results, we conclude that the choice of a
fungal elicitor and time point of application of the fungus are crucial parameters to obtain a
high yield of bioactive stilbenoids in peanut seedlings.
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Supporting Information

Table S1. Contents (mg RE/g DW)* of stilbenoids in extracts from germinated and elicited peanuts.

Compounds 7G"° 5R 2G-5R 5A 2G-5A
Unmodified stilbenoids

Piceatannol - <0.01 <0.01 0.05+0.01 <0.01
trans-Resveratrol - 0.45+0.27 0.14+0.06 0.88+0.11 0.04+0.02
IPP 0.01+0.00 - 0.01+0.01 - -
Arachidin-1 isomer - 0.01+0.00 0.01+0.01 - -

IPP 0.01+0.00 - 0.01+0.00 - -
Arachidin-1 isomer 0.02+0.01 0.01+0.00 0.11+0.06 0.02+0.00 0.05+0.01
trans-Arachidin-1 0.05+0.02 0.03+0.00 0.46+0.07 0.42+0.10 0.28+0.02
trans-Arachidin-2 0.01+0.00 0.17+0.00 0.07+0.01 0.22+0.02 0.03+0.01
Arachidin-2-isomer <0.01 0.05+0.02 0.03+0.01 0.06+0.01 0.04+0.00
trans-Arachidin-3 0.01+0.01 0.06+0.02 0.17+0.01 1.12+0.15 0.20£0.01
trans-IPD 0.14+0.04 0.03+0.01 0.40%0.06 0.30%0.07 0.250.01
IPP 0.01+0.00 0.00+0.00 0.04+0.02 0.00+0.00 0.01+0.00
IPP <0.01 - 0.01+0.01 0.00+0.00 0.01+0.00
Modified stilbenoids

Piceatannol lactone - - - 0.63+0.18 0.14+0.00
Arachidin-1 O-glucoside - 0.02+0.00 0.03+0.02 - -
Arachidin-2 O-glucoside - 0.1040.02 0.01+0.01 - -
Arachidin-3 O-glucoside - 0.04+0.00 0.02+0.01 - -
Arachidin 2 or 3 O-glucoside - 0.02+0.01 - - -
Arachidin 2 or 3 O-glucoside - 0.03+0.00 0.0040.00 - -
Arahypin-2 - - - 0.01+0.00 0.01+0.00
Arahypin-3 - - - 0.11+0.00 0.02+0.00
Stilbene-1 isomer - - - 0.05+0.01 0.03+0.00
Stilbene-1 isomer - - - 0.11+0.02 0.04+0.00
Hydroxy-IPD - - - 0.07+0.01

Stilbene-1 - - - 1.05+0.08 0.61+0.01
1"-Dehydro-stilbene 1 - - - 0.14+0.03 0.090.01

“Data are the means + SD of experiments performed in duplicate.
b Codes refer to compounds in Table 1.

“The compound was not found in the extract.
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General Discussion

In previous research at our laboratory, soybean seeds have been used for investigating
changes in isoflavonoid content and composition during an induction process, in which the
seeds are germinated under biotic stress. As this process both improved the isoflavonoid
content and the proportion of isoflavonoid subclasses with promising bioactive potential, in
the current research the procedure was extrapolated to twelve other legume seeds. These
were selected based on three criteria: 1) edible, 2) available on the market, and 3) belonging
to different subtribes of Leguminoseae (phylogenetically scattered). Seeds of the selected
legume species were subjected to the same induction process as that employed to soybeans,
but using a different machine, i.e. a sprouting machine, modified to provide appropriate
experimental conditions. With this new device, the induction process was extended to
different types of stress factors. More specifically, two different fungi were used (Rhizopus
oryzae and Aspergillus oryzae) as biotic stress factors, whereas also abiotic stress factors,
wounding and exposure to light, were explored. The effects of these stress factors were
investigated systematically based on monitoring compositional changes in phenolic
compounds in the extracts from the various seedlings, particularly in (iso)flavonoids and
stilbenoids. The content and composition of phenolic compounds of unchallenged seedlings
were investigated in a separate set of experiments, affording information about the effect of
germination alone.

This chapter discusses the main findings presented in this thesis, and addresses prospects
and limitations of the methodology used. The former elaborates on the inducibility of
particular isoflavonoid and stilbenoid skeletons, and that of prenylation. In addition, it
elaborates on the correlation of the changes of isoflavonoids and stilbenoids with the
phylogenetic relationships of Leguminosae. Furthermore, modification of phytoalexins by
fungus during elicitation is associated to the type of phytoalexin produced and the kind of
fungus used. The latter covers the induction process, including the efficiency of a modified
sprouting machine, the use of different stress factors and the time point of application of the
fungus to seeds or seedlings, and the quantification of phenolic compounds.
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IN PLANTA MODIFICATION OF LEGUME PHYTOALEXINS BY FUNGI

An important conclusion of this PhD research was that when performing the induction
process with legume seeds, consisting of germination and elicitation by fungus, one should
be aware of the possibility that the fungus can modify the phytoalexins accumulated
(Chapter 5). Potentially, this can lead to loss of bioactive compounds. Consequently, this
would be an undesirable side reaction. We evidenced such modification of phytoalexins
upon elicitation of Arachis hypogaea (peanut) seedlings in planta, as well as in vitro. The
stilbenoids produced by the plant could be modified by the fungus in various ways, of
which glycosylation and oxidation were the predominant modification routes. The
proportion of modified stilbenoids was affected strongly by the fungus used and the time
point of application of the fungus. Moreover, it appeared that certain stilbenoid structures
were more prone to modification than others. It was suggested that this modification
represents a detoxification strategy of fungi to overcome the effect of phytoalexins.

Table 1. Modification of isoflavonoid phytoalexins, found in legume species, by fungi. The
experiments were performed in vitro, in absence of plant tissue.

Phytoalexins“’f Fungal species Products of metabolism Reaction involved
Kievitone™ Fusarium solani Kievitone hydrate Hydration
2.3-Dehydrokievitone'2] Aspergillus flavus Hydroxyl-dihydrofurano 2,3- Epoxidation,
dehydrokievitone cyclisation
Hydroxyl-dihydropyrano 2,3-  Epoxidation,
dehydrokievitone cyclisation
2,3-Dehydrokievitone glycol Epoxidation, hydration
Luteone®™ Aspergillus flavus Lupinisoflavone B Epoxidation,
cyclisation
Maackiain®® Nectria haematococca  (-)-6a-Hydroxymaackiain Hydroxylation
1a-Hydroxymaackiain Dienone formation,
hydroxylation
Sophorol Opening D-ring
Medicarpin[Sl Fusarium Demethylmedicarpin Demethylation
proliferatum
Phaseollidin' Fusarium solani Phaseollidin hydrate Hydration
Phaseollin'® Fusarium solani 1la-Hydroxyphaseollone Dienone formation,
hydroxylation
Biochanin A" Rhizopus nigricans Biochanin A 7-0-Glc Glycosylation

The in planta modification of stilbenoid phytoalexins in the elicited peanut seedlings raised
the question whether the modification also occurred in other legumes that produced
isoflavonoid phytoalexins. Previous studies have shown that phytoalexins belonging to the
class of isoflavonoids can be modified by pathogenic fungi in vitro (Table 1). The
mechanism by which these phytoalexins are modified by fungus might be degradative or
non-degradative in nature. The non-degradative mechanisms include the conversion of
phytoalexins to more polar products, such as conversion of biochanin A into its
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glycosylated form, whereas degradative mechanisms refer e.g. to ring opening, such as the
conversion of the pterocarpan maackiain into the isoflavanone sophorol (Table 1)."® The
prenyl group is often target of non-degradative modification as well.”’ Hydroxylation of the
terminal methyl group and hydration of the double bond of a prenyl chain, for instance,
have been reported as reactions involved in the detoxification process by fungi.”’
Therefore, some compounds accumulated in the elicited legume species by Rhizopus
(Chapters 2-4), i.e. glyceofuran, lupinisoflavone B and kievitol, might be considered as
isoflavonoid phytoalexins modified by fungus (Table 2).

Table 2. Prenylated isoflavonoids considered as fungal modification products, found in the legume
species in the research described in this PhD thesis.

Modified prenylated isoflavonoid Species Quantity
Glyceofuran” o] O Glycine max 0.1040.01
HO O OH
°© I OH
Lupinisoflavone B° o] O O | Lupinus luteus 0.05+0.01
HO
OH Q. O OH
Kievitol” HO ‘ Phaseolus coccineus 0.07+0.02
P. vulgaris 0.030.01

?The quantity of the compound was expressed as mg daidzein eq./g DW.
®The quantity of the compound was expressed as mg genistein eq./g DW.

In Chapter 5 it was also observed that the type of fungus matters with respect to modifying
the composition of phytoalexins in elicited peanut seedlings. In order to verify whether this
also accounts for soybeans, an experiment additional to those described in Chapter 2 was
conducted. In this experiment, the soybean seedlings were elicited by Aspergillus niger,
using the same experimental conditions as those in Chapter 2. Soybeans elicited by
Aspergillus niger or Rhizopus oryzae after 2 d of germination showed no difference in
phytoalexin composition (Figure 1). It is known that Aspergilli have the biochemical
machinery to oxidize phenolic compounds with a catechol moiety. As isoflavonoids found
in this study do not possess this moiety, this typical modification by Aspergilli was not
observed.
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Figure 1. RP-UHPLC-UV profile of a 70% (v/v) aqueous EtOH extract at 280 nm of soybean seedlings
elicited by Aspergillus niger (A) or Rhizopus oryzae (B). Peak numbers refer to compounds in Table 3.

INDUCTION METHODS OF LEGUMINOCEOUS SEEDS

Efficiency of different machines in induction of phytoalexins compared

In previous research,'” the simultaneous germination and elicitation by Rhizopus
microsporus of soybeans was performed up to 4.0 kg scale in a micro-malting machine
(system unit 90-102; Joe White, Perth, Australia) used in the brewing industry. In the
current research, we employed an EQMM sprouting machine (EasyGreen, San Diego, CA,
USA). This sprouting machine could accommodate 20-300 g of dry beans, which makes it
more attractive for screening purposes than the micro-malting machine. As the sprouting
machine was designed for sprouting only, it was necessary to adjust the conditions in the
machine, so that it not only would be appropriate for germination, but also for growing the
fungus. The adjusted variables were temperature and relative humidity (RH), as described
in Chapter 2.['"

Prior to the experiments described in Chapter 2, the performance of the sprouting machine
in modifying isoflavonoid composition of fungus-elicited soybean seedlings was compared
to that of the Joe White micro-malting machine, using the same soybean batch.!'” After
treatment, the soybean seedlings obtained with both machines were extracted and analysed
using the same methods as described in Chapter 2.''! Both machines produced a similar
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set of compounds with respect to isoflavonoid subclasses obtained, although differences in
accumulation of specific isoflavonoids were observed (Figure 2, Table 3).
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Figure 2. RP-UHPLC-UV profile at 280 nm of a 70% (v/v) aqueous EtOH extract of fungus-treated
soybean seedlings using micro-malting machine (A) or sprouting machine (B). Peak numbers refer to
compounds in Table 3.

The total quantity of isoflavonoids obtained with the two machines was comparable, 2.71
and 2.40 mg DE/g DW in the sprouting and the micro-malting machine, respectively
(Table 3). Differences in specific compounds mainly related to pterocarpans. In the micro-
malting machine, glyceollin I (22) was produced to the same extent as glyceollin II (21) and
1T (20), around 0.10 mg DE/g DW each, whereas the sprouting machine generated
glyceollin I as the predominant prenylated pterocarpan (0.41 mg DE/g DW), and glyceollin
IT and III at lower levels, i.e. 0.15 and 0.23 mg DE/g DW, respectively (Table 3). Glycinol
(3) was accumulated 1.5-fold more in the micro-malting machine than in the sprouting
machine. The higher accumulation of glycinol, a precursor for prenylated pterocarpans, in
the micro-malting machine compared to that in the sprouting machine indicated that the
induction process in the micro-malting machine did not progress to the full extent. This was
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in line with the observation that soybeans treated in the sprouting machine produced a
higher amount of prenylated isoflavonoids, the most downstream set of compounds in the
biosynthesis of pterocarpans, than those in the micro malting machine.

Table 3. Contents of isoflavonoids in treated soybean (expressed in mg daidzein equivalent (DE) per
gram dry weight (DW) of soybean) using the sprouting or micro-malting machine.

No’ Compound Sprouting machine Micro-malting machine
1 Daidzin 0.07 0.04
2 Glycitin 0.02 0.01
4 Genistin 0.04 0.06
5 6"’-0-Malonyldaidzin 0.41 0.39
6 6”’-0-Malonylgenistin 0.32 0.46
7 7-0-(6"-0-Malonyl-Glc) demethyltexasin 0.02 0.03
8 6"’-0-Malonylononin 0.01 <0.01
9 Glycitein <0.01 <0.01
11 Daidzein 0.08 0.04
12 2'-OH-Genistein 0.02 <0.01
14 Prunetin 0.01 0.01
16 Genistein 0.07 0.05
17 Formononetin 0.01 0.01
24 A-prenyl-daidzein 0.02 0.02
25 A-prenyl-2'-OH daidzein 0.01 0.02
26 B-prenyl-daidzein 0.01 0.01
28 A-prenyl-genistein 0.02 0.03
29 B-prenyl-genistein 0.01 0.01
Total isoflavones 1.16 1.18
3 Glycinol 0.17 0.27
10 Glyceofuran 0.09 0.09
18 Glyceollidin 1/l 0.11 0.10
20 Glyceollin Il 0.23 0.13
21 Glyceollin 11 0.15 0.10
22 Glyceollin | 0.41 0.10
23 Glyceollin VI 0.05 0.09
27 Glyceollin IV 0.17 0.16
Total pterocarpans 1.40 1.04
15 Isotrifoliol 0.03 0.05
19 Coumestrol 0.10 0.10
30 Phaseol 0.03 0.04
Total coumestans 0.16 0.19
Total prenylated isoflavonoids 1.31 0.90
Total non-prenylated isoflavonoids 1.40 1.50
Total isoflavonoids 2.71 2.40

“ Numbers refer to peaks in Figure 2.

Efficiency of biotic elicitors

As described in the General Introduction, two types of elicitors can be used to trigger the
defence response in seedlings, i.e. biotic and abiotic elicitors."'?! In our studies, we have
used edible fungi, non-pathogenic to human, for induction of legume seedlings. The main
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observation is that Rhizopus oryzae was able to induce phytoalexins in almost all legume
species studied (Chapters 2-5).

To investigate the effect of different types of edible fungi, apart from Rhizopus oryzae,
Aspergillus oryzae was also used to elicit peanut seedlings (Chapter 5). As an additional
experiment to those in Chapter 5, three more edible fungi: Rhizopus microsporus,
Aspergillus niger and Neurospora species were used to elicit peanut seedlings (Figure 3).
In this experiment, the peanut seedlings were elicited after 2 d of germination, similar as
described in Chapter S. The main conclusion of using different types of food-grade fungi
to elicit peanut seedlings is that they seem to induce the same set of phytoalexins in
approximately similar quantities (at least when the fungus is applied at day 3 of the
induction process). Nevertheless, depending on the type of fungus used, these sets can be
modified by enzymes from the fungus. The accumulation of glycosylated arachidin-1 (1)
and stilbene-1 (2) solely in peanut seedlings elicited with Rhizopus and Aspergillus,
respectively, was the main difference in stilbenoid profiles of peanut seedlings elicited by
different types of fungi (Figure 3). Moreover, the distinctive abilities of fungi to modify
phytoalexins have to be considered. This might hamper efficient production of bioactive
compounds when employing the process of combined germination and elicitation by
fungus.

The absence of stilbene-1, a prenylated stilbenoid with a muconolactone ring, in peanuts
elicited with Neurospora is interesting, as both Aspergillus and Neurospora have been
reported to perform the P-ketoadipate pathway, a pathway for aromatic compound
degradation suggested to be responsible for converting arachidin-1 into stilbene-1.1% !> 4
The B-ketoadipate pathway of fungi has two branches, the so-called catechol and
protocatechuate  branches, which require different substrates: catechol (1,2-
dihydroxybenzene) and protocatechuate (3,4-dihydroxybenzoate), respectively. The
catechol branch is present in some fungi."! The ability of Aspergilli to perform the p-
ketoadipate pathway via both branches has been reported before,!'* %! whereas only the
protocatechuate branch has been reported for Neurospora.' In line with this, our results
suggest that the catechol branch of the B-ketoadipate pathway is present in Aspergillus, but
not in Neurospora, causing the differences in stilbenoid composition observed in elicited

peanut seedlings. Moreover, the B-ketoadipate pathway has not been reported in Rhizopus.

Glycosylation is another mechanism by which many fungi can detoxify phytoalexins.
Glycosides of prenylated stilbenoids were accumulated in peanut seedlings elicited with R.
oryzae (Chapter 5), R. microspores and Neurospora spp. (Figure 3), but not with
Aspergilli. This indicates genus-dependent detoxification strategies for prenylated
stilbenoids. The absence of glycosylated products in peanut seedlings elicited by Aspergilli
might find its origin in poor expression of the genes encoding the required glycosyl
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transferases, or in an inappropriate acceptor substrate specificity of the glycosyl
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Figure 3. RP-UHPLC-UV profile at 310 nm of a 80% (v/v) aqueous MeOH extract of peanut seedlings
elicited by Rhizopus microsporus (A), Aspergillus niger (B) and Neurospora spp. (C). Peak numbers
refer to main stilbenoid compounds as follows:

1. arachidin-1 O-hexoside 4. trans-arachidin-1 7.1PD 10. arahypin-6
2. stilbene-1 5. trans-arachidin-2 8. IPP 11. arahypin-7
3. arachidin-1 isomer 6. trans-arachidin-3 9. arahypin-5

Efficiency of abiotic elicitors

Wounding as an elicitor. Abiotic elicitation can be induced by light or wounding.["**"!

Wounding, a mechanical stress, triggers the plant to release signal substances, including
oligosaccharides, jasmonates, abscisic acid and ethylene.””! These signal molecules play a
role in activating downstream defence response, such as the synthesis of secondary
metabolites."'?! Our results showed that wounding alone can induce glyceollins in soybean
seedlings (Chapter 2), although wounding appeared to be a weaker elicitor than fungus.""
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The accumulation of phytoalexins after wounding has also been reported in other legume
seeds, like peanuts and kidney beans.?>26

Often, the wounding treatment was combined with other elicitors, such as fungi. The sites
of wounding are easily penetrated, facilitating the infection of seeds/seedlings by fungi.””!
Nevertheless, we observed that the ultimate effect of this combination was not always the
sum of the two stress factors individually. Wounding has been reported to increase the
glyceollin production of soybean elicited by Aspergillus, but the wounded soybean
seedlings elicited by Rhizopus accumulated the same quantity of glyceollins (Chapter
2)." 21 To conclude, the effect of wounding (prior to application of fungus) on the
accumulation of phytoalexins can be different amongst experiments, but it remains to be
established to which extent other factors, such as variety of the legume species, fungal
genotype employed, incubation conditions or time point of application of the fungus, play a
role.

Light as an elicitor. Our research also identified the use of light as an important factor for
enhancing the isoflavonoid content of soybean seedlings, in line with previous reports.!'"2*
»1 The ratio between prenylated and unprenylated isoflavonoids remained more or less
constant, when comparing treatments of soybean seedlings in presence and absence of light,
whereas the total isoflavonoid content increased by approximately 1.5 fold (Chapter 2). It
is known that light can affect the formation of secondary metabolites, by acting as a signal
to activate enzymes involved in biosynthetic pathways of secondary metabolites.'? The
effect varies, depending on the light parameters (radiation intensity, wavelength and
duration) and legume variety.!'" 2% In general, seedlings grown in light showed higher
isoflavonoid content compared to ones grown in the dark.'" ?* %! However, the opposite
result was reported for some soybean cultivars.!

An interesting observation in this PhD research was that the use of light in combination
with fungus only increased the amount of certain phytoalexins in soybean seedlings, i.e. the
content of 2-prenylated pterocarpans, but not that of 4-prenylated pterocarpans (Chapter
2)."" The use of light together with elicitation by fungus also seems to be a factor of
importance in other bean species. A more than 6-fold increase of the phaseollin content has
been observed upon elicitation of Phaseolus vulgaris seedlings by fungus in light,
compared to those grown in the dark, whereas no increase was detected for other
phytoalexins such as phaseollidin and kievitone.®" Based on all these results, it can be
concluded that it is attractive to grow elicited seedlings in light, when the objective is to
enhance the accumulation of isoflavonoids in legume seedlings.

Time point of application of fungus to seedlings

In our studies, the fungus was mostly applied onto 2 d old legume seedlings,!'" ** **!

whereas in many other studies the fungus was applied directly after soaking.***®! Early and

137



CHAPTER 6

late application of fungus were compared with respect to accumulation of phytoalexins in
peanut seedlings (Chapter 5).°7! Interestingly, the impact of the time point of application
of the fungus on the stilbenoid content of peanut seedlings depended on the fungus, as early
inoculation with Aspergillus led to higher stilbenoid content, up to 3-fold, compared to that
after two days, whereas inoculation with Rhizopus showed the contrary (Chapter 5). The
reason behind this is not clear. It might be speculated that Aspergillus is more aggressive
than Rhizopus, which is corroborated by the occurrence of brown lesions, a parameter often
used as an indicator of virulence, in Aspergillus-elicited peanut seedlings. The brown
lesions were not observed in those elicited by Rhizopus.*® So, the time point of application
of fungus seems an important factor when optimizing the production of phytoalexins. The
optimum time for applying the fungus seems to be legume species-dependent as well.*”!
Thus, further investigation of the optimal time point for application of fungus is necessary,
and it is not unlikely that such optimization needs to be done for each combination of
legume and fungus.

QUANTIFICATION OF PHENOLIC COMPOUNDS IN CRUDE EXTRACTS

UHPLC with PDA allows in-line quantification of compounds in the samples analysed.!*”

In this PhD research, where complex mixtures of over 30 compounds were no exception,
we had the dilemma on the best way of quantification of the individual compounds. As only
few standard compounds were commercially available, direct quantitative analysis by using
the peak area of a compound and extrapolating its amount from a calibration curve with the
respective compound was in most cases impossible. It is thus common practice to use other
reference compounds.™*"**! An alternative would be to use a single reference compound to
make a calibration curve, calculate the amounts of other compounds of interest by
extrapolation of their peak areas, and account for the ratio of the molar extinction
coefficient of the reference and that of the compound of interest. As only few molar
extinction coefficients have been published, this was not considered a good alternative.
Because of this, it was decided to keep the quantification of crude extracts as transparent as
possible, and use the aglycone of a main phenolic as the calibrant, i.e. daidzein (for soybean
and Phaseoleae), genistein (for lupine) or trans-resveratrol (for peanut). For compounds
eluting at the same retention time, the ratio of the relative intensity of molecular ions in the
mass spectrum at that retention time was used to calculate the contribution of each
molecule to the UV-Vis peak area. The quantification was performed at one wavelength,
representing the maximum absorbance of the compound in question. The quantity of
compounds in the crude extract was expressed as milligram of external standard per gram
dry weight, without correcting for the difference in molecular weight between the
compound of interest and reference compound.
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To give an indication of the experimental error made by our quantification method, a
recalculation of the amount of a few representative compounds was performed (Table 4).
The glyceollin contents were recalculated using the reported € values, which were measured
at Anax, and the molecular weight correction factor.[*’ It can be seen that the amounts of the
different pterocarpans produced by elicited soybean seedlings are actually up to 1.4- to 2.8-
fold underestimated by our quantification method (Table 4). Although it should be kept in
mind that one will find differences in absolute amounts of isoflavonoids between the
calculation methods, our approach provides reliable data for making comparisons between
various treatments.

Table 4. Comparison of the content of glyceollin based on a calibration curve of external standard
expressed in mg daidzein equivalent (DE)/g DW and that of corrected amounts using molar
extinction coefficients and molecular weight expressed as mg/g DW.

Compounds € (M'cm™) mg DE/g DW mg/g DW
Glyceollin | (Aags) 10,300 0.44 0.76
Glyceollin 1l (Az86) 8,700 0.23 0.48
Glyceollin 11l (A292) 9,600 0.25 0.35
Glycinol (Aas7) 5,870 0.15 0.41

INDUCIBILITY OF PHENOLICS CORRELATED TO PHYLOGENY OF LEGUMINOSAE

The ability of all legume species studied in this PhD research (Chapters 2-5) to induce
(iso)flavonoids/stilbenoids during germination and/or fungal elicitation is summarized in
Figure 4. In general, isoflavonoids and stilbenoids were more inducible than flavonoids
during germination and fungal elicitation. The isoflavonoid and stilbenoid content is best
boosted by germination in presence of fungus. The phylogenetic relatedness between the
species is discussed in terms of inducibility of isoflavonoids/stilbenoids, more in particular
their content and molecular diversity.

The phylogenetic tree was built as described in Chapter 4, with an addition of two species:
Arachis hypogaea and Lupinus luteus. The Matk encoding regions of these species were
extracted from the following NCBI nucleotide sequences: Arachis hypogaea: gi|166919340
(Full) and Lupinus luteus: gi|568244796 (2052-3572). The Matk encoding regions of two
other Lupinus species (L. angustifolius and L. albus) were not available. It can be seen that
the extra two species incorporated in the phylogenetic tree corroborate our conclusion in
Chapter 4, in that the extent of inducibility is not necessarily linked to phylogenetic
relatedness. The closely related species, such as Phaseolus, Vigna and Lablab, showed
different inducibilities during germination and/or fungal elicitation.

The structures of the predominant isoflavonoids/stilbenoids in elicited seedlings were
compared amongst all species studied (Figure 4). The main observation is that the species
of Vigna, Phaseolus, Lablab and Lupinus produced relatively simple isoflavonoid moieties,
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such as isoflavone and isoflavanone. In contrast, Glycine and Psophocarpus produced
skeletons more downstream the isoflavonoid pathway, with an extra D-ring, such as
pterocarpan. Arachis was the only legume species studied that produced stilbenoids.

Our results suggest that the type of skeleton induced upon elicitation might be deduced
from the phylogenetic relationship of the species, whereas this is less clear for the extent
and position of prenylation. Isoflavanones (dalbergioidin derivatives) were the main
isoflavonoids induced in the closely related genera of Vigna, Phaseolus, and Lablab. The
main induced isoflavonoids of Psophocarpus were demethylmedicarpin derivatives,
belonging to the subclass of 6a-H-pterocarpans, different from those in Glycine, that
accumulated glycinol derivatives, 6a-OH-pterocarpans, as major isoflavonoid induced.!'"!
The other two genera, Lupinus and Arachis, located in a different cluster compared to
previous genera, accumulated isoflavones (genistein and 2’-OH-genistein derivatives) and
stilbenoids (resveratrol and piceatannol derivatives), respectively. Some of the compounds
induced were found to be prenylated, but the preferred position of prenylation amongst the
subclasses was different. Prenylation at the A-ring was favored for dalbergioidin, 2’-OH-
genistein, and glycinol. In contrast, prenylation of demethylcarpin was mainly performed at
the B-ring. Prenylation of stilbenoids mainly occurred at the resorcinol moiety that
biosynthetically originated from the three units of malonyl Co-A, similar to the A-ring in
isoflavonoids (Figure 4).
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Figure 4. Overview of the inducibility of isoflavonoids/stilbenoids in the species studied during
various treatments. The phylogenetic relationship amongst species is described by the un-rooted
tree that was constructed using maximum likelihood method. Number at branch point in the tree
represents deviating bootstrap support value (%), the other bootstrap support values were 100%.
The scale bar (0.03) indicates branch length. The range of total isoflavonoid content of the
respective seeds, seedlings and Rhizopus-elicited seedlings are indicated by colored circles. The
structures indicate the major isoflavonoid/stilbenoid induced, when the sum of all compounds with
that skeleton represented more than 30% (w/w) of the total isoflavonoid/stilbenoid content in
Rhizopus-elicited seedlings. The colored aromatic rings represent the most favored ring for
prenylation.
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FUTURE PERSPECTIVES

The aim of this study was to optimize the production of prenylated phenolics using an
induction process. In this respect, optimal means that high quantity of and large variety
(skeleton and decorations) in molecules can be directed by selection of legume species and
stress factors. Fungus was the most effective stress factor compared to light and wounding.
Moreover, combination of fungus and light was more promising than combination of
fungus and wounding. The inducibility of the legume seeds studied during the induction
process varied. In terms of total isoflavonoid/stilbenoid quantity, Glycine max, Phaseolus
spp., Lupinus spp. and Arachis hypogaea were more promising than Vigna spp., Lablab
purpureus and Psophocarpus tetragonolobus. In terms of composition of prenylated
compounds that offer promising bioactivity, Glycine max, Arachis hypogaea and
Psophocarpus tetragonolobus are recommended.
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Summary

The Leguminosae constitute a plant family that has been domesticated by human
worldwide for many purposes, including food. In the last decade the consumption of
legumes, such as soybeans, has been linked to several health-promoting effects, including
reduced risk on various cancers, cardiovascular discases and risks associated with hormone
replacement therapy. The health benefits associated with legume consumption have been
linked to the action of secondary metabolites, e.g. isoflavonoids. Nevertheless, the
production of bioactive compounds in legumes as such is often inadequate, both from a
qualitative and a quantitative point of view. It is known that the production of bioactive
compounds in legume seeds can be increased during germination. It can be enhanced even
further by performing the germination under stress. The latter process, the so-called
induction process, results in accumulation of defense molecules, phytoalexins, many of
which contain 5-carbon prenyl substituents. These prenylated molecules in particular
appear to have potential as health-promoting compounds. To optimize the production of
phytoalexins in legumes, particularly the prenylated ones, it is important to correlate
various legume species and stress factors employed in the induction process to
compositional changes in the seedlings. In this thesis we aimed to: (i) extrapolate the
induction process established previously for soybean to a number of other legume species,
with respect to enhancing the content and molecular diversity of prenylated compounds; (ii)
investigate whether a change in biotic and abiotic stress factors, in particular light,
wounding, time point of application of biotic stress, different kinds of fungus, can enhance
the efficiency of the induction process. In this respect, efficiency relates to both quantity of
phytoalexins and variety (skeleton and decorations) of the phytoalexins produced.

Chapter 1 provides an overview of the different factors, which are known to affect the
accumulation of phytoalexins. A number of economically important legume species is
described and the selection of legume species studied in this thesis was motivated. An
overview of flavonoid, isoflavonoid and stilbenoid classes is presented in this chapter,
mainly focused on their structural classification and biosynthesis. The identification
strategies for distinguishing the various (iso)flavonoids and stilbenoids with different types
of substitution by mass spectrometry and UV-vis spectrophotometry is summarized.

The effects of wounding and light on (iso)flavonoid content and composition of Rhizopus-
elicited soybean seedlings is described in Chapter 2. The combination of simultaneous
germination and induction by Rhizopus oryzae increased the total isoflavonoid content of
soybean seedlings over two-fold, dominated by pterocarpans (up to 50% (w/w) of total
isoflavonoids). The total isoflavonoid content could be increased further by growing



SUMMARY

fungus-elicited soybean seedlings in light, whereas wounding combined with Rhizopus was
less effective. Apart from increasing the total isoflavonoid content, light altered the
composition of prenylated pterocarpans of Rhizopus-elicited soybean seedlings by
mediating the position of prenylation. The level of 2-prenylated pterocarpans increased
two-fold, whereas that of 4-prenylated pterocarpans remained similar. Taken together,
fungus was the most effective elicitor to alter the isoflavonoid content and composition of
soybean seedlings, the impact of which can be further enhanced and mediated by light.

In Chapter 3, the changes in (iso)flavonoid content and composition of three edible lupine
species during Rhizopus-elicitation is described. The total (iso)flavonoid content of lupine
increased over 10-fold upon germination, with the total content and composition of
isoflavonoids being more affected than those of flavonoids. Elicitation with Rhizopus
oryzae, in addition to germination, raised the content of isoflavonoids further. Interestingly,
elicitation with Rhizopus increased the total content of 2'-hydroxygenistein derivatives
considerably, without increasing that of genistein derivatives. Nevertheless, the
composition of genistein derivatives changed due to deglycosylation and prenylation. A
tool to characterize the position of the prenyl group of prenylated isoflavones was
developed and applied on extracts of elicited lupine seedlings. This revealed that the
preferred position of prenylation of (2'-hydroxy)genistein derivatives differed among the
three lupine species. The changes in isoflavone composition increased the agonistic activity
of the extracts towards the human estrogen receptors, whereas no antagonistic activity was
observed.

Application of Rhizopus to induce prenylated (iso)flavonoids was extended to seeds from
seven species of the tribe Phaseoleae, i.e. Phaseolus (2 species), Vigna (3 species), Lablab
and Psophocarpus (Chapter 4). Germination alone poorly induced isoflavonoid production
in Phaseoleae, whereas application of Rhizopus onto the seedlings increased the
isoflavonoid content considerably. The inducibility of different subclasses of isoflavonoids
in seedlings with Rhizopus varied per species. Phaseolus, Vigna and Lablab species
accumulated mainly isoflavones and isoflavanones, whereas Psophocarpus accumulated
mainly pterocarpans. Isoflavones were mainly found as non-prenylated aglycones or
glycosides, whereas isoflavanones and pterocarpans were primarily accumulated in their
prenylated form. Moreover, for all species, prenylation of the main isoflavonoids
predominantly occurred on the A-ring, except for Psophocarpus for which B-ring
prenylation was predominant. Thus, despite their phylogenetic relatedness, the seeds of
various species within the Phaseoleae tribe appeared to respond differently towards
elicitation by Rhizopus during germination.

In Chapter 5, two food-grade fungi, Rhizopus oryzae and Aspergillus oryzae, were
compared for inducing the production of prenylated molecules in peanut (Arachis
hypogaea) seedlings. Contrary to all other legume species studied, stilbenoids instead of
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isoflavonoids were induced in peanut seedlings. The Aspergillus- and Rhizopus-elicited
peanut seedlings accumulated an array of prenylated stilbenoids, with overlap in
compounds induced, but also with compounds specific to the fungal treatment. The
differences were confirmed to be due to modification of prenylated stilbenoids by the
fungus themselves. Each fungus appeared to deploy a different strategy for modification,
i.e. glycosylation by Rhizopus and oxidative cleavage by Aspergillus. Apart from the type
of fungus, the time point of inoculation appeared to be an important parameter for
optimizing the accumulation of prenylated stilbenoids in peanut seedlings. With respect to
production of pharmaceuticals or ingredients for functional foods, conversion of potentially
bioactive prenylated stilbenoids in elicited peanut seedlings to modified prenylated
stilbenoids has to be considered when fungal elicitation is used.

In Chapter 6, key factors that affect the production of phytoalexins as found in this PhD
research are discussed, including the modification of phytoalexins by fungus during
elicitation. The inducibility of particular isoflavonoid and stilbenoid skeletons, and that of
prenylation, was elaborated in this chapter, and correlated with the phylogenetic
relationships of Leguminosae. The limitations of the methodology used, i.e. the efficiency
of the modified sprouting machine (as opposed to the micromalting system used in previous
research), the use of different stress factors, the time point of application of the fungus to
seeds or seedlings, and the quantification of phenolic compounds are discussed. Taken
together, it is concluded that the seeds of various species appeared to respond differently
towards elicitation by Rhizopus during germination. The kind of molecules induced
followed the phylogenetic relationship of the various species, but their amounts induced
during germination, alone or combined with elicitation, did not. In terms of total
isoflavonoid/stilbenoid quantity, Glycine max, Phaseolus spp., Lupinus spp. and Arachis
hypogaea were more promising than Vigna spp., Lablab purpureus and Psophocarpus
tetragonolobus. Nevertheless, in terms of composition of prenylated compounds that offer
promising bioactivity, Glycine max, Arachis hypogaea and Psophocarpus tetragonolobus
are recommended.
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