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Crucifer, Barbarea vulgaris
Lea Dalby-Brown, Carl Erik Olsen, Jens Kvist Nielsen, and Niels Agerbirk*

Faculty of Life Sciences, University of Copenhagen, Thorvaldsensvej 40, 1871 Frederiksberg C, Denmark

ABSTRACT: Nineteen apparent flavonoids were determined by HPLC-DAD in foliage of a chemotype (G-type) of Barbarea
vulgaris, and four were isolated. Two were novel tetraglycosylated flavonols with identical glycosylation patterns, kaempferol 3-O-(2,6-
di-O-β-D-glucopyranosyl)-β-D-glucopyranoside-7-O-R-L-rhamnopyranoside (1) and quercetin 3-O-(2,6-di-O-β-D-glucopyranosyl)-β-
D-glucopyranoside-7-O-R-L-rhamnopyranoside (2). The identification of D/L configuration was tentatively based on susceptibility
to R-L-rhamnosidase and β-D-glucosidases. A characteristic feature of 1 and 2 was appreciable water solubility, an expected
consequence of the extensive glycosylation. A less complex pair of flavonols comprised 3-O-β-D-glucopyranoside-7-O-R-L-
rhamnopyranosides of kaempferol and quercetin. Two natural chemotypes of B. vulgaris differed in levels of 1 and 2, with the
P-type deficient in 1 and 2 and the insect-resistant G-type rich in 1 (ca. 3�4 μmol/g dry wt) and with moderate levels of 2 (ca.
0.3�0.8 μmol/g dry wt). However, there was only modest seasonal variation in flavonols 1 and 2, in contrast to a strong seasonal
variation in insect resistance.
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’ INTRODUCTION

The wild plant Barbarea vulgaris R. Br. [Brassicales:
Brassicaceae] has acquired the status of model organism for
investigation of plant�insect interactions due to its complex but
remarkable interactions with plant pests and other herbivorous
insects. Pioneer ecological entomologists noticed a high oviposi-
tion rate by a number of Brassicales-adapted insects combined
with low larval survival.1 Such apparently maladaptive behavior
can be termed an “oviposition mistake”. A search for the ovi-
position stimulants demonstrated oviposition-stimulating gluco-
sinolates in the leaves,2 recently demonstrated to be present at
the leaf surface as well as in the leaf interior.3 Searches for larval
deterrents revealed saponins with variable deterrent or perhaps
toxic effects to specialist insect larvae.3�8 The combination of
oviposition-stimulating glucosinolates and deterrent saponins
explained the oviposition mistake and inspired in agronomists
the concept of “dead-end” trap cropping as a general method of
biological pest control.3,9,10 Additional genetic�ecological re-
search documented major, dominant flea beetle R-genes con-
ferring the ability to accept and survive on B. vulgaris plants.11 In
combination with a natural polymorphism of resistance in B.
vulgaris, as described below, this system seems to provide a
unique opportunity for investigations of plant�insect coevolu-
tion in a natural setting.12�14

Traditional subspecific taxonomy of B. vulgaris is based on
morphology, but there is no general agreement of the value of the
various characters used, or whether it is at all fruitful to subdivide
this highly variable species into subspecific taxa.15 Chemical
analysis and specific resistance tests of accessions of traditional taxa
showed a pattern that did not follow the traditional taxonomy.15 For
practical purposes the traditional taxonomy was supplemented
with additional “type” designations. One type of var. arcuata
(Opiz.) Fries was named the G-type (for glabrous leaves), and

this type showed the same glucosinolate profile, saponin con-
tent, and insect resistance phenotype as ssp. vulgaris.5,10,15 A
deviating type, morphologically also belonging to var. arcuata,
was named the P-type (for pubescent leaves). The P-type has a
highly distinct glucosinolate profile, is susceptible to the above-
mentioned specialist insects, and is devoid of the resistance-
correlated saponins.5,10,15,16 The P-type is cytologically similar
to the G-type, and the two types occasionally hybridize in nature
and after artificial crossing.17�19

In Dutch populations of B. vulgaris, a different, glucosinolate-
based polymorphism in insect resistance has been discovered.20

Recently, additional polymorphism in resistance to the oomycete
Albugo candida (Pers. ex Fr.) O. Kuntze has been discovered.21 In
this case, the pattern is opposite the pattern of insect resistance,
with the P-type being resistant and the G-type susceptible. With
the growing complexity of the ecological interactions of the
species, it has become relevant to construct a genetic map of B.
vulgaris with a focus on genes of ecological interest. Current B.
vulgaris gene mapping is based on segregation in the F2 genera-
tion from hybrids (F1) between the G- and P-types of B. vulgaris,
and genetic loci for a number of unidentified polar and apolar
metabolites have been reported, in addition to loci for saponins
and glucosinolates.22 For this reason, investigations of flavonoids
and all other classes of secondary metabolites in B. vulgaris have
become a priority,16 with particular focus on genetically based
polymorphism.

The flavonoids are structurally diverse phenolic metabolites
in higher plants containing an aromatic bicyclic or tricyclic
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C6�C3�C6 core structure with a number of phenol groups,
some of which are usually glycosylated and/or conjugated with
other types of structures. In agreement with their extreme
structural diversity, these metabolites have diverse physiological
and ecological activities including specialist insect resistance.23,24

Flavonoids include several structural subclasses, of which fla-
vones are tricyclic structures carrying a ketone functional group
in the central ring, and flavonols are characterized by an addi-
tional hydroxy group at C3 next to the ketone group of flavones
(Figure 1). Information on the flavonoids in B. vulgaris has so far
relied on investigations by Senatore et al.,25 who elucidated the
structures of seven flavonoids in B. vulgaris collected in southern
Italy, where the plant is consumed and used in popular medicine.
The identified flavonoids were methyl, mono- and diglycosyl
derivatives of the flavone luteolin and the flavonols quercetin and
kaempferol. These structures are referred to as S1�S7 in this
paper (“S” for Senatore), with conservation of the individual
compound numbers assigned by Senatore et al.25

On the basis of our experience of the variability of the species,
including a seasonal decline in insect resistance from summer to
fall,17 the aims of the present work were to (i) develop a method
for the separation and quantification of flavonoids in the insect-
resistant G-type of B. vulgaris, (ii) elucidate the structures of
detected flavonoids, (iii) probe the natural seasonal variation in
flavonoid profiles of insect-resistant G-type B. vulgaris, and (iv)
search for genetic polymorphisms in flavonoid content between
the G- and P-types of B. vulgaris.

’MATERIALS AND METHODS

Chemicals. Rustoside (kaempferol 3-O-(2-O-β-D-xylopyranosyl)-
β-D-galactopyranoside) was isolated from horseradish.26 Other fine
chemicals were from Sigma-Aldrich (St. Louis, MO): rutin (R9000)
(quercetin 3-O-(6-O-R-L-rhamnopyranosyl)-β-D-glucopyranoside), kaemp-
ferol (K0125), quercetin (Q0125), β-glucosidase from almonds (G4511),
and hesperidinase from Aspergillus niger (H8137).
Plants. Foliage and seeds of the two types of B. vulgaris var. arcuata

were from three localities on the Danish island Zealand described
previously.17 G-Type foliage and seeds were for logistic reasons from
either locality 1 (old grass field near the town of Herlev), locality 2
(waste area near the village of Gl. Svebølle), or locality 4 (wet meadow
near the town of Kværkeby). P-Type foliage and seeds were from
locality 5 (wet meadow at Lake Tissø). Foliage (G-type) for isolation of
flavonoids was from locality 2 and collected by J.K.N. in November
1997. For optimization of the SPE-HPLC analysis method in
2000�2001 we used G-type leaves collected by J.K.N. in August
1998 from locality 4, and for investigation of seasonal variation of
flavonoids we used previously described17 samples (collected in 1998
by J.K.N.) from the same locality. Foliage from naturally grown P-type
plants at locality 5 were also from the same study17 and collected in
August. To obtain P- and G-type plants exposed to identical environ-
mental conditions, we grew plants from seeds collected at locality 1
(G-type) and locality 5 (P-type) in parallel (from seeds to ca. 1.5-
month-old rosette plants) at the previously reported growth chamber
conditions.11 Each sample was prepared from a total of five fully
developed rosette leaves selected at random from five different plants

Figure 1. Structures and numbering systems of the isolated flavonoids (1�4) and reference flavonoids. “Glc a”, “Glc b”, and “Glc c” at 1/2 refer to
individual glucose residues to simplify discussion in the text.
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harvested in March 2010, lyophilized directly, and homogenized
before a 50 mg sample was taken.
Flavonoid Isolation. Dry foliage (50 g dry wt) of B. vulgaris var.

arcuataG-type, collected and lyophilized ca. 3 months earlier and stored
frozen (�20 �C), was repeatedly extracted in 70% aqueous EtOH (first
extraction hot) with homogenization. The volume was reduced to
250 mL (rotary evaporation), and the extract was defatted three times
with 250 mL of CHCl3 (organic phase discarded). The volume of the
aqueous phase was reduced to 25 mL to remove traces of CHCl3. The
aqueous phase was then diluted to 125 mL with H2O and defatted three
times with 125 mL of EtAc (organic phase discarded). The aqueous
phase was reduced to 50 mL, centrifuged, and applied to an Amberlite
XAD7 (Sigma) column (83 cm� 2.6 cm). The column was eluted with
3 L of water, 1.2 L of 5% EtOH, 1.5 L of 10% EtOH, 3.5 L of 15% EtOH,
7.5 L of 20%EtOH, 3.5 L of 40%EtOH, and 0.7 L of 50%EtOH, collecting
25 mL fractions. UV spectroscopy of selected fractions suggested the
fractions eluted in 20% EtOH (fractions 488�577) and 40% EtOH
(fractions 728�747) to be rich in flavonoids. Each of these groups of
fractions was concentrated and subjected to preparative paper chromatog-
raphy (descending PC for 48 h in isoPrOH/HOAc/H2O 12:3:5 on 8
sheets (fractions 488�577) or 16 sheets (fractions 728�747) ofWhatman
no. 1 paper), yielding 1 and 2 as separate bands from fractions 488�577
and a band with a mix of 3 and 4, among other bands, from fractions
728�747. 3 and 4 were separated by chromatography on an LH 20
(Pharmacia) column (72 cm� 2.6 cm), with 3 (4 mg) eluted with water
and 4 (3.5mg) elutedwith 20%EtOH.The already separated 1 and 2were
(separately) subjected to additional chromatography on LH 20 columns
(eluted with water), yielding pure 1 (21.5 mg) and 2 (7 mg).
NMR, MS, and Optical Rotation. NMR, FAB-MS (positive and

negative modes), high-resolution MS, and LC-ESI-MS were carried out
with the previously reported instrumentation and conditions.27 For one-
and two-dimensional 1H NMR at 400.1 MHz and 13C NMR at 100.6
MHz, we used hexadeuterated DMSO with 10% D2O as solvent and
based chemical shifts on the signal from DMSO (δH 2.49, δC 39.4). 2D
NMR experiments included COSY, HSQC,HMBC, TOCSY, and JRES.
Specific optical rotations of small amounts (3�10 mg weighed with a
five-decimal balance) weremeasured in 2 dm cells at 20 �C and 589.3 nm
(D line) with an AA-1000 polarimeter (Optical Activity Ltd., Ramsey, UK),
using sucrose ([R]20D = 65 (H2O, c = 1 g/100 mL)) and a solvent
blank as controls.
Extraction and Solid Phase Extraction (SPE). Dry G-type

foliage (100 mg), collected and lyophilized 2 years earlier and stored
frozen (�20 �C), was extracted for 2 min in 5mL of boiling EtOH/H2O
(7:3), keeping the solvent boiling by immersion in a boiling water bath
while homogenizing with an Ultra Turrax homogenizer (Janke &
Kunkel, Staufen, Germany). After centrifugation (2 min), the super-
natant was collected and the residue extracted again for 2 min in 5 mL of
the same solvent at room temperature with homogenization; this second
extraction was repeated, and the three extracts were pooled to give the
crude extract (ca. 15 mL). The majority or all of the solvent was
evaporated under a gentle stream of pressurized atmospheric air and the
residue brought to 5.00 mL with H2O in a volumetric flask. A C18 type
SPE cartridge, ‘Isolute’, 500 mg, pore size = 54 Å, particle diameter =
60 μm (International Sorbent Technology, Mid Glamorgan, UK), was
activated with EtOH (20 mL) and gradually adjusted to 100%H2O over
35 mL. Group separation to obtain a flavonoid fraction was carried out
by applying 2.5 mL (50%) of the redissolved crude extract to the SPE
cartridge, allowing the extract to slowly penetrate the cartridge driven by
gravity only (accelerated loading was found to be reduce capacity
significantly). The cartridge was subsequently washed with 25 mL of
H2O (discarded) and eluted with 5 � 2 mL of 40% EtOH to give the
flavonoid fraction, of which 2 mL was taken to dryness under a gentle
stream of pressurized atmospheric air and redissolved in 1 mL of water,
of which 50 μL was injected to the HPLC-DAD.

The above validated conditions were used for all reported quantitative
analyses of G-type foliage, carried out in the years 2000�2001. For a
qualitative comparison of P- and G-type leaves carried out in 2010, the
previously used SPE columns were not available. A modified method for
the detection of 1 and 2 was devised with currently available SPE
cartridges, taking into account the optimized conditions above and the
more robust characteristics of present day SPE cartridges. Dry foliage
(50 mg) collected and lyophilized ca. 3 months earlier and stored frozen
(�20 �C) was extracted (4 mL, 1 min) for three consecutive rounds in
boiling MeOH/H2O (7:3) without homogenization, decanting the
three extracts to a beaker. The solvent was evaporated under a gentle
stream of pressurized atmospheric air. A C18-type SPE cartridge, Strata
C18-E, 200 mg, pore size = 55 Å, particle diameter = 70 μm
(Phenomenex, Torrance, CA), was activated in 2 mL of 96% EtOH
and directly equilibrated in 2 mL of H2O. The crude extract residue was
dissolved in 3.00 mL of H2O, the solution was centrifuged, and 2.00 mL
was applied to the SPE cartridge (forced by gravity only), which was
rinsed with a further 2� 1mL ofH2O. The run-through was collected as
a control. The flavonoid fraction was eluted with 3 � 1 mL of 40%
aqueous EtOH (96% EtOH/H2O (42:58)). From both the run-through
and the flavonoid fraction, the solvent was evaporated under a gentle
stream of pressurized atmospheric air, and the residue was redissolved in
1 mL of water, of which 50 μL was injected to the HPLC-DAD.
High-Pressure Liquid Chromatography (HPLC-DAD). For

the optimized method, we used the previously reported HPLC equip-
ment with diode array UV detection (DAD),17 fitted with a 250 mm �
4.6 mm i.d., 5 μm, Luna phenylhexyl column with a Security Guard filter
(4 mm � 3 mm i.d.) with a phenylpropyl stationary phase from
Phenomenex. Both column and filter were fitted with a homemade
column oven kept at 30 (( 0.2) �C. The flow rate was constant at
0.8 mL/min, the A-eluent was 0.1% aqueous trifluoroacetic acid (TFA),
and the B-eluent was pure MeOH. The gradient program consisted of 5
min at 30% B and a linear gradient (55min) to 50%B, followed by a brief
wash (linear 5 min to 80% B, hold for 5 min at 80% B, linear 5 min to
30% B) and equilibration (10 min at 30% B). For routine UV detection
we used peak areas at 260 and 330 nm (bandwidth = 1 nm), often
supplemented with automated peak identification using a UV spectrum
library constructed with the software native to the HPLC (Shimadzu
Class-VP 5.032).
Optimization and Validation of the Analytical Method. A

preliminary flavonoid fraction (40% EtOH eluate from SPE) of G-type
B. vulgaris was used for optimization of column type and gradient. After
various MeOH andMeCN gradients had been tested on various column
types, the phenylhexyl column with MeOH as eluent was chosen on the
basis of a high number of separated peaks and favorable peak character-
istics. Additional optimization of temperature and gradient was carried
out, aiming at maximizing peak number and peak shapes. An acidic
A-eluent, 0.1% aqueous TFA, was selected as it improved peak shape and
separation.

Reproducibility, linearity, detection limit and recovery of the method,
lack of effect of the extraction solvent (70% aqueous MeOH or 70%
aqueous EtOH), lack of difference of flavonoid profiles after solvent
evaporation by rotary evaporation versus evaporation under a gentle
stream of pressurized atmospheric air, lack of flavonoids in the initial
H2O eluate from SPE cartridges, and flavonoid stability during short-
term storage in aqueous solution and long-term storage in frozen
solutions or as dry preparations were evaluated by HPLC analysis using
the optimized conditions. Recovery, linearity, and detection limit were
tested with the flavonol diglycosides rutin (ε = 19500 M�1 cm�1) and
rustoside (ε = 14000 M�1 cm�1). The limit of detection was defined as
the concentration corresponding to 3 times the standard deviation (SD)
of the area of the lowest level standard (4 μM). Quantification of
individual flavonoids was based on peak areas measured at 330 nm and
compared with a standard curve of rustoside.
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Flavonoid Hydrolysis. Solutions in 0.1 M sodium acetate (pH 5)
of 1 (220 μg) and β-D-glucosidase from almonds (2 U = 0.1 mg) were
incubated at 20 �C for 3 or 6 days with appropriate blanks (no 1 or no
enzyme). The reaction was stopped by boiling for 2 min, denatured
protein was removed by freezing plus centrifugation, and the flavonoid
contents were analyzed by HPLC-DAD and LC-MS. The pellet
obtained upon centrifugation was redissolved in aqueous 50% MeOH
and also analyzed by HPLC-DAD and LC-MS with quercetin and
kaempferol as references. HPLC-DAD peaks were assigned by compar-
ison with LC-MS analyses. A number of additional experiments with
variation of buffer pH (pH 6 and 7 obtained with sodium phosphate)
and concentration of 1 and enzyme were also carried out. In a further
experiment, hesperidinase from Aspergillus niger (either 0.03 or 0.003 U)
and 1 (110 μg) dissolved in 0.4 M sodium acetate (pH 4.2) were
incubated at 20 �C for 1 or 3 h or overnight. Appropriate blanks (no 1 or
no enzyme) were included. As specificity controls, rutin (saturated, ca.
75 μg) and rustoside (110 μg) were incubated with the same two
amounts of hesperidinase and the same buffer except addition of EtOH
to 5% (which was found not to affect hesperidinase activity when tested
with 1). Reactions were terminated and products analyzed as above.
Hesperidinase treatment of 2, 3, and 4 was carried out similarly, at
various flavonoid concentrations and EtOH concentrations (up to
7.5%).

’RESULTS AND DISCUSSION

Isolation and Structural Elucidation of Flavonoids. By a
combination of column chromatography and paper chromatog-
raphy, four flavonoids (1, 2, 3, 4) were isolated from foliage of the
G-type of B. vulgaris (Figure 1). Spectroscopic analysis by NMR
andMS and susceptibility to hesperidinase as explained below for
1 identified 4 as quercetin 3-O-β-D-glucopyranoside-7-O-R-L-
rhamnopyranoside, which had previously been reported (S2)
from B. vulgaris and other plant species,25 and 3 as the corre-
sponding kaempferol derivative (kaempferol 3-O-β-D-glucopyr-
anoside-7-O-R-L-rhamnopyranoside), known from Arabidopsis
thaliana and other plant species.28 As expected, compound 4 was
optically active with [R]D = �1.5 � 102 (MeOH, c 0.009 g/
100 mL), whereas remaining amounts of 3 (in 2011) did not
allow determination of specific optical activity. A literature search
suggested that the quite common flavonol diglycoside 4 had
apparently never before been investigated with respect to either
optical activity or the D/L configuration of the monosaccharide
moieties. In A. thaliana, 3 was shown to be based on D-glucose
and L-rhamnose,28 but specific optical activity was not reported.
Hence, this aspect of the structures of 3 and 4 remained tentative,
relying solely on susceptibility to hesperidinase and the general

dominance of D-glucosides and L-rhamnosides in plants. Com-
parison of HPLC retention times of 1�4 with those of authentic
B. vulgaris flavonoid standards, kindly supplied by F. Senatore,
confirmed that 4was identical to S2, whereas 1�3were different
from the flavone and flavonol glycosides previously reported
from B. vulgaris collected in Italy.25

The UV spectrum of 1 resembled the spectrum of 3, suggest-
ing that they were based on the same aglycone (Table 1). High-
resolution MS of the Naþ adduct of 1 gave the mass (m/z)
941.2494, compatible with the calculated value 941.2533 for
[MþNa]þ of C39H50O25. The aromatic region of the 1H NMR
spectrum showed signals from a para-substituted phenyl group
and from two additional H with long-range coupling, compatible
with kaempferol being the aglycone, and this identity of the
aglycone was confirmed by comparison of 13C NMR signals with
reference values.28,29

The negative mode FAB mass spectrum of 1 showed major
fragment ions due to loss of fragments corresponding to (m/z)
146 and 162. This fragmentationwas similar to the fragmentation
of 3, suggesting that both contained a rhamnoside group and a
group with the same mass as a glucoside (i.e., either glucose or
one of its epimers, referred to in general as a “hexoside” in the
following) (Table 1). The difference of 1 relative to 3 appeared to
be a more polar nature and a higher molecular mass, correspond-
ing to the presence of two additional hexoside groups. Major
fragment ions corresponding to loss of three hexosides were
detected (Table 1), in contrast to the near absence of signals for
ions corresponding to loss of two hexosides. This fragmentation
pattern suggested that the three deduced hexosides in 1 were
connected and present as a branched structure. As expected for a
glycoside of biological origin, compound 1 was optically active,
with [R]D = �86 (MeOH, c 0.05 g/100 mL). A relatively high
water solubility (at least 5 mg/mL at 20 �C for 1) was also noted
for 1, compatible with a high degree of glycosylation.
The presence of a rhamnoside group in 1was supported by the

presence of a well-separated doublet (3H) in the 1H NMR high-
field region due to the characteristic rhamnoside methyl group
(Table 3). Signals from four anomeric hydrogens, of which three
had coupling constants between 7 and 8 Hz and one had a
coupling constant of 1.5 Hz, were also obvious, supporting the
extent of glycosylation suggested byMS. However, the remaining
carbohydrate region in the 400 MHz 1H NMR spectrum was
extremely complex.
The elucidation by 2D NMR of the structure of the glycoside

parts of the molecule began with the above-mentioned methyl
group tentatively assigned to a rhamnoside residue. Coupling

Table 1. UV Spectroscopic and Mass Spectrometric Data of Isolated B. vulgaris Flavonoids

informative major ions observed in the mass spectrum (FAB negative mode) (m/z)

1 2 3 4 suggested fragment ion interpretation

917 933 593 609 [M � H]�

771 787 447 463 [M � H � 146]� loss of Rha

755 771 431 447 [M � H � 162]� loss of Glc

431 447 [M � H � 3 � 162]� loss of Glc3

UV absorption maxima (nm) measured by on-column DAD in ca. 30�45% aq EtOHa

266 256 264 254

346 354 346 354
a Identical or similar (within (2 nm) values obtained for isolated compounds in H2O (1, 2) or 10% aqueous EtOH (3, 4).
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analysis by COSY revealed the connectivity of this methyl
group, via a sequence of four separated hydrogens, to an
anomeric hydrogen at 5.50 ppm. This spin system was also
revealed by TOCSY. An HSQC spectrum identified the
corresponding carbon signals. These signals could be attrib-
uted to an R-rhamnopyranoside residue by comparison with
chemical shift reference values of common flavonoid carbohy-
drate moieties.28,29 The position of the rhamnoside residue
was identified as C7 of the aglycone by an HMBC interaction

between the anomeric proton at 5.50 ppm and C7 at
161.8 ppm.
The three anomeric hydrogens with large coupling constants

(mentioned above) were part of three hexoside-like spin systems
(eventually named “Glc a”, “Glc b”, and “Glc c”, see Figure 1) as
revealed by TOCSY. The sequence of individual hydrogens and
corresponding carbon atoms in each spin system was determined
by a combination of COSY, HSQC, andHMBC, allowing assign-
ment of all remaining carbon signals and determination of all
hydrogen chemical shifts (Figure 1; Tables 2 and 3). Further-
more, HMBC revealed that one of the spin systems (Glc a) (with
a rather deshielded anomeric hydrogen at 5.54 ppm) was con-
nected to the aglycone at C3 (with an HMBC interaction from
the anomeric H to C3 at 133.4 ppm). HMBC also revealed that
the two remaining hexoside-like spin systems (Glc b and Glc c)
were connected in a branched manner to the Glc a spin system
(with HMBC interactions from the anomeric H of Glc b at
4.61 ppm to C2 of Glc a at 81.7 ppm and from the anomeric H of
Glc c at 3.95 ppm toC6 of Glc a at 67.9 ppm). At this point, it was
relevant to compare with the spectrum of 3, as all evidence
suggested 1 to be a dihexoside derivative of 3. Indeed, the signals
of the Glc a spin system were compatible with a disubstituted
β-glucopyranose residue, taking into account the expected effect
of the substitutions (þ7.4 ppm at C2 of Glc a and þ7.0 ppm at
C6 of Glc a when compared with the corresponding chemical
shifts in 3). The remaining two hexose residues were finally iden-
tified as β-glucopyranose residues on the basis of coupling con-
stants and comparison of carbon chemical shifts with reference
values of common flavonoid carbohydrate moieties.28,29

We assumed, along with previous authors,25 that the sugars of
B. vulgaris flavonoids belong to the usual D/L series (D-glucose
and L-rhamnose).28,29 However, the NMR spectroscopic data
would also be compatible with one or more of the glucoside
moieties being L-glucosides and/or the rhamnoside moiety being
D-rhamnoside, although L-glucose and D-rhamnose are consid-
ered to be extremely rare in higher organisms. To resolve this
final uncertainty, the suitability of 1 as substrate of commercial
enzyme preparations was tested.
The first tested enzyme, β-D-glucosidase (EC 3.2.1.21) from

almond, catalyzed very slow hydrolysis of 1 into a product with a
6 min higher retention time and containing one less glucose
residue according to LC-MS (ca. 38% conversion in 6 days at pH
5, no conversion in blank with enzyme omitted) (Figure 2A).
This was the only observed product of 1 at a range of pH values
(pH 5�7) and substrate concentrations (up to 4 mM). The
observation of specific hydrolysis by almond β-D-glucosidase
suggested that at least one terminal glucose residue was a β-D-
glucoside.
An additional enzyme preparation was tested, a commercial

preparation of β-D-glucosidase and R-L-rhamnosidase (EC
3.2.1.40) from Aspergillus niger with the trade name “Hesperidi-
nase”. Hesperidinase has been separated into one R-L-rhamno-
sidase and two β-D-glucosidase components with quantitatively
similar activities.30 After incubation with Hesperidinase for 1 h,
essentially all substrate (99.9%) was hydrolyzed into kaempferol
(4.2%) and three expected intermediates (Figure 2B). Loss of
one of the terminal glucose residues appeared to represent a
minor kinetic bottleneck, but after prolonged incubation, kaemp-
ferol was the sole major product (98%). This was considered to
be in agreement with all glycosylation being based on the
conventional enantiomers, D-glucose and L-rhamnose. The fol-
lowing control experiments were also in agreement with this

Table 2. 13C NMR Spectroscopic Data of Four Isolated B.
vulgaris Flavonoids

δC

position 1 2 3 4

aglycone
2 156.7 156.6 157.1 157.0

3 133.4 133.5 133.8 133.6

4 177.7 177.7 177.8 177.6

5 160.8 160.8 160.8 160.7

6 99.6 99.6 99.7 99.5

7 161.8 161.9 161.8 161.6

8 94.9 94.8 94.9 94.6

9 156.2 156.1 156.3 156.1

10 105.9 105.9 105.9 105.7

10 120.9 121.0 121.1 120.6

20 131.4 116.3 131.3 115.3

30 115.5 144.9 115.4 145.0

40 160.2 149.0 160.1 149.4

50 115.5 115.6 115.4 116.0

60 131.4 122.4 131.3 122.1

triglucoside at C3(Glc a, Glc b, Glc c)

a1 98.4 98.5 101.0 100.9

a2 81.7 82.2 74.3 74.1

a3 76.4 76.4 76.4 76.4

a4 69.4 69.4 70.0 69.9

a5 76.5 76.6 77.6 77.6

a6 67.9 68.0 60.9 61.0

b1 103.8 104.0

b2 74.3 74.4

b3 76.5 76.6

b4 69.8 69.8

b5 77.0 76.9

b6 60.8 60.9

c1 103.3 103.3

c2 73.3 73.4

c3 76.5 76.4

c4 69.8 69.8

c5 76.5 76.6

c6 60.8 60.9

rhamnoside at C-7

1 98.7 98.7 98.5 98.5

2 69.8 69.9 69.9 69.8

3 70.2 70.3 70.3 70.2

4 71.7 71.8 71.7 71.6

5 70.2 70.3 70.3 70.2

6 18.1 18.1 18.1 18.0
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interpretation. Incubation for 1 h with 10-fold less Hesperidi-
nase (0.003 U) resulted in 56% of 1 remaining after hydrolysis
for 1 h, demonstrating that the above used amount of Hesper-
idinase was appropriate for removal of 1 in 1 h. Similar
dependency of added Hesperidinase activity was found for
hydrolysis of rutin (Figures 1 and 2C), a known substrate of
Hesperidinase.30 Hence, the observed hydrolysis of 1 could be
attributed to the main β-D-glucosidase and R-L-rhamnosidase
activities of Hesperidinase,30 but lack of published specificity
data for these enzymes prevented a firm conclusion concerning
the D/L configuration of carbohydrate monomers of 1. As a

preliminary specificity test, rustoside (Figure 1) was incubated
at the same conditions, and negligible hydrolysis (1.5%) was
observed after 1 h (Figure 2D), demonstrating that the He-
speridinase enzyme components were sensitive to the lack of a
C6 in the terminal β-D-xylopyranoside moiety of rustoside.
However, even with rustoside, significant hydrolysis was ob-
served after incubation overnight, meaning that the Hesperidi-
nase components were not absolutely specific. On the basis of
the combined evidence, the structure of 1 was concluded to be
kaempferol 3-O-(2,6-di-O-β-D-glucopyranosyl)-β-D-glucopyra-
noside-7-O-R-L-rhamnopyranoside, with the D/L configura-
tions remaining tentative.

Table 3. 1HNMR Spectroscopic Data of the Novel B. vulgaris
Flavonoids 1 and 2

δH
a (multiplicity; J in Hz)

position 1 2

aglycone
6 6.41 (d; 2) 6.40 (d; 2)

8 6.75 (d; 2) 6.73 (d; 2)

20 8.05 (d; 9) 7.57 (d; 2)

30 6.90 (d; 9)

50 6.90 (d; 9) 6.85 (d; 9)

60 8.05 (d; 9) 7.60 (dd; 2, 9)

triglucoside at C3

(Glc a, Glc b, Glc c)

a1 5.54 (d; 7) 5.56 (d; 7)

a2 3.50 3.55 (t; 8)

a3 3.48 3.46 (t; 9)

a4 3.18 (t; 9) 3.22 (t; 9)

a5 3.30 3.30 (m)

a6 Ha = 3.76; Hb = 3.39 Ha = 3.76; Hb = 3.42

(dd; 7, 14)

b1 4.61 (d; 8) 4.59 (d; 8)

b2 3.05 (t; 8) 3.05 (t; 8)

b3 3.18 (t; 9) 3.18 (t; 8)

b4 3.12 3.12

b5 3.12 3.13

b6 Ha = 3.58 (br d; 11);

Hb = 3.45

Ha = 3.53 (d; 10);

Hb = 3.45

(dd; 7, 10)

c1 3.95 (d; 8) 3.96 (d; 8)

c2 2.76 (t; 8) 2.77 (t; 8)

c3 2.87 (t; 9) 2.87 (t; 9)

c4 2.94 (t; 9) 2.95 (t; 9)

c5 2.76 2.77 (m)

c6 Ha = 3.48; Hb = 3.32 Ha = 3.48 (d; 11);

Hb = 3.33 (dd; 5, 11)

rhamnoside at C7

1 5.50 (d; 1.5) 5.50 (d; 1.1)

2 3.83 (dd; 1.5, 3) 3.83 (dd; x, 3)

3 3.62 (dd; 3, 9) 3.62 (dd; 3, 9)

4 3.28 (t, 9) 3.28 (t; 9)

5 3.44 (m) 3.44 (dd; 6, 9)

6 1.11 (d; 6) 1.11 (d; 6)
a Signals without indicated coupling constants were extracted from 2D
spectra.

Figure 2. HPLC chromatograms (UV detection at 330 nm) of products
of enzymatic hydrolysis of flavonoids performed to test D/L configura-
tion of glycoside linkages: (A) remaining substrate and one exclusive
product after incubation of 1 for 6 days with almond β-D-glucosidase;
(B) water-soluble products after incubation of 1 for 1 h with hesper-
idinase, with both β-D-glucosidase and R-L-rhamnosidase activity; (C)
remaining substrate and soluble products after incubation of rutin with
hesperidinase for 1 h; (D) rustoside (98.5% of initial concentration) and
product traces after incubation with hesperidinase for 1 h. K, kaempferol;
Q, quercetin; R, rutin.
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The aglycone of 2 was unequivocally identified as quercetin,
on the basis of NMR chemical shifts, 1HNMR coupling patterns,
and UV and MS data in the same way as discussed for 1 above
(Tables 1�3).Meta-coupling between H20 and H60 was detect-
able in this spectrum because of the different chemical shifts of
these signals induced by the 30 OH substituent (Table 3). The
MS fragmentation pattern was similar to the fragmentation pat-
tern of 1, suggesting that the glycosylation of 2 could be identical
to that of 1. This hypothesis was confirmed by sensitivity to
Hesperidinase and elucidation of the NMR spectra, including 2D
spectra, using an equivalent approach as explained above in the
case of 1 but with additional acquisition of a J-resolved 1H NMR
spectrum (JRES) to reveal coupling constants of overlapping
carbohydrate signals (Tables 2 and 3). From these results, the
structure of 2 was concluded to be quercetin 3-O-(2,6-di-O-β-D-
glucopyranosyl)-β-D-glucopyranoside-7-O-R-L-rhamnopyranoside.
The D/L configurations of the individual carbohydrate moi-
eties were tentatively based on conversion to quercetin by
Hesperidinase.
Comprehensive Flavonoid Profile of B. vulgaris var. ar-

cuata G-Type Foliage. To be able to test hypotheses of flavo-
noid involvement in insect resistance or other biological char-
acteristics, we optimized and validated an HPLC-based analytical
method. Foliage of G-type plants collected in August, when the
level of insect resistance is high, was used to include the expected
resistance factor in the developed method. Traditional natural
product chemistry procedures were taken as the starting point,
and the optimization was carried out one step at a time in the
reverse direction of the procedure, that is, starting with HPLC
and ending with extraction.
Applying the optimized HPLC gradient to pure compounds

and simple mixtures, we obtained excellent separation of the four
isolated flavonol glycosides and hydrolysates of 1 (Figures 2 and
3A). The entire analytical method was linear and recovery of
internal standard close to 100%. We concluded that the method
was satisfactory for both qualitative and quantitative investiga-
tions of B. vulgaris var. arcuataG-type foliage with the purpose of
searching for flavonoids related to insect resistance or other
biological properties.
With the complete B. vulgaris var. arcuata G-type flavonoid

fraction, we observed a complex mixture of 260 þ 330 nm
absorbing metabolites in the model sample (foliage collected in
late summer), including 17 almost baseline separated major
peaks (with >1% of the total 330 nm peak area) and two
overlapping major peaks (Figure 2B). The UV spectra of the
individual major peaks typically had twomaxima, at 256�268 nm
and at 318�352 nm, with either the former or the latter being the
principal, as is typical for many flavones and flavonols. Separation
of peaks labeled a, b, and c (respectively) in Figure 2 was difficult.
Baseline separation of peaks b and c was obtained during the
quantitative analyses performed in 2001, but was unfortunately
not reproducible in 2010 when this work was finished. Compar-
ison of our material with standards kindly provided by F.
Senatore did not allow identification of additional major peaks.
Seasonal Flavonoid Variation. The natural variation in

flavonoids in rosette leaves collected from summer to late fall
was probed for G-type leaves from locality 4. Leaves from this
locality had a similar seasonal decline in flea beetle resistance
(August/September, 0% survival; October, 48% survival; No-
vember, 73% survival) as observed at several other localities.17

For this reason, duplicate analysis of pooled leaves from the same
investigation should allow us to test whether any flavonoid

constituent was correlated to resistance or susceptibility. The
structurally elucidated flavonoids 1�4 constituted around half of
the total flavonoid level throughout the period, with the kaemp-
ferol derivatives being dominant (Figure 4). The summed levels
of the tetraglycosylated 1 þ 2 and the diglycosylated 3 þ 4

Figure 3. HPLC chromatograms (UV detection at 330 nm) of B.
vulgaris flavonoid fractions and isolated flavonoids: (A) mixture of
isolated flavonoids; (B, C) flavonoid profiles of leaves of G-type (B)
or P-type (C) B. vulgaris plants sampled at natural growth sites; (D, E)
flavonoid profiles of leaves of G-type (D) or P-type (E) B. vulgaris plants
grown at identical conditions in a growth chamber. Plant chemotype
(G-type or P-type) and growth condition (field collected in August or
grown in growth chamber) were as indicated in individual panels. Peaks
1�4 correspond to flavonoid structures in Figure 1, whereas letters a�d
indicate unidentified peaks with flavonoid-like UV spectra.
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exhibited only modest variation during the period, but the
relative amounts of the quercetin derivatives 2 and 4 showed
an increasing tendency compared to the kaempferol derivatives 1
and 3.
Overall, there was a tendency for lower flavonoid levels in the

fall than in summer, with levels in the fall between half and two-
thirds of levels in June and August, and this seasonal decline was
mainly due to the three unidentified, putative flavonoids a�c
(Figure 3) that were major constituents in the summer season
andminor constituents in the fall. These putative flavonoids were
hence potential flea beetle deterrents, although their relatively
early decline between August and September did not exactly
match the gradual decline in resistance from September to
November. Among additional, more minor flavonoid-like peaks,
one showed a significant increasing tendency during the period
(labeled “d” in Figure 3), whereas the remaining showed de-
creasing tendencies or were rather independent of the season. As
original chromatograms of field-collected samples (obtained in
1999) were not printed in a style suitable for publication,
chromatograms B and C illustrated here (Figure 3) were
produced in 2010 with 10-year-old flavonoid preparations, in
which peaks b and c had apparently become less prominent and
peak d more prominent during storage.
Flavonoids and Insect Resistance. The original impetus for

investigating the seasonal variation of B. vulgaris flavonoids
reported here was an attempt to identify metabolites responsible
for the seasonal variation in specialist insect resistance.17 Flavo-
noids were secondary metabolites known to exhibit specialist
insect deterrence23 and seasonal variation.34 The patterns of
seasonal variation revealed here were to some extent compatible
with several of our hypotheses, for example, that resistance in the
summer could be due to deterrent effects of compounds such
as peak a or peak c that declined during the fall. However,
subsequent tests of deterrent effects of B. vulgaris extracts5

showed that the flavonoids were present in fractions devoid of
detectable deterrence toward the test insect (the diamondback
moth), whereas saponins were deterrent and exhibited a seasonal
decline.4,5 For this reason we subsequently concentrated on

investigations of saponins, and the role of flavonoids, if any, in
the interaction between B. vulgaris and insects has not yet been
elucidated. The available information is compatible with sapo-
nins being the sole B. vulgaris deterrents to specialist insects
tested so far,5�8,22 but does not rule out that flavonol gly-
cosides may influence host plant selection in flea beetles
and other insects. Indeed, flavonol glycosides have in some
cases been found to act synergistically with other secondary
compounds.24,26,33

Polymorphism in Tetraglycosylated Flavonoids. The no-
vel, tetraglycosylated flavonoids 1 and 2 were not detected in a
sample of field-collected P-type leaves (Figure 3C) (minor peaks
visible in Figure 3C did not match the exact retention time of 1).
To test whether there was a genetic difference between the plant
types, the two types were grown under identical conditions in a
growth chamber. Flavonoid analysis of the resulting leaves
demonstrated that contents of 1 and 2 in leaves of growth
chamber grown B. vulgaris G-type plants (N = 3) were similar to
profiles of plants exposed to natural growth conditions and
confirmed that P-type leaves (N = 4) were deficient in the
tetraglycosylated flavonoids 1 and 2 (Figure 3D,E). When both
retention times and UV spectra were taken into account, 4 could
not be demonstrated in the P-type and was certainly not a major
constituent, whereas the presence or absence of 3 in a group of
overlapping peaks in P-type chromatograms could not be con-
cluded with certainty. The complete optimization of the analy-
tical method was carried out with the 2001 procedure, but the
analysis of growth chamber plants had to be done with SPE
cartridges available in 2010. Lack of 1, 2, or any major flavonoid-
like peak was hence tested and confirmed for the SPE run
obtained with the modified protocol and cartridges used for
qualitative analyses in 2010. This test confirmed that the
currently available SPE cartridges used in 2010 were also capable
of binding all Barbarea flavonoids from 50mg of dry leaf material,
including the rather hydrophilic 1 and 2. Hence, the lack of
detection of 1 and 2 from P-type plants grown in the growth
chamber was reliable.
The comparison of the two plant types also suggested that the

two types differ in one ormore dominating, late peaks crowded at
44�47 min in the G-type chromatogram (a�c in Figure 3) and
45�47 min in the P-type chromatogram, but we have not so far
investigated these additional peaks. Finally, we noted that 3 and 4
were not major constituents in foliage from G-type plants grown
in the growth chamber and that peaks a�c were prominent in
plants from the growth chamber, as they were in field-collected
plants from the summer season (Figure 4).
Flavonoid Biochemistry and Genetics in P-Type and

G-Type B. vulgaris. With the current expansion of B. vulgaris
investigations to includemolecular genetics and interactions with
other insects and pathogens, attention to the flavonoids of the
species has returned.22 For future investigations including addi-
tional chemotypes and hybrids, HPLC with both MS and DAD
detection will be the optimal choice.31,32 Fortunately, the con-
ditions developed here should be easily adaptable to HPLC-MS
as well, although the TFA used for acidification should perhaps
be substituted with, for example, formic acid for optimal ioniza-
tion. The method may also have preparative potential, but TFA
should be omitted25 or carefully removed after peak collection27

to avoid damage to sensitive flavonoids. Limited enzymatic
degradation of 1 and 2was found to be a realistic, complementary
strategy for preparation of potential biosynthetic intermediates
(Figure 2).

Figure 4. Seasonal variation of flavonoids 1�4 and apparent flavonoids
in the G-type of B. vulgaris ssp. arcuata at a natural locality in Denmark
(means of two similar replicates from each month). The vertical order of
the flavonoids is identical in the legend and all five columns. 1�4 signify
the four flavonoids illustrated in Figure 1. Letters a�d refer to individual
unidentified flavonoid-like peaks in the chromatogram in Figure 3B,D.
“Minor” signifies additional, unidentified flavonoid-like peaks.
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Differential flavonol content in types of B. vulgaris and their
hybrids may help to elucidate the biological roles of these
compounds. A simple, yet potentially physiologically relevant
characteristic of tetraglycosylated 1 and 2 is their appreciable
water solubility, in contrast to the sparingly water-soluble
flavonol diglycosides. More subtle effects could be due to specific
effects on binding to, for example, insect taste receptors.33 A
QTL in linkage group 3 for major genes for relatively polar
metabolites with m/z values for [M þ Na]þ ions of 957 and
94122 would seem to correspond to one or more major genes
controlling levels of flavonols 2 and 1 identified here. When
the genetics of flavonol production and insect/disease resis-
tance in B. vulgaris is known in more detail, it may be possible
to produce near-isogenic Barbarea plants with different flavo-
nol glycosylation patterns and investigate whether such varia-
tion would influence interactions with pests, diseases, and
environment.
The flavonoid content of B. vulgaris shares some similarities

with that of the closely related general purpose model plant
Arabidopsis thaliana. A major flavonol glycoside in leaves of A.
thaliana is kaempferol 3-O-(6-O-β-D-glucopyranosyl)-β-D-glu-
copyranoside-7-O-R-L-rhamnopyranoside.28 This flavonol gly-
coside would correspond to 1 after removal of the Glc b moiety
(Figure 1) and is a potential intermediate in the biosynthesis of 1
in B. vulgaris. Although we found identical glycosylation patterns
of quercetin and kaempferol in B. vulgaris, it is likely that the
glycosylation patterns are due to glycosyl transferases with
considerable substrate specificities, as other known glycosides
in these plants have glycoside parts with a different branching
pattern (40-glycosylation in saponins) or without known glyco-
side branching but rather glycoside acylation (60-acylation
of glucosinolates16). Glycosylation of natural products can be
crucial for biological activity,8 and mutants in flavonoid glycosy-
lation in A. thaliana have been useful for the identification of the
responsible genes and proteins.35 Extensive synteny between
A. thaliana and B. vulgaris22 may enable the characterization of
similar genes and enzymes in B. vulgaris.
Continued investigation of the chemical ecology of B. vulgaris

appears to be attractive because the plant offers agronomical
applications against a major crucifer pest, is increasingly well
investigated chemically and genetically, is involved in an apparent
natural coevolutionary process with a model herbivorous insect,
and is currently being investigated by a considerable number of
independent but cooperating research groups.3,6,8,14,16,18�20,22

The polymorphism for highly glycosylated flavonols reported
here should allow investigations of relationships between flavo-
noid biochemistry and ecology in this model system.
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