Available online at www.sciencedirect.com

biochemical
sc-suce@o-nEcT° systematics
and ecology

Pergamon  pjochemical Systematics and Ecology 31 (2003) 115-12:
www.elsevier.com/locate/biochemsyseco

Plant-part specific and temporal variation in
phenolic compounds of boreal bilberry
(Vaccinium myrtillus) plants

Johanna Witzelt*, Rolf Gref®, Torgny N&holm?

& Umed Plant Science Centre, Department of Forest Genetics and Plant Physiology, Swedish
University of Agricultural Sciences, SE-901 83 Umed, Swveden
b Department of Slviculture, Snvedish University of Agricultural Sciences, SE-901 83 Umed, Sweden

Received 22 October 2001; accepted 5 April 2002

Abstract

Leaves and stems of bilberry were analysed for phenolic metabolites using a simple method
of extraction and HPLC analysis. Hydroxycinnamic acid derivatives (HCAs) and flavonoids
were identified on the basis of their UV-spectra. Temporal fluctuations in the levels of selected
phenolic compounds were followed during the growth season of 2000. Qualitative and quanti-
tative differences were detected in phenolic profiles between leaf and stem tissues. The most
abundant peak in leaf samples was tentatively identified as chlorogenic a€dcgb-
feoylquinic acid). In stems, this compound was found at much lower levels than in leaves and
an unidentified p-coumaric acid derivative dominated the phenolic profile. The most abundant
flavonols in leaves and stems were quercetin derivatives. The total sum of methanol-soluble
phenolics was generally higher in leaves than in stems. The concentrations of some alkaline
hydrolysis products were higher in stems than in leaves, indicating that a larger part of the
phenolic pool was incorporated into lignified cell walls in the stems. Individual phenolic com-
pounds differed in their seasonal fluctuation patterns. It is suggested that the observed plant-
part specific and within-seasonal variation may influence the ecological interactions between
bilberry and its natural enemies.
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1. Introduction

Bilberry (Vaccinium myrtillus L.) is an ericaceous dwarf shrub that is commonly
found in the herbaceous layer of boreal forests (cf. Jaderlund et al., 1998 and refs.
within). Modern food chemists are interested in bilberry due to its potential as a
source of biologically active non-nutrient compounds (so-called functional food).
These include phenolic compounds, e.g., phenolic acids and flavonoids, which may
act as natural antioxidants, anticarcinogens and antimicrobial agents (Hakkinen,
2000; Hakkinen and Auriola, 1998; Hakkinen et al., 1998, 1999a; Kahkonen et a.,
1999; Madhavi et a., 1998; Prior et al., 1998; Rauha et al., 2000). In recent years,
the phenolic compounds of bilberry litter have also received increasing interest in
ecologica studies on allelopathic relationshipsin forest soils (Pellissier, 1993; Gallet,
1994; Gallet and Lebreton, 1995; Jaderlund et al., 1998).

The phenolic compounds in the nutritionally important bilberry fruits have been
extensively investigated using modern analytical techniques (e.g. HPLC and GC-
MS) in various studies, including Hakkinen (2000); Hakkinen and Torronen (2000)
and Hakkinen et al. (1999b). However, recent reports on the variation in phenaolic
concentrations and composition in the vegetative tissues of growing bilberry plants
are scarce. In early studies quercetin-3-rhamnoside (quercitrin), gquercetin-3-gluco-
side (isoquercitrin) and quercetin-3-arabinoside (avicularin) were identified among
the flavonol glycosides in the leaves of Central European bilberry plants by Ice and
Wender (1953) using absorption chromatography and, later, von Friedrich and
Schonert (1973) using paper chromatography and thin layer chromatography. The
latter authors also reported the presence of caffeic and chlorogenic acids in the ratio
1.5 in dried bilberry leaves. However, they did not find arbutin or hydroguinone,
which had previously been reported to be present in bilberry leaves (von Friedrich
and Schoenert, 1973). Using liquid chromatography (HPLC), Sticher et a. (1979)
analysed water extracts of freeze-dried bilberry leaves for the presence of arbutin,
methylarbutin, hydroquinone and hydroquinonemonomethylether, but found no evi-
dence of these compounds. They did not, however, report data concerning phenolic
acids or flavonoids. Pellissier (1993) analysed phenolics in water extracts of bilberry
leaves after alkaline hydrolysis and identified a number of phenolics, including caf-
feic acid, vanillic acid, quercetin and kaempferol. Gallet (1994) and Gallet and L ebre-
ton (1995) studied phenolic constituentsin bilberry leaves and litter, and name caffeic
acid and catechol as the major phenolic monomers in bilberry leaves. Fraisse et al.
(1996) identified chlorogenic acid, quercetin-3-D-gal actoside (hyperoside), isoquerci-
trin, quercetin-3-glucuronide, avicularin and quercitrin in bilberry, but did not men-
tion caffeic acid.

Plant phenolics show marked qualitative and quantitative variation at different
genetic levels (between and within species and clones) (e.g., Hakulinen et al., 1995;
Nichols-Orians et al., 1993) and between different physiological and developmental
stages (Kause et al., 1999). They also vary in response to environmental factors,
such as light intensity and nutrient availability (see Herms and Mattson, 1992 and
refs. therein). Thus, the existing information on the chemistry of Central European
bilberry populations may not be directly comparable to data on Scandinavian popu-
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lations. In the present study, we report a simple extraction and HPLC-analysis
method for the quantification and partia identification of phenolic acids and non-
anthocyanidin flavonoids in the vegetative tissues of boreal bilberry plants. We also
investigated the plant-part specific variation in phenolic profiles in bilberry plants
grown in the herbaceous layer of a boreal spruce forest (in northern Sweden), and
followed the fluctuations in the concentrations of selected phenolicsin bilberry leaves
during one growth season. The results of the study provide new information on the
chemical variation of bilberry plants in the boreal ecosystem and can be used as
background information for chemoecological studies, where the role of phenolics in
bi otic interactions between boreal bilberry plants and their natural enemiesis investi-
gated.

2. Material and methods
2.1. Sandards and reagents

The standard compounds gentisic acid, chlorogenic acid, p-coumaric acid, syringic
acid, luteolin, kaempherol, myricetin and quercitrin (quercetin-3-L-rhamnoside) were
purchased from Sigma (St. Louis, MO), caffeic acid, ferulic acid and rutin (quercetin-
3-rutinoside) from Aldrich (Steinheim, Germany), apigenin and hyperoside
(quercetin-3-D-galactoside) from Fluka (Buchs, Switzerland). Methanol and acetic
acid were HPLC grade (J.T. Baker, Deventer, Holland). The water was treated in a
Milli-Q water purification system (Millipore, Bedford, MA).

2.2. Sample preparation and extraction of phenolics

Plant material was collected from an experimental forest at Svartberget research
station in Vindeln, northern Sweden (64° 14'N, 19° 46'E). The forest is a late suc-
cessional Norway spruce (Picea abies) forest and bilberry is the dominating eri-
caceous shrub in the herbaceous layer (see Nordin et a., 1998 and Strengbom et a.,
2002 for further details on the site). The experimenta plots from which the plant
material was collected were unfertilized. To study the within-seasonal variation,
material was collected from five plots in late June, mid-July, and early and late
August 2000. At each time point, 8-10 current annual shoots were collected at each
plot. The shoots originated from ramets, which were located at least 5 m apart from
each other. In the testing of the plant-part specific variation with different extraction
and hydrolysis methods, material from three plots, collected in early August, was
used. The plant material was air-dried at room temperature for about two weeks and
stored at —20 °C until analysed (within six months of harvest).

The leaves were detached from the shoots and al the healthy, full-grown leaves
were crushed manually inside a paper bag until a powdery consistency was obtained.
The stems were cut into small pieces with scissors until the material was fine-grained
and homogenous. The bulk samples of leaf and stem material obtained in this way
were both divided into five sub-samples, each of which was randomly assigned to
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different extraction or hydrolysis procedures (see below). Each sub-sample was
extracted or hydrolysed and analysed with HPLC in triplicate. About 15 mg of plant
material was used in each replicate analysis. The material was weighed in eppendorf
vials and three tungsten carbide beads, (Qiagen GmbH, Hilden, Germany), 3 mm in
diameter, were added to each via together with 1000 pL of an extraction solvent
(cf. Weiss et al., 1999). We tested the following extraction solvents: methanol, 80%
aqueous MeOH, and 50% aqueous MeOH. All solvents were cooled to +4 °C before
they were added and the vials were kept on ice. The samples were shaken in a
Retsch mixer mill (Model MM2 at speed setting 80; Retsch GmbH & CO. KG,
Haan, Germany) for 2 min, after which they were centrifuged at +4 °C (12000 rpm,
5 min in a Hettich EBA 12 centrifuge) and the supernatant was transferred to a vial.
The residue was extracted as before with 500 pL of solvent, and the supernatants
were combined. The solvent was evaporated to dryness in a vacuum concentrator
(Savant, Speed Vac Concentrator SC 1000 with a Savant condensation trap and a
vacuum pump). The dried samples were dissolved in 400 uL water:methanol (1:1)
and filtered through a disposable syringe filter (pore size 0.2 um; Agilent Techno-
logies, Palo Alto, CA) before the injection of 20 pL into the HPLC system.

Alkaline hydrolysis was carried out using a method modified from Kader et al.
(1996). Briefly, the samples were hydrolysed in 2 M NaOH under nitrogen at room
temperature for 3 h. The samples were acidified with concentrated HCl and extracted
with ethyl acetate (3x1000 pL). The upper phase was separated and evaporated to
dryness under nitrogen. The samples were dissolved in water:methanol (1:1) and
filtered as described above. Acid hydrolysis was carried out in 1 M HCl-methanol
a 90 °C for 30 min. After quick cooling in a cold water bath the samples were
extracted with ethyl acetate and HPL C-samples were prepared as described above.
The hydrolysis procedures were applied solely as a means to obtain qualitative infor-
mation and were not specifically optimised for bilberry tissues.

HPLC analyses were performed using a Waters 717 HPL C system (plus Autosam-
pler, 600 Controller, 996 photodiode array detector and Millenium 32 chromato-
graphy manager software). A reversed-phase C-18 column (Thermo Quest
HyPURITYO C18, 100x4.6 mmi.d., 3 um particle size) was used as the solid phase
and in each analysis the mobile phase consisted of a gradient of solvents A (aqueous
1% acetic acid) and B (solvent A in methanol, 4:6, v/v). After testing different gradi-
ents, flow velocities and column temperatures, the gradient was set as follows. 15%
B in A (0-5 min); 15-20% B in A (5-15 min), 20-35% B in A (1525 min), 35—
60% B in A (2540 min) and 60-15% B in A (40-55 min) followed by washing
and re-equilibration (10 min) of the column to initial conditions. The flow rate was
1.2 mL/min and the column temperature 40 °C. UV-spectra were recorded between
200 and 400 nm. Eluted compounds with a UV-spectrum matching that of either
chlorogenic acid or p-coumaric acid standards were classified as hydroxycinnamic
acids (HCAs), those with a spectrum resembling quercetin or its derivatives (rutin,
hyperoside) were classified as flavonoids. The compounds of interest were quantified
as chlorogenic acid (HCAS) or quercitrin (flavonoids) equivalents, according to their
respective peak areas as monitored at 320 nm. Due to low number of replicate analy-
ses, a Kruskall-Wallis test was applied on data to test the effects of different extrac-
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tion solvents on phenolic yield from leaf and stem material. One-way aANovA was
used to the effect of sampling time on phenolic levels. When necessary, the data
were log (x + 1) transformed to improve the normality and homoscedasticity.

3. Results and discussion

3.1. Evaluation of the methodology

Various procedures can be used to extract phenolics from plant tissues (Harborne,
1998; Waterman and Mole, 1994). Methanol is commonly used as an extraction
solvent for this purpose, and its use in agueous mixtures has been found to be advan-
tageous for extracting phenolic glycosides from dried plant materia (Harborne,
1998). We compared pure methanol with methanol containing 20 or 50% water as
extraction solvents for dried bilberry tissues. The mean concentrations of two peaks
representing HCAs and two peaks representing flavonoid compounds, obtained from
the extracts using the three solvents, are shown in Table 1. There were no statistically
significant differences in the concentrations of these phenolics extracted with the
different solvents (Kruskall-Wallis test, y? values 0.103-0.230, df=2, P values
0.891-0.930, Table 1). However, in leaf samples the phenolic yields tended to be
higher when samples were extracted with pure methanol or 80% methanol, rather
than 50% methanol (Table 1). In contrast, in stem samples the mean concentrations
of the analysed compounds tended to be higher in 50% methanol extracts than in
methanol and 80% methanol extracts. This indicates a more pronounced glycosyl-
ation of phenolics in stems. Since the variation between replicate extractions was
lowest when 100% methanol was used (Table 1), and the presence of water increases
the time required for drying the samples in the evacuated centrifuge, pure methanol
is recommended as the extraction solvent in routine analysis of phenolics from dried
bilberry tissues.

The extraction procedure we used requires only a small amount of plant materia
and a small volume of extraction solvent. The simultaneous homogenisation of the
plant material and extraction of phenolics using tungsten carbide beads and a mixer
mill alowed up to 50 samples to be processed within a norma working day. Thus,
the time required per extraction and the need for manua work was reduced as com-
pared to extraction using mortar and pestle or motorized homogenisers. The HPLC
conditions described above provided a relatively good separation of phenolic acids
and flavonoids (Figs. 1 and 2a,b) and allowed accurate integration of peaks at wave-
lengths in the range 240-360 nm. The vegetative tissues of bilberry also contained
some phenolic compounds with absorption maxima near 220 nm. For the accurate
quantification of these compounds acidification of the eluent water with phosphoric
acid (pH 3.0-3.3) instead of acetic acid is recommended, to reduce background
absorption at low wavelengths.
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Fig. 1. HPLC-separation of selected phenolic standards at 320 nm. GeA=gentisic acid, CQA=chlorogenic
acid, CA=caffeic acid, FA=ferulic acid, p-CoA=p-coumaric acic, Q-3-gal=quercetin-3-D-galactoside
(hyperoside), Q-3-rut=quercetin-3-rutinoside (rutin), Myr=myricetin, Kae=kaempherol, Q-3-rha=querce-
tin-3-rhamnoside (quercitrin), Lut=luteolin, Api=apigenin.

3.2. Phenalic profiles in leaves and stems of bilberry

The UV-spectra of the eluted compounds revealed that the most abundant phe-
nolics in methanol extracts of blueberry tissues were hydroxycinnamic acid deriva-
tives (HCAs). Flavonoids in bilberry tissues were mainly quercetin derivatives, as
indicated by their spectral similarity with quercetin and its glycoside standards (rutin
and hyperoside). The leaves and stems also contained some compounds with UV-
spectra resembling that of the (+)-catechin standard. The histological location of the
analysed compounds still remains to be determined. Preliminary tests showed that a
brief (30 sec) flushing of fresh bilberry shoots with methanol yielded severa phenolic
metabolites in considerable amounts (J. Witzell, unpublished). This suggests that in
bilberry leaves some phenolics are epicuticular and may thus readily act as positive
or negative signals to parasites and herbivores attacking bilberry plants.

There were guantitative differences in the levels of phenolic compounds between
stem and leaf samples (Table 2). Kruskall-Wallis test on the data presented in Table
1 indicated that only one of the tested compounds (a flavonoid, peak 12) did not
differ between leaves and stems (y?=0.593, df=1, P=0.441; for the other compounds
P=0.001). In stems, a hydroxycinnamic acid derivative (peak 21) with a UV-spec-
trum similar to that of the p-coumaric acid standard dominated the chromatographic
profile. In leaf samples, on the other hand, the most abundant peak (peak 2 in Fig.
2 @) had a UV-spectrum matching that of the chlorogenic acid standard. Hydrolysis
seemed to degrade the compound(s) corresponding to peak 2 and increase the area
of peak 3 (see Table 2). The latter co-eluted with, and had a UV-spectrum similar
to that of the caffeic acid standard and could therefore represent the caffeoyl moiety
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Fig. 2. HPLC-separation of phenolic compounds extracted with methanol from (a) the leaves and (b)
stems of bilberry (Vaccinium myrtillus) and detected by UV absorbance at 320 nm.

of chlorogenic acid. In the methanol extracts of leaf samples, peak 3 (assigned as
caffeic acid) was detected only as a small shoulder on peak 2 (Table 2). Therefore,
it appears that the major phenolic compound in the analysed bilberry leaves was
chlorogenic acid. This finding is consistent with the earlier report of Fraisse and co-
workers (1996). In plants, at least two isomers of chlorogenic acid have been
reported: neochlorogenic acid (3-O-caffeoylquinic acid) and cryptochlorogenic acid
(4-O-caffeoylquinic acid) (Nakatani et al., 2000). To our knowledge, the presence
of these isomers in bilberry has not been confirmed, but it is possible that the large
peak (peak 2) contained at least two isomers, which were not separated under the
analytical conditions we used.

In stems, the concentration of HCA(S), detected as peak 2, and the concentration
of the main quercetin derivative (peak 10), was lower than in leaves. Compared to
leaves, stems contained higher levels of some flavonoids (e.g., peak 11) (Table 2).
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The high level of peak 3 (assigned as caffeic acid) after alkaline hydrolysis of stem
samples (Table 2) indicates that a large part of the total pool of this compound may
have been bound to cell walls of the lignified cells in stem tissues.

In addition to quantitative differences, there were also qualitative differences in
the phenolic profiles of leaves and stems. Peaks 7 and 8 were characteristic of leaf
tissue, and were not present in detectable amounts in methanol extracts of stem
samples (Figs. 2a, b; Table 2), (Fig. 3). On the other hand, two unknown compounds
with UV-spectra matching the UV-spectrum of p-coumaric acid (peaks 17 and 23)
appeared to be characteristic of stems.

3.3. Temporal fluctuation in the concentrations of phenolic acids and flavonoids—
ecological implications

In the present study we wanted to obtain information on possible temporal fluctu-

ations in leaf phenolics during a growth season. Five compounds representing three
HCAs and two flavonoids were chosen for analysis with one-way aANnova on the
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Fig. 3. Fluctuation in concentrations of selected phenolic compounds in bilberry (Vaccinium myrtillus)
leaves during one growth season. For an explanation of the numbering of the peaks, see Fig. 2a. The
mean concentrations of five replicates are shown. Vertical bars represent standard errors of the means.
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effect of sampling date. There was a statistically significant decrease in concentration
of aferulic acid derivative (peak 5) during the growth season (log (x + 1) transfor-
med data: MS=1313, df=3, F=6642, p=0,004) Within the study period, the main HCA
(chlorogenic acid isomer(s)) showed an increasing trend from July to early August,
but by the end of August it had decreased again, to a level similar to the initial
concentration found in June. One-way aANovaA detected no significant sampling date
effect on this compound, but multiple comparisons indicated that the concentration
of this compounds was significantly higher in early August than in late August (LSD
test, P=0,047). The main flavonol (peak 10), and a p-coumaric acid derivative (peak
13) appeared to reach their highest levels in mid-July, but significant differences
were not detected by one-way anova. The level of the peak 21 was very stable
throughout the growth season. These findings indicate that individual compounds
vary in their within-seasona dynamics, and that temporal fluctuations may be found
in the levels of some phenolics in bilberry during the growth period. In nature,
temporal variation in the prevailing concentration of phenolics in bilberry leaves is
to be expected, since the synthesis and accumulation of phenolics is known to be
regulated by a complex interaction between intrinsic plant factors (ontogeny and
phenology) and external factors, both abiotic (e.g. light and nutrient availability) and
biotic (e.g. natural enemies) (Beckman, 2000; Booij-James et al., 2000; Herms and
Mattson, 1992). Seasonal trends in concentrations of individual phenolics have also
been reported earlier, for instance in birch (Betula) species (Kause et al., 1999).

In boreal forests, bilberry plants are continuously and simultaneously consumed
by insect herbivores and infected by several fungal species. If phenolic compounds
have defensive functionsin bilberry (cf. Dixon and Paiva, 1995; Nicholson and Ham-
merschmidt, 1992), any plant-part specific or temporal variation in the quality and
quantity of phenolics has the potential to affect their resistance to herbivores and
parasites. We therefore suggest that the observed plant-part specific variation,
together with the seasonal fluctuation in biologically active phenolic metabolites,
may affect the ecological interactions between bilberry and its natural enemies.
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