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The berries of Vaccinium myrtillus L. are characterized by 15 anthocyanins. To study the variation in
the anthocyanins on a south—north axis of about 1000 km in Finland, the berries from 179 individual
bilberry plants in 20 populations were analyzed using an optimized RP-HPLC-DAD method. The
mean content of the total anthocyanins was 2878 mg/100 g dry weight. There was extensive variation
in the anthocyanin contents within and between the populations, suggesting differences in berry raw
material. A significantly lower content of the total anthocyanins was observed in the berries of the
southern region compared to those in the central and northern regions. Differences in the proportions
of anthocyanins were also observed. The delphinidin glycosides dominated in the northern berries
whereas the cyanidin glycosides were most common in the southern ones. Exceptional bilberry
individuals were found mainly from eastern Finland with very low amounts of anthocyanidin glucosides.
This is the first systematic study to reveal the extremely high variation in the content and distribution
of anthocyanins in wild bilberries.
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INTRODUCTION

The wild European bilberry (Vaccinium myrtillus L.) is one
of the most important natural resources in Finland. These small,
blue-black, and delicious berries are manually collected from
forests for domestic use and for sale to the Finnish berry
brokerages. In the past few years there has been growing global
interest in bilberry due to its proposed health effects especially
for the vision and ocular health (/). Most of the research has
focused on a group of compounds called anthocyanins since
they are considered to be the most pharmacologically active
constituents of bilberry (2). Several mechanisms of action have
been proposed, i.e., stimulation of the regeneration of rhodopsin
(3), antioxidant activity (4), modulation of retinal enzyme
activity (5), anti-inflammatory properties (6), and improved
microcirculation (7).

The anthocyanin composition of bilberries is characterized
by 15 anthocyanidin glycosides in which five anthocyanidins
(delphinidin, cyanidin, petunidin, peonidin, malvidin) (Figure
1) are combined with three sugars (galactose, glucose,
arabinose) (8, 9). Anthocyanin profiles have been used in
chemotaxonomy and for quality control in the food processing
industry (/0) as plant species (and even subspecies and cultivars)
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produce characteristic profiles (e.g., refs (/7) and (/2)). The
content of anthocyanins in bilberries was 60—-70% higher than
in lowbush (Vaccinium angustifolium Aiton) and highbush
blueberries (Vaccinium corymbosum L.) (9). Furthermore, the
relative composition of anthocyanins in the berries of these
species differs from species to species (9, 13).

The content and composition of anthocyanins of the plant
individuals are mainly under genetic control although they can
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Figure 1. Chemical structures of bilberry anthocyanidins.
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be affected by environmental factors (e.g., intensity of light,
photoperiod, temperature) (/4). The degree of anthocyanin
accumulation is primarily dependent on the light conditions,
but a favorable impact of low temperature and a limiting effect
of high temperatures have often been reported (e.g., refs (/2)
and (/4)). Due to these factors, the long summer days in the
north and the considerable differences between day and night
temperatures should provide ideal conditions for the formation
of bilberry anthocyanins.

Variations in the anthocyanins of the Finnish bilberry have
not been previously systematically investigated. Some studies
have been conducted in order to evaluate the extent of the
variation in the anthocyanins of bilberries or blueber-
ries (9, 15-17), but there is little information about the variation
at the geographical and the population level. The geographical
variation in other constituents of berries has been previously
studied. Latitudinal differences were found in the contents and
composition of the fatty acids of the Finnish cloud- and
crowberries (/8). The geographical origins of bilberry raw
material are assumed to be one factor accounting for conflicting
results in the clinical trials (/); therefore, the detailed and
systematic study of bilberry anthocyanins is essential.

The aim of this study was to screen the anthocyanin variation
in the berries of V. myrtillus growing in 20 populations in
Finland on a south—north axis of about 1000 km. An under-
standing on the anthocyanin profiles would provide valuable
information for quality control in the food processing and herbal
therapy industry. Future perspectives may lie in breeding and
collecting bilberries with high anthocyanin contents or a high
proportion of certain biologically active anthocyanins.

MATERIALS AND METHODS

Chemicals. Cyanidin 3-glucoside was purchased from Extrasynthese
(Genay, France). Methanol (Laboratory-Scan, Dublin, Ireland) and
acetonitrile (J. T. Baker, Deventer, Holland) were of HPLC grade.
Formic acid (Riedel-deHaén, Seelze, Germany) was of analytical
grade.

Berry Samples. The ripe berries of bilberry (V. myrtillus) were hand-
picked during the summer 2005 at the time periods when they are
typically harvested for commercial purposes in Finland in 20 popula-
tions at the northern latitudes (60° 21"-68° 34") which were subdivided
into three geographical regions (Figure 2, Table 1). The forest type
according to the Finnish forest classification was mainly Myrtillus (MT)
(19), in which the main tree species is typically spruce or pine. The
characteristics of Myrtillus type forests are a thick and acidic humus,
continuous moss cover, and abundant twig vegetation. Twenty popula-
tions were selected on the basis of their geographical distribution.
Bushes were randomly selected within the populations, on the precondi-
tion that the minimum distance between the studied plants was 10 m
in order to ensure that samples would be collected from different genets
(20). Thus, the berries of one genet represent the berries of a variable
sized bilberry patch in a forest. The samples were cooled immediately
to below 10 °C and stored at —25 °C before freeze-drying within the
next 3 months. Freeze-dried berries were stored in a desiccator at
—25 °C.

Extraction. The extractions were performed in duplicate. Freeze-
dried berries were ground into a powder and weighed (0.2700 g), and
4 mL of extraction solution was added. The extraction solution consisted
of 10% solvent A and 90% solvent B. The solvents used were
ACN—MeOH (85:15 v/v) (solvent A) and 8.5% aqueous HCOOH
(solvent B). The sample was vortexed (1 min) and then sonicated (10
min), vortexed again, and centrifuged (4500 rpm, 5 min, 4 °C). The
filter cake was reextracted three times (3 x 2 mL). The supernatants
were combined, and the volume was adjusted to 10 mL. All extracts
were filtered through a regenerated cellulose filter (Agilent Technolo-
gies) equipped with a glass fiber prefilter (Agilent Technologies) prior
to HPLC analysis.
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Figure 2. Collecting locations of bilberry samples in Finland on the
south—north axis of about 1000 km: Turku (1-3), Luuméki (4, 5),
Hameenlinna (6), Ruokolahti (7), Vesanto (8), Alajarvi (9), Nilsia (10),
Rautavaara (11), Evijarvi (12), Nurmes (13), Himanka (14), Kuusamo
(15-17), and Ivalo (18-20).

HPLC Analysis. The chromatographic system consisted of Hewlett-
Packard (Waldbronn Analytical Division, Germany) instrument with a
quaternary pump, an autosampler (HP 1050), and a photodiode array
detector (HP 1040M).

Analytical separation of anthocyanins was carried out using a 150
x 4.6 mm i.d., 5 um, Phenomenex Gemini C-18 column equipped with
a4 x 3 mm C-18 precolumn with the modified procedure of Buchert
et al. (27). The gradient program was as follows: 0-2 min, 96-94% B;
4-12 min, 92-91% B; 13-20 min, 91-90% B; 38-46 min, 89% B;
48-52 min, 76-66% B; 55-59 min, 20% B; 61-65 min, 80-96% B.
The injection volume was 20 uL, and the equilibration time between
the runs was 3 min. The flow of the mobile phase was 1.0 mL/min for
0—4 min, 0.9-0.8 mL/min for 12—-13 min, 0.8 mL/min for 13-20 min,
0.85 mL/min for 38—46 min, 0.9-0.95 mL/min for 48—52 min, and 1.0
mL/min for 55-65 min. Anthocyanins were detected at 520 nm.

Identification and Quantification (LC-DAD). Identification was
based on retention time, UV spectra, comparison with commercial
standards, and the literature (8). Duplicate standards (between 2 and
200 ug/mL cyanidin 3-glucoside) were dissolved in solvent A (10%)
and solvent B (90%) to generate a six-point external standard calibration
curve, the linearity of which was found to be acceptable (R2 > (0.998).

Two quality control standards were analyzed in the beginning and
at the end of every run series to control for any possible fluctuations
in response. The stability of standard solutions in pH 1.6 (2, 5, 10, 70,
100, 200 ug/mL) was tested, and they proved to be stable for at least
2 months at 9 °C in the dark. The coefficients of variation (percent) of
peak areas of six standards between four measurements during 2 months
were 2.4-5.4%, on average 3.4%. These values were considered to be
acceptable.

The repeatability of retention times was tested (within-day precision)
by analyzing standard solution (100 ug/mL) 7 times within 1 day. The
coefficient of variation (percent) was 0.3%. The repeatability of the
peak area (within-day precision) was studied (20 4L, 100 ug/mL, seven
injections) and was found to be 0.3%. The between-day precisions of
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Figure 3. HPLC-DAD chromatograms at 520 nm of three bilberry
individuals. Peak identification: 1, delphinidin galactoside; 2, delphinidin
glucoside; 3, cyanidin galactoside; 4, delphinidin arabinoside; 5, cyanidin
glucoside; 6, petunidin galactoside; 7, cyanidin arabinoside; 8, petu-
nidin glucoside; 9, peonidin galactoside; 10, petunidin arabinoside; 11,
peonidin glucoside; 12, malvidin galactoside; 13, peonidin arabinoside;
14, malvidin glucoside; 15, malvidin arabinoside.

the standards (70, 100 ug/mL) were also studied during 3 weeks in 20
runs. The repeatability (CV%) of peak areas was 2.1 and 3.2,
respectively. All determined values were considered to be
acceptable.

Statistics. The quantitative data were log(x + 1) transformed, and
an arc sin transformation was used for concentrations and relative
proportions of anthocyanins before statistical analyses. The variations
in anthocyanin levels between populations and regions were evaluated
using one-way analysis of variance (ANOVA) and the Tukey HSD
procedure. All analyses were performed with SPSS for Windows 14.0
statistical software.

RESULTS AND DISCUSSION

Chromatographic Analyses. The RP-HPLC method pro-
vided repeatable and good separation of 15 anthocyanins
within 40 min (Figure 3). The column Phenomenex Gemini
C18 was stable when perfused with 8.5% formic acid.
Repeatable quantification of anthocyanins was based on
cyanidin 3-glucoside equivalents. This type of quantification
underestimates the content of delphinidin glycosides by about
27% as shown by Kéhkonen et al. (22). The sugar moiety
affects the HPLC-DAD online response; e.g., there was a
16% decrease in the content of the cyanidin glycosides if
they were quantified as glucoside equivalents instead of using
the corresponding glycoside (galactose, arabinose) (22, 23).
Therefore, the comparison of the contents of bilberry
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Figure 4. Anthocyanin contents (+standard deviation) in bilberries from
three geographical regions (see Table 1). Statistically significant differences
by Tukey’s HSD test (p < 0.05) are marked with different letters.

anthocyanidin glycosides to the contents in the literature is
complicated owing to analytical differences and/or insufficient
data about the origin of the bilberries.

Total Contents of Anthocyanins within and between the

Populations. This is the first systematic study on the antho-
cyanin variation in the berries of bilberry individuals and
populations in Finland (Figure 2). The results are expressed at
the individual, population (Table 1), and geographical levels.
The average (n = 179) content of the anthocyanins was 2878
mg/100 g dry weight (DW). The content was 411 mg/100 g as
calculated on a fresh weight basis (FW). The results are in good
agreement with those reported in the literature (22, 24, 25). The
highest total anthocyanin content at the individual level was
5406 (location 15) with the lowest being 1198 (location 1) mg/
100 g DW, meaning that there was about a 4.5-fold difference.
The variation in the total anthocyanin contents within a
population was on average 2.2-fold.

There were statistically significant differences in the total
anthocyanin contents between the populations (n = 20) (Table
1). The total anthocyanin content in the berries from the southern
region was significantly lower compared to the central and the
northern regions (Figure 4). In earlier studies (11, 22, 26) there
have been only one to three collection locations representing
one geographical region. Kidhkonen et al. (22) reported a lower
total anthocyanin content (2657 vs 3090 mg/100 g DW) in
bilberries collected from southern (61° 3" N) than from eastern
(63° 3" N) Finland. The regional differences were also found
in Finland in mountain birch (Betula pubescens ssp. cz-
erepanovii) as the leaves of northern origin contained more
proanthocyanidins than the leaves of southern origin (27).

The Finnish bilberries contain higher amounts of antho-
cyanins (Table 1) than Vaccinium ovalifolium Smith (176-273
mg/100 g FW) (26). Previously, V. ovalifolium was reported
to be the best source of anthocyanins among the other related
species in the section Myrtillus (Vaccinium deliciosum Piper,
Vaccinium membranaceum Douglas ex Torrey) and in the
section Pyxothamnus (Vaccinium ovatum Pursh) (26, 28, 29).
Moreover, the berries both in the section Cyanococcus (V.
angustifolium, Vaccinium ashei Reade, V. corymbosum,
Vaccinium myrtilloides L.) and in the section Vaccinium
(Vaccinium uliginosum L.) seem to have clearly lower
anthocyanin contents than those found in the Finnish
bilberry (9, 11, 13, 17, 25). The lowbush and highbush
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cultivars contained about 100-260 mg of anthocyanins/100
g FW (13), which is 24-63% lower than in wild Finnish
bilberries according to our average result (n = 179).

Composition of Anthocyanins within and between the

Populations. The total average (n = 179) contents of delphinidin
(Dp), cyanidin (Cy), petunidin (Pt), peonidin (Pn), and malvidin
(Mv) glycosides were 962, 937, 414, 197, and 368 mg/100 g
DW, respectively. On a fresh weight basis, the respective
contents were 136, 135, 59, 29, and 52 mg/100 g. In the case
of Dp, Cy, Pt, and Mv the average contents (FW) were 28-59%
lower in the present study compared to those reported in
previous Finnish bilberry studies (/1, 21). However, the average
amount of Pn was at the same level or even 38% higher.

The variations in the amounts of anthocyanins confirm the
extensive diversity of the Finnish bilberry anthocyanin profile.
There were some bilberry individuals with as high amounts of
Mv (=90 mg/100 g FW) as those found in the lowbush (V.
angustifolium) (13), which is rich in Mv (9, 13). Furthermore,
there were some bilberry individuals with abundant amounts
of Pt (>90-100 mg/100 g FW). Pt is a rare anthocyanidin which
is typically found in grapes (Vitis vinifera L.) but also in
bilberries, blueberries, and crowberries (Empetrum nigrum
L) (11, 14).

Clear geographical variation was observed. The contents of
the anthocyanidin glycosides were significantly different be-
tween the regions (Figure 3). The contents of Dp and its
methylated form, Pt, were significantly lower in the southern
berries compared to the more northern regions. Cy was
significantly more abundant in the bilberries from central Finland
than in those from the south, while the content of Pn was
significantly lower in northern bilberries compared to those
gathered in the south of the country.

Proportions of Anthocyanins within and between the
Populations. The total average (n = 179) proportions (mean
= standard deviation) of the major bilberry anthocyanins were
at the same range, 33 & 7% for Dp and 33 & 6% for Cy, in
agreement with the other Finnish studies (71, 21, 22).

The highest proportions of Dp and Cy were 51% (location
20) and 49% (location 2) at the individual level. The variation
between individuals was high, since the lowest proportions were
17% for Dp (location 2) and 18% for Cy (location 12). Between
the populations, the proportion of Dp ranged from 25% to 43%
and for Cy from 26% to 40%. At the region level (south, central,
north) the proportions of Dp were 29%, 33%, and 38% and
those of Cy were 36%, 32%, and 31%, respectively.

The total average (n = 179) proportions of the less abundant
Pt, Pn, and Mv were 14 &+ 2%, 7 + 3%, and 13 + 3%, which
are consistent with values in the literature (//, 21, 22). The
variations in the proportions of Pt, Pn, and Mv at the individual
level were 9-20%, 3—15%, and 6-21%, respectively. The highest
proportion of Pn was found from the south in the same bilberry
individual with the highest proportion of Cy. Pn is the
methylated form of Cy (Figure 1). The lowest value of Pn was
found in the north in that individual that had the highest
proportion of Dp. At the population level, there were variations
in the proportions of Pt, Pn, and Mv in the ranges 13-16%,
4-10%, and 4-7%, respectively.

In this study the average (n = 179) proportion of Cy was
17% higher and Pt 15% lower than those reported in bilberry
of Italian origin (/0). This finding is in agreement with the study
of Martinelli et al. (30) in which the Cy glycosides were more
abundant in bilberries from northern latitudes (Norway, Sweden)
compared to more southern regions (Italy, Romania, Poland).

Latti et al.

There are also differences in the proportions of the antho-
cyanins among related species. V. ovalifolium in the section
Myrtillus had 7-17% and V. ovatum in the section Pyxothamnus
had 34-37% greater (26) proportion of Cy in comparison to
our average (n = 179) value. The clearest distinguishable
difference between bilberry and species both in the section
Cyanococcus and in the section Vaccinium was found in the
proportion of Mv, which was 14-19% higherin V. corymbosum (9,
26) and 20-30% higher in V. uliginosum (11, 31) than in bilberry
(13%) in the current study. In contrast, the proportion of Mv
was 1-3% but that of Dp was 16-17% higher in V. uliginosum
(26) compared to the average (n = 179) values of the bilberries.

These results are interesting, since the anthocyanidin moiety
of the anthocyanins has been shown to affect their bioavailabil-
ity (32, 33). However, there is no general rule about which
one(s) is/are the most bioavailable.

Sugar Conjugates within and between the Populations.
The average (n = 179) proportions of sugar conjugates were
32 £ 6% for galactosides, 39 £ 10% for glucosides, and 29 +
5% for arabinosides, in agreement with other Finnish bilberry
studies (21, 22). The highest proportion of the galactosides and
that of arabinosides in a bilberry individual were 59% (location
10) and 49% (location 13), respectively. The lowest proportions
were 25% for galactosides and 20% for arabinosides.

Exceptional Bilberry Individuals. Seven bilberry individuals
were exceptional because they displayed a very low proportion
(<4%) of anthocyanidin glucosides as shown in Figure 3. As
far as we are aware, this is the first study to have observed
such a divergent anthocyanin profile in bilberry plants. It seems
that this kind of variation also exists in the highbush blueberry
(23). In our opinion, the reason for this variation can be traced
to genetic origins. The exceptional individuals mainly originated
from eastern Finland (locations 10, 11, 13), but also one from
southwestern Finland was identified (location 6). The reduced
biosynthesis of anthocyanidin glucosides (6—-18%) was found
in three individuals from eastern and central Finland (locations
8, 13). In summary, the range of the variation in the glucoside
conjugates was wide, since the highest proportion of the
glucosides of a bilberry individual was 50% (location 2) and
the lowest one 3% (location 10), representing about a 19.5-
fold difference.

The proportion of glucosides was 5% higher in the bilberry
of French origin (30) than the average (n = 179) proportion of
bilberry in the current study. These kinds of variations in
glycosylation are interesting, since the sugar moiety and degree
of acylation can influence the absorption of anthocyanins (32, 33).
In this study, we detected no acylation of anthocyanins, which
is thought to reduce their apparent absorption (33).

Even though this research revealed significant variability
in the anthocyanins between bilberries collected from 20
locations in Finland, it is difficult to determine which of a
wide range of factors is responsible for these differences.
The observed biochemical variation in the bilberry antho-
cyanins may be due to genotype differences, the prevalent
environmental differences, or a combination of both factors.
The bilberry is an extremely plastic species which can adapt
to variable environmental conditions without any genetic
changes (34). However, this study has illustrated the extent
of the variations in anthocyanin profiles, which supposedly
are mainly genetically determined; i.e., there are genotypes
which are known to produce very low amounts of anthocya-
nidin glucosides. Additionally, the differences in the propor-
tions of Dp and Cy between southern and northern Finland
might be of genetic origin, since Castellarin et al. (35)



Bilberry Anthocyanins in Wild Populations

determined that the ratio between delphinidin and cyanidin
is largely under genetic control. Presumably, the light and
temperature as well as other factors may have caused genetic
differentiation in the bilberry populations occurring in
different climatic conditions on a south—north axis of about
1000 km. Thus, a long-term study will be necessary in the
future to elucidate the significance of these differences within
and between populations. In terms of breeding bilberries with
a specific desired anthocyanin composition, it does seem that
the bilberry germplasm holds great potential.

In conclusion, this research reveals that there is a wide
variation in the content and composition of the anthocyanins
in the bilberry populations found in Finland. Some excep-
tional bilberries with very limited biosynthesis of glucoside
conjugates were also found. The study provides valuable
information for breeding and health effect studies. Further-
more, this research emphasized the need for more sophisti-
cated analytical procedures than spectroscopic methods to
assess the anthocyanins in the bilberries or bilberry-based
products in clinical trials as well as in quality control of
bilberry-containing foodstuffs.
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