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Introduction

Berries containing high amounts of phenolic compounds 
like anthocyanins, phenolic acids and flavonols are growing 
in popularity because of the value-adding effect of these 
substances [1]. In particular, bilberries have been reported 
to be a rich source of polyphenols, especially anthocya-
nins [1–3]. Due to their appealing color and sweet taste 
[4], they are not only eaten fresh, but also processed into 
juices and jams [5]. Anthocyanins constitute one of the 
most important groups of polyphenols in bilberries [6]. The 
aglycones delphinidin (dp), cyanidin (cy), petunidin (pt), 
peonidin (pn) and malvidin (mv) occur as 3-O-glycosides 
with attached glucose (glu), galactose (gal) and arabinose 
(ara) moieties, respectively. The resulting profile includes 
15 different anthocyanins. This complex fingerprint has 
frequently been used for authentication of bilberry prod-
ucts because they represent high-valued crops and adultera-
tion is a common problem [7–11]. Variations of the antho-
cyanin profile are not exclusively the result of fraudulent 
practices, but also occur inevitably due to technological 
influences during the production process [12–14]. One of 
the main processing steps which may greatly affect the 
anthocyanin profile is the enzymatic treatment. Applica-
tion of enzymes has several implications during fruit juice 
processing. Enzymes reduce the viscosity and thus increase 
juice yields and expedite production [15, 16]. They cause 
disruption of the cell wall network, enhancing the extract-
ability of polyphenols, which are predominantly associated 
with the fruit peel [17, 18]. Pectinases, cellulases, hemicel-
lulases and amylases have been reported to be suitable for 
enzymatic treatment and the release of polyphenols [18]. 
Two important representatives of pectinases are polyga-
lacturonases, which hydrolyze α-1,4-glycosidic linkages 
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of the polygalacturonic acid backbone, and pectin lyases, 
which lead to the cleavage of α-1,4-glycosidic bonds with 
the introduction of an unsaturated moiety at the non-reduc-
ing end [19]. Both enzymes show endo- and exo-activities 
leading to random or sequential degradation, respectively 
[19]. Cellulases include three different hydrolytic enzymes, 
that are, an endo-(l,4)-β-d-glucanase activity that randomly 
cleaves β-linkages of amorphous cellulose, an exo-(l,4)-β-
d-glucanase activity, which releases sequentially cellobiose 
from either the reducing or the non-reducing end of cellu-
lose, and a β-glucosidase activity that releases glucose from 
cellobiose [20]. However, the most frequently applied prep-
arations in commercial berry processing are pectinolytic 
enzymes [15]. The great variety of commercial enzyme 
preparations is required because of the complex diversity 
of plant cell walls, which are composed of cellulose, hemi-
cellulose and pectin as their main polysaccharides [21–23]. 
The structure of pectin is very diverse as it includes acidic 
polymers like homogalacturonans and rhamnogalacturo-
nans with neutral polymers like arabinans, galactans and 
arabinogalactans attached [21]. Besides the numerous posi-
tive effects of enzymatic treatment, adverse effects may 
also be observed. A considerable loss of anthocyanins dur-
ing fruit processing has been reported, which was attrib-
uted to side activities of the enzyme preparations [24–27]. 
β-Glucosidase, β-galactosidase or α-l-arabinosidase side 
activities have been discussed in this context [18]. How-
ever, a pure β-glucosidase had only little influence on the 
anthocyanins of elderberries, indicating that an anthocya-
nin-specific β-glucosidase seems to be responsible for the 
observed degradation [28]. Moreover, the application of 
enzymes may lead to secondary effects. Since pectin has 
been reported to interact with anthocyanins [29], it is rea-
sonable that interaction of pectin degradation products with 
anthocyanins might also occur.

Accordingly, the application of technological processes 
such as enzymatic treatment may lead to various contrary 
effects. On the one side, they preserve or enhance the 
amount of value-adding compounds in the final products by 
facilitating their extractability. On the other side, they may 

also cause considerable losses of these compounds due to 
the side effects mentioned above.

The objective of this study was to characterize the 
changes in the anthocyanin profile caused by enzymatic 
side activities during bilberry juice production in order to 
obtain a better understanding of the underlying mecha-
nisms. Since most published studies demonstrate the 
effects of extremely high enzyme dosages, the difference 
between the effect of commercially common dosages and 
excessive dosages was of particular interest as there is only 
little information about profile changes at industrially rel-
evant dosages.

Materials and methods

Samples

Bilberries (Vaccinium myrtillus L.) were purchased in July 
2014 from Stahl GmbH (Bodenwöhr-Blechhammer, Ger-
many) and stored at −20 °C until further use.

Juice processing

For inactivation of polyphenol oxidase (PPO), 500 g 
batches of berries were placed in plastic bags, thawed over-
night at 8 °C and blanched afterward for 5 min at 80 °C 
in a shaking water bath. Subsequently, they were cooled in 
an ice bath and pooled again. In 200 g batches, they were 
stored at −20 °C until juice processing. After mashing the 
berries with a stomacher for 6 s, the enzyme preparations 
shown in Table 1 were added at two dosage levels (0.5 and 
10 nkat/g). Incubation was performed in a shaking water 
bath (60 rpm, 50 °C) for 120 min. Samples were placed 
in a hot water bath at 95 °C for 2 min to inactivate the 
enzymes and subsequently cooled at 5 °C in an ice bath. 
Juice pressing was performed in 3 cycles with a Para Press 
(Paul Arauner GmbH and Co. KG, Kitzingen, Germany) by 
applying a pressure of 3 bar for 10 s each time. Juice and 
pomace were stored at −20 °C for further analysis.

Table 1  Enzyme preparations used for the production of bilberry juices

a Main activities and temperature optima according to manufacturer’s information

Name Abbreviation Provider Main activitya Temp. opt.a (°C)

Pectinex BE XXL PBXXL Novozymes A/S (Bagsvaerd, Denmark) Pectin lyase 50

Rohament CL RCL AB Enzymes GmbH (Darmstadt, Germany) Cellulase 60

Rohapect PTE 100 RPTE100 AB Enzymes GmbH (Darmstadt, Germany) Pectin lyase (endo) 30

Rohapect 10 L R10L AB Enzymes GmbH (Darmstadt, Germany) Pectinase, polygalacturonase 50

Vegazym HC VHC Erbslöh AG (Geisenheim, Germany) Cellulase –

Vinozym Ultra FCE VinoUFC Novozymes A/S (Bagsvaerd, Denmark) Polygalacturonase –
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Chemicals and standards

Ultrapure water was obtained from a Synergy purifica-
tion system (Millipore, Molsheim, France). HPLC-grade 
acetonitrile, acetic acid and potassium sodium tartrate tet-
rahydrate were from VWR (Mannheim, Germany). Formic 
acid (≥98 %), 3,5-dinitrosalicylic acid and d(+)-glucose 
monohydrate were purchased from Sigma-Aldrich (St. 
Louis, USA). Methanol was from Th. Geyer (Renningen, 
Germany), and regenerated cellulose filters (Chromafil 
RC-20/15 MS) were supplied by Macherey–Nagel (Düren, 
Germany). Malvidin 3-O-glucoside (≥87 %) was obtained 
from Phytoplan (Heidelberg, Germany). Pectin (Pectin 
Classic AU–L 024/10) was purchased from Herbstreith & 
Fox GmbH (Werder, Germany), d(+)-galacturonic acid 
from Fluka Analytical (Steinheim, Germany), and cellobi-
ose and sulfuric acid from AppliChem GmbH (Darmstadt, 
Germany).

Extraction and quantification of anthocyanins

Fresh berries and pomace samples were extracted accord-
ing to a method described by Koponen et al. [30] with 
minor modifications. The sample (30 g) was homogenized 
with 100 mL extraction solvent A (water/methanol/hydro-
chloric acid, 78/20/2, v/v/v) using an Ultra Turrax T18 
basic (IKA-Werke GmbH & CO. KG, Staufen, Germany) 
for 2 min. Subsequently, 15 mL of solvent A was added to 
3 g homogenate, and after 1 min of shaking, the sample 
was centrifuged for 10 min at 3941g (Zentrifuge, Thermo 
Fisher Scientific, Schwerte, Germany). After 2 repetitions, 
the pellet was extracted with extraction solvent B (water/
methanol/hydrochloric acid, 49/50/1, v/v/v). The com-
bined supernatants were made up to 50 mL with water. 
Anthocyanin quantification was performed as reported 
by Heffels et al. [31]. Juices were injected directly after 
membrane filtration. Anthocyanins were detected at 
520 nm and quantified as mv-3-glu equivalents by exter-
nal calibration (range 1.18–471.37 mg/L). The total 
anthocyanin content was calculated as the sum of individ-
ual anthocyanins.

Polygalacturonase activity

For the quantification of reducing sugars released from 
pectin, 450 µL of 0.1 % pectin suspension in sodium cit-
rate buffer (pH 4) and 50 µL of 10 % aqueous enzyme 
solution were incubated for 5 min at 50 °C in a shaking 
water bath. The reaction was terminated by the addition of 
750 µL of dinitrosalicylic acid (DNS) reagent containing 
10 g/L 3,5-dinitrosalicylic acid, 30 g/L potassium sodium 
tartrate tetrahydrate and 16 g/L sodium hydroxide in water. 
After boiling for 5 min, cooling in iced water and centrifu-
gation for 5 min at 10,947g, the absorption was measured 
at 540 nm (Genesys 6, Thermo Fisher Scientific, Schw-
erte, Germany). Polygalacturonase activity was expressed 
as d(+)-galacturonic acid equivalents released during the 
enzymatic reaction [28, 32–35].

β‑Glucosidase activity

The amount of glucose released due to enzymatic treat-
ment of cellobiose was quantified in order to determine 
the β-glucosidase activity. A reaction mixture containing 
100 µL of 10 % aqueous enzyme solution and 900 µL of 
cellobiose solution (4 g/L) in sodium citrate buffer (pH 4) 
was incubated for 30 min at 50 °C in a shaking water bath. 
Enzyme activity was stopped by placing the reaction mix-
ture in a hot water bath (95 °C) for 5 min and afterward 
in an iced water bath for 5 min. After 5 min of centrifu-
gation at 10,947g, the mixtures were kept at −20 °C until 
quantification of glucose via HPLC [36]. Quantification 
was conducted using a Shimadzu LC-6A pump, a Waters 
717plus autosampler (injecting 10 μL), a Waters column 
thermostat Jetstream 2 plus (at 60 °C) and a Waters 2414 
refraction index detector. The column was a Nucleogel 
ION 300OA (Macherey–Nagel, Düren, Germany). Sulfuric 
acid (2.5 mM) was delivered at an isocratic flow of 0.3 mL/
min for 60 min.

Statistics

For statistical analysis and principal component analysis 
(PCA), the XLSTAT software was used. An ANOVA was 
performed to determine significant differences. The level of 
significance was defined as p ≤ 0.05.

Results and discussion

Enzyme activity

The polygalacturonase activity of all enzyme prepara-
tions investigated ranged from 1304 to 4593 nkat/mL. 
Table 2 shows the polygalacturonase activities ranked 

Table 2  Polygalacturonase (PG) and β-glucosidase (β-Glu) activities 
of commercial enzyme preparations

Name PG (nkat/mL) β-Glu (nkat/mL)

Rohapect PTE 100 1304 15

Rohament CL 1511 339

Pectinex BE XXL 3254 557

Vinozym Ultra FCE 3604 514

Rohapect 10 L 3664 920

Vegazym HC 4593 607
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in an ascending order. All enzyme preparations, which 
are labeled as polygalacturonases by the manufacturers, 
showed medium to high polygalacturonase activities. A 
comparison with literature data is difficult because of dif-
fering enzyme preparations, differing assays, or the usage 
of uncommon units to describe enzyme activity. While a 
polygalacturonase activity of 1230 nkat/mL was reported 
for Pectinex BE XXL [37], our analysis revealed an activ-
ity of 3254 nkat/mL. Similar differences are reported in 
the literature. Although applying the same assay, Pectinex 
BE 3-L revealed an activity of 4900 nkal/mL in a study of 
Buchert et al. [26] and an activity of 11,950 nkat/mL in a 
study of Puuponen-Pimiä et al. [37].

The β-glucosidase activity ranged from 15 to 920 nkat/
mL. As shown in Table 2, the difference between the 
β-glucosidase activities of the enzyme preparations 
investigated is more pronounced than those between their 
polygalacturonase activities. Moreover, the β-glucosidase 
activity is considerably lower than the polygalacturo-
nase activity, reflecting that the β-glucosidase should be 
regarded as a side activity in the investigated enzyme 
preparations. It was reported that glycosidases are gen-
erally associated with pectinolytic enzymes [28, 38]. 
Whereas the high β-glucosidase activity of Vegazym HC 
is reasonable because the group of cellulases encom-
passes cellobiases [20, 39], the considerably lower 
β-glucosidase activity of Rohament CL is remarkable. 
Although both enzymes are labeled cellulases, differing 
β-glucosidase activities can be explained by the micro-
bial origin of the enzymes, which are derived from dif-
ferent microbial strains (Trichoderma longibrachiatum 
vs. T. reseei). Therefore, the three cellulase main activi-
ties endo-l,4-β-d-glucanase, exo-l,4-β-d-glucanase and 
β-glucosidase may be differently expressed for both 
enzyme preparations.

For the production of a juice with improved polyphenol 
contents, a high polygalacturonase activity is necessary to 
degrade the cell wall, which in turn leads to an increased 
release of polyphenols and galacturonic acid [26]. Polyga-
lacturonase and β-glucosidase activities of the enzymes 
investigated show a high correlation of 0.685, suggest-
ing that enzymes with a high polygalacturonase activity 
also have a marked β-glucosidase activity. This needs to 
be considered in juice production because a pronounced 
β-glucosidase activity might lead to unintended degrada-
tion of anthocyanins [26, 28].

Effect of enzyme‑assisted processing of bilberries 
on juice yield and anthocyanin content

Bilberries were processed applying six commercial prepa-
rations which represent the enzyme activities of polyga-
lacturonase, pectin lyase and cellulase. All enzymes were 

used at two dosage levels (0.5 and 10 nkat/g) based on their 
polygalacturonase activity. The lower level of 0.5 nkat/g 
represents the dosage recommended by the manufacturer, 
whereas the higher level of 10 nkat/g can be considered an 
excessive dosage similar to those reported in the literature 
[26, 37, 40]. In order to characterize the resulting juices, 
both juice yield (Fig. 1) and total anthocyanin content 
(Fig. 2) were determined. 

Enzyme dosages of 0.5 nkat/g had only little effect on 
the juice yield compared with a reference juice produced 
without the addition of any enzyme (Fig. 1). The largest 
increase in juice yield (5 %) was achieved by the appli-
cation of VinoUFC and RPTE100. However, the various 
enzyme preparations did not lead to significantly different 
juice yields at a dosage of 0.5 nkat/g.

Fig. 1  Effects of enzyme preparation and dosage on juice yield 
during bilberry juice processing. Black bar 0.5 nkat/g, gray 
bar 10 nkat/g. Bars with different letters are significantly different at 
p ≤ 0.05 (n = 2)

Fig. 2  Effects of enzyme preparation and dosage on the total antho-
cyanin content during bilberry juice processing. Black bar 0.5 nkat/g, 
gray bar 10 nkat/g. Bars with different letters are significantly differ-
ent at p ≤ 0.05 (n = 2)
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A higher dosage of 10 nkat/g resulted in significantly 
higher juice yields compared with the control juice for all 
enzyme preparations except for VHC. Polygalacturonases 
and pectin lyase PBEXXL led to an increase of about 
10 %, and pectin lyase RPTE100 increased the juice yield 
about 17 %. The cellulase VHC did not affect the juice 
yield, but application of RCL increased the yield by 10 %. 
These findings are in accordance with Koponen et al. [27] 
who observed a significantly increased bilberry juice yield 
applying similar enzyme preparations at a level of 1 nkat/g 
without further increases at 10 and 100 nkat/g. Buchert 
et al. [26] reported similar increasing bilberry juice yields 
at a dosage of 1000 nkat/g, noting that the maximum yield 
was already obtained at dosages below 50 nkat/g. Similar 
increases in juice yield due to maceration with pectino-
lytic enzymes were reported for other fruits like black cur-
rant [40–42], elder berry [43] and plum [44]. However, the 
dosages used significantly exceed the commonly applied 
levels.

Although enzyme dosages of 0.5 nkat/g did not increase 
the juice yield significantly, a pronounced effect on the 
total anthocyanin content of the corresponding juices was 
observed. Polygalacturonases and pectin lyase PBEXXL 
increased the amount of anthocyanins between 23.0 and 
29.3 % compared to the control juice (Fig. 2). Pectin lyase 
RPTE100 and cellulase RCL increased the anthocyanin 
content by about 10.1–13.9 %, whereas VHC had no sig-
nificant impact on the anthocyanins content compared to 
the control juice. Applying 10 nkat/g of the enzyme prep-
arations resulted in an even more pronounced increase in 
total anthocyanins. At the higher dosage, polygalacturo-
nases and pectin lyase PBEXXL showed the largest effects 
in comparison with the control juice with increases of 
28.3–41.9 %, whereas pectin lyase RPTE100 and the cel-
lulases tended to lead to smaller increases of 10.4–25.3 %. 
Juices elaborated with enzymes generally showed higher 
anthocyanin yields than the control juice. Similar increases 
in anthocyanin and flavonol yields during the production 
of bilberry juice [27, 37], elderberry juice [43] and black 
currant juice [42] and concentrate [45] were reported previ-
ously, when various polygalacturonases and pectin lyases 
above dosages used in industrial production were applied. 
Cellulases were reported to enhance cell wall degradation 
of black currant pomace, thereby facilitating the release of 
anthocyanins [46]. Yet, there are reports about decreased 
anthocyanin contents during blueberry [14, 47], lingon-
berry [13] and black currant [44] juice processing. Glycosi-
dase side activities of the enzyme preparations applied and 
prolonged treatments were supposed to be responsible for 
the anthocyanin losses [26, 27].

As shown in Fig. 3, anthocyanins present in bilberry 
were almost entirely recovered in the respective juice 
and pomace. The summarized recovery ranged from 

81 to 94.9 % and from 84.5 to 96.2 % for 0.5 nkat/g and 
10 nkat/g, respectively. Loss of anthocyanins due to physi-
cal removal of the anthocyanin-rich skins during pressing is 
the main reason for the lack of anthocyanins in comparison 
with the fresh berry [44], which showed an anthocyanin 
content of 4.2 mg/g fresh weight. The applied enzyme dos-
age had no significant effect on the total anthocyanin recov-
ery. But apparently the recovery into the juice was slightly 
higher after treatment with 10 nkat/g.

The present study revealed no decreases in the antho-
cyanin yield compared with the control juice although 
enzymes with considerable β-glucosidase activities were 
applied. It can therefore be assumed that the β-glucosidase 
activity is not directly responsible for anthocyanin degra-
dation. Furthermore, the enhanced release of anthocyanins 
due to enzymatic treatment may outweigh an anthocyanin 
loss. It has to be considered that besides immediate interac-
tions between enzyme and anthocyanins, secondary effects 
may occur as well. It is conceivable that besides pectin also 
pectin degradation products interact with anthocyanins 
resulting in a loss of individual anthocyanins. All discussed 
effects will lead to an alteration of the anthocyanin profile 
during juice processing.

Principal component analysis

In order to reveal the underlying mechanisms of anthocy-
anin profile changes during juice processing due to enzy-
matic treatment, a principal component analysis was per-
formed. This technique enables the reduction of numerous 
variables to a few principal components while preserving as 
much variance of experimental data as possible. Thereby, 
the influences of different enzyme preparations regarding 
the individual anthocyanins become more apparent. The 

Fig. 3  Effects of enzyme preparation and dosage on the anthocyanin 
recovery from raw bilberries and distribution between juice and pom-
ace during bilberry juice processing. Gray bar juice, 0.5 nkat/g; gray 
stripped bar juice, 10 nkat/g; white bar pomace, 0.5 nkat/g; white 
stripped bar pomace, 10 nkat/g
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analysis included the anthocyanin profile of fresh bilberry 
fruits, the juices produced thereof and the corresponding 
pomaces (see Tables 1 and 2 of the Supporting Informa-
tion). The latter were included because they contain the 
remaining anthocyanins, which were not extracted into the 
juices, and therefore complete the anthocyanin profile.

The statistical model obtained for the lower enzyme 
dosage of 0.5 nkat/g describes 91.9 % (F1: 76.0 %, F2: 
15.9 %) of the total variance of the anthocyanin profile. As 
shown in Fig. 4, the fresh fruit, the juices, and the pomaces 
are well separated into three distinct groups by PCA. While 
the fresh fruit is characterized by the highest portions of 
cy-arabinoside and galactosides of cy, dp and pt, the juices 
show increased portions of mv- and pn-glycosides. Pom-
aces show the highest portions of dp-glycosides as well as 
pt-galactoside and pt-arabinoside. This distribution shows 
the basic change in composition of the anthocyanin profile 
occurring in bilberry fruits during juice production. While 
the genuine anthocyanin profile differs a lot from the pro-
file of corresponding juices and pomaces, the distribution 
of the latter two is less pronounced. Thus, profile differ-
ences between juices produced with different enzyme prep-
arations seem to be small. This is supported by the position 
of the control sample.

As the control juice is prepared without any pectino-
lytic enzyme, the changes in the anthocyanin profile com-
pared with the fresh fruit must be attributed to non-enzy-
matic effects. Anthocyanins show an uneven extractability 
[31], and it has been reported that thermal treatments like 
blanching, boiling and steaming affect the anthocyanin 
content of red cabbage [48], black raspberry [49], blue-
berry [50, 51], strawberry and blackberry [52] products. 
Thus, the narrow allocation of juices to the control juice 
leads to the assumption that the anthocyanin profiles are 

affected by differences in extractability and thermal sta-
bility rather than by enzymatic degradation. Nevertheless, 
there are differences in the anthocyanin profiles, which can 
be attributed to the applied enzymes.

Both juices processed using polygalacturonases (R10L 
and VinoUFC) are negatively correlated with F2, whereas 
all other enzyme-treated juices as well as the control 
juice are positively correlated. Polygalacturonases lead to 
changes of the anthocyanin profile that are different from 
those caused by the application of pectin lyases or cellu-
lases. Juices made using R10L and VinoUFC correlate 
negatively with F2, and all factor loadings of galactosides 
show a positive correlation with F2. This indicates the 
reduction of the galactoside portions in these juices com-
pared to juices produced with pectin lyases and cellulases. 
It can be assumed that the polygalacturonase activity causes 
cleavage of the anthocyanin galactosides. Viljanen et al. 
[13] observed similar effects applying a pectinase at 100 
nkat/g on lingonberries. They found the main anthocyanin 
cy-3-gal to be very sensitive to pectinase treatment because 
approximately 60 % was degraded, whereas cy-3-glu and 
cy-3-ara were not affected by enzymatic treatment.

In the present study, the application of polygalacturo-
nases at low dosages only led to decreased portions of cy-
3-gal indicated by its highly positive correlation with F2 
and decreased portions of dp-3-gal and pt-3-gal indicated by 
their highly positive correlation with F1. However, pn-3-gal 
and mv-3-gal showed increased portions as they correlate 
highly negatively with F1. This inhomogeneous distribu-
tion of galactosidic factor loadings contradicts the above-
mentioned assumption of an exclusively glycoside-related 
enzymatic degradation. Previous studies on blueberries 
demonstrated the alteration of the anthocyanin profile dur-
ing maceration to be dependent on the aglycone [14, 50].

Fig. 4  PCA of anthocyanin 
profiles during bilberry juice 
processing applying various 
enzymes at a dosage level of 
0.5 nkat/g. Blue circle galacto-
sides, gray circle arabinosides, 
orange circle glucosides, blue 
diamond polygalacturonases, 
green diamond pectin lyases, 
orange diamond cellulases
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Skrede et al. [14] ranked the anthocyanins in the fol-
lowing order of decreasing stability during blueberry juice 
production: mv > cy > pn > pt > dp. Likewise, Lee et al. 
[50] found increased malvidin portions accompanied by 
decreasing delphinidin and petunidin portions during blue-
berry juice processing. These findings are in line with the 
present results. At a dosage of 0.5 nkat/g, all juices show 
decreased portions of dp- and pt-glycosides and increased 
proportions of mv- and pn-glycosides irrespective of their 
sugar moiety. Both effects occurred during juice processing 
at an enzyme dosage of 0.5 nkat/g, and thus, it cannot be 
differentiated whether changes in anthocyanin profile are 
based on aglycone- or glycoside-depending effects.

Juices obtained with the aid of the cellulases RCL 
and VHC and the pectin lyase RPTE100 are quite differ-
ent from those produced using polygalacturonases. They 
show higher ratios of cy-3-gal as well as mv- and pn-3-gal 
because they are associated with higher values for F2 and 
lower values for F1. The distinct position along F2 indi-
cates a reduced portion of glucosides, as pt-3-glu and 
dp-3-glu are negatively associated with F2. Yet, a clear 
decrease in all glucoside portions cannot be derived, due to 
the highly negative correlation of the glucosides of pn, mv 
and cy with F1, while the juices show almost no separa-
tion along F1. Hence, a clear association of the cellulases 
with the degradation of the respective glucosides cannot be 
deduced either.

The juice produced with the aid of the pectin lyase 
PBEXXL was expected to be allocated close to the juices 
produced using the other pectin lyase. However, it takes 
an intermediate position between polygalacturonases 
and pectin lyases. Thus, the main activity of this lyase is 

accompanied by a strong polygalacturonase side activity. 
Puupponen-Pimiä et al. [37] reported similar strong side 
activities of PBEXXL.

The pomaces can well be distinguished from their cor-
responding juices along the axis of F1. This separation 
predominantly reflects an inhomogeneous release of antho-
cyanin from the fruit during juice processing, resulting in 
considerably different anthocyanin profiles of juices and 
the remaining pomaces.

Dosages of 10 nkat/g are significantly above those 
typically applied in commercial processes. As reported 
in numerous previous studies, the influence of enzymatic 
treatment on the anthocyanin profile applying high dos-
ages is more distinct. The PCA shown in Fig. 5 represents 
93.6 % of the total variance of the original data. The princi-
pal component F1 accounts for 58.8 % and F2 accounts for 
34.7 %. Similar to the results obtained at lower dosage, the 
fresh fruit, juices and pomaces are well separated into three 
groups. The variance of the juices is considerably more 
pronounced, implying a greater influence of the enzyme 
preparations on the anthocyanin profiles. A distinct sepa-
ration of groups along the axis of F1 can be made, which 
separates the juices from the corresponding pomaces and 
the fresh fruit. The fruit and pomaces are associated with 
positive values for F1, whereas the juices are negatively 
associated with F1.

Juices prepared with the aid of polygalacturonases 
align with positive values for F2, whereas juices obtained 
with cellulase treatment are correlated negatively with F2. 
Although all juices are negatively correlated with F1, the 
extent of negative correlation is less for cellulases than for 
polygalacturonases. This implies a stronger alteration of 

Fig. 5  PCA of anthocyanin 
profiles during juice process-
ing applying various enzymes 
at a dosage level of 10 nkat/g. 
Blue circle galactosides, gray 
circle arabinosides, orange 
circle glucosides, blue diamond 
polygalacturonases, green 
diamond pectin lyases, orange 
diamond cellulases
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the profile due to polygalacturonases activity compared 
with the fresh fruit. Considering the loadings of variables, 
similar trends like those for lower dosage can be observed, 
yet to a greater extent.

All galactosides show reduced portions in juices pro-
duced with polygalacturonases because the loadings of 
galactosides are associated with positive values for F1 
and negative values for F2. Only mv-3-gal is correlated 
negatively with both F1 and F2. This supports the above-
mentioned assumption that the profile alteration due to the 
application of enzymes is glycoside related.

The glucosides are highly correlated with negative val-
ues for F1 except for dp-3-glu, which shows a highly posi-
tive correlation with F2. Because juices produced using 
cellulases are associated with higher values for F1 and 
lower values for F2 compared with juices obtained with 
the aid of polygalacturonases, they contain higher propor-
tions of galactosides and lower proportions of glucosides. 
A degrading effect of cellulases on the glucosidic bonds is 
conceivable and further substantiates the above-mentioned 
hypothesis of a glycoside-related degradation. Neverthe-
less, it has to be stressed that effects for cellulases are less 
pronounced than for polygalacturonases.

The differences between the two pectin lyases PBEXXL 
and RPTE100 are even more apparent at a dosage level of 
10 nkat/g compared to the differences which have been 
observed at a dosage of 0.5 nkat/g. While the juice pro-
duced using RPTE100 shows changes in the profile similar 
to those of the juices prepared with the aid of cellulases, 
the application of PBEXXL leads to an intermediate alloca-
tion between polygalacturonases and cellulases. This kind 
of profile changes confirms the strong polygalacturonase 
side activity of the pectin lyase PBEXXL. Interestingly, the 
non-treated control juice is associated with the juices after 
treatment with cellulases and the pectin lyase RPTE100. 
As the control juice indicates the changes in the antho-
cyanin profile due to non-enzymatic effects, the distance 
to all other juices represents the degree of the enzymatic 
influences. This implies that the effects due to polygalac-
turonases and the pectin lyase PBEXXL are considerably 
higher compared with those of the other enzymes.

The above-discussed trends can also be observed for 
the corresponding pomaces. The control pomace is closely 
related to the pomaces obtained after treatment with cellu-
lases and the pectin lyase RPTE100. They are characterized 
by reduced glucoside proportions compared with the pom-
aces resulting from treatment with polygalacturonase. The 
latter, in turn, show decreased proportions of galactosides. 
The pomace obtained after treatment with pectin lyase 
PBEXXL is allocated between the pomaces of polygalactu-
ronase-treated berries and those after application of pectin 
lyase RPTE100 and cellulases, similar to the distribution in 
the group of juices.

Authentication aspects

The addition of pectinolytic enzymes and cellulases dur-
ing mash treatment at industrially common dosages 
(0.5 nkat/g) considerably influences the anthocyanin profile 
of bilberry juices. The degree of these variations needs to 
be considered because these profiles are frequently used 
for authenticity control. As it was discussed above, also 
non-enzymatic effects or secondary effects are relevant. 
The changes in anthocyanin profiles of closely related Vac-
cinium species caused by the different extractability of the 
anthocyanins were recently demonstrated [31]. The natural 
differences in anthocyanin profiles exceed the variations 
caused by industrial juice processing and therefore do not 
affect authenticity studies. In contrast, excessive enzyme 
dosages result in more pronounced differences, which may 
be relevant to authentication.

Conclusion

The anthocyanin profile of bilberries is altered during juice 
processing. The type and extent of alteration is affected 
by the enzyme activity and dosage. At a dosage level of 
0.5 nkat/g commonly used in industrial processing, polyga-
lacturonases and cellulases show a preferred degradation of 
galactosides and glucosides, respectively. At the same time, 
all juices, including the non-treated control juice, show 
a decreased proportion of dp- and pt-glycosides. Thus, no 
conclusion can be made whether juice processing alters the 
anthocyanin profile depending on the aglycone or the gly-
coside moiety. However, the slight differences between pro-
files of the control juice and juices produced with the aid 
of enzymes suggest that non-enzymatic effects predominate. 
Extractability and thermal stability of anthocyanins are more 
relevant to changes in anthocyanins during juice processing 
at an industrially common dosage level of enzymes than 
the action of the enzyme itself. The well-reported hypoth-
esis of glycoside-dependent anthocyanin degradation during 
juice processing is supported by the results of the applica-
tion of enzymes exceeding common dosages (10 nkat/g). In 
this case, alterations regarding the anthocyanin profiles are 
more pronounced. Juices obtained with the aid of polyga-
lacturonases and cellulases show clearly decreased galac-
toside and glucoside amounts, respectively. However, it 
should be noted that these effects only occur by overdosing 
pectinolytic enzymes and cellulases, as shown in the pre-
sent study as well as in the literature. The anthocyanin pro-
file is altered during juice production due to various effects. 
The positive influence on the extractability of anthocyanins 
seems to exceed the degrading effects of the added enzyme. 
However, the degradation of cell walls might lead to sec-
ondary effects which influence the anthocyanin profile. The 
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reported interactions of phenolic compounds with cell wall 
polysaccharides may also occur with fragments of the latter. 
The complex variety of cell wall degradation products and 
their effects on polyphenols necessitate a prudent applica-
tion of enzymes regarding dosage and main activity during 
the processing of different fruits.
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