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Abstract

Polyphenolic stilbene glucosides are abundant in the fresh bark of Norway spruce (Picea abies [L.] Karst.) trees. Stilbene-rich
bark extracts could be industrially utilized as preservatives due to their antioxidative, antifungal, and antibacterial properties.
The postharvesting conditions, especially industrial debarking, influence the chemical properties of bark. Inherent variation
in high-value compounds of bark is assumed to be offset by modifications within the bark supply chain; however, essential
quantitative information is still rare. This study elucidated the magnitude of variation in the stilbenoid content and composition
of Norway spruce bark due to (1) the geographical origin of Norway spruce seeds, (2) the geographical location of the growing
site, (3) within-tree variability, and (4) industrial handling and pilot-scale extraction and fractioning processes. The inherent
variation in stilbenoid content was large: the total average stilbenoid content of the inner bark varied from 70 to 110 mg/g
of dry weight (DW). Sampling position in the stem and growing site explained over 50% of the total variance in stilbenoid
content. Trees with a northern origin of seeds had a higher isorhapontin/astringin ratio than the trees with a southern origin
of seeds, regardless of their growing site. Industrial bark from sawmills showed a significantly higher total stilbenoid content
in winter than in summer, 22 mg/g and 1-3 mg/g DW, respectively. The inherent variation in the stilbenoid content was offset
by the variation caused by the debarking process and experimental pilot-scale processing. To optimize the yield of stilbenoids
from spruce bark, sampling of northern forests and short handling times in the supply chain are recommended.
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1 Introduction produces ca. 7 million m? of bark per year [1], which is
mainly combusted to generate heat and energy. Trans-
In the forestry industry, bark is one of the major organic ~ formation from fossil-based to bioeconomy strives to
side-products from the debarking process at saw-  advance the utilization of bark side streams as a sustain-
mills and pulp mills. The forestry industry in Finland  able and vast biomass source for commercially valuable
biochemicals and materials. The stilbenoids of spruce
bark could be valorized for various commercial appli-
Highlights cations, such as antioxidants, antimicrobials, and pre-
e In common ga.rden experiments, stilbegoid conten.t was higher servatives, in cosmetics, techno-chemical products, or
at the northern site than at the southern site, suggesting a strong . . . .
influence of the environment on stilbenoid production. pharmaceuticals by applying environmentally benign
o Genetic differences between provenances were found: northern biorefinery processes, including pressurized hot water
OTigi}?S had a higher isorhapontin/astringin ratio in bark than extraction or supercritical fluid extraction, followed by
iOIuntdEZ?ri(;rllizlri contained markedly fewer stilbenoids than bark further purification [,2_6]' . .
from fresh cut trees. Norway spruce (Picea abies (L.) Karst.) is one of the
e To obtain a high yield of stilbenoids, the supply chain needs to dominant coniferous tree species in the boreal region. The
be optimized. bark of Norway spruce trees is a potential source of bio-
active and protective compounds, such as glycosylated
monomeric stilbene glucosides (trans-astringin, trans-
isorhapontin, and trans-piceid), which are structurally
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similar to by far the most extensively studied stilbenoid,
trans-resveratrol (Fig. 1). Resveratrol, piceatannol, and
isorhapontigenin are the respective aglycone forms of the
glucosides that appear as minor compounds in spruce bark
[7]. In plants, stilbenoids serve as defensive compounds
against a wide variety of environmental stressors, includ-
ing protection from ultraviolet (UV) light and attacks by
fungal pathogens and other microorganisms [8—10]. The
inner bark of spruce contains 5-15% (dry weight, DW)
stilbene glucosides [11-13].

Stilbenoids are known to vary according to grow-
ing site, within-stem location, and season of harvesting
[11-15]. The high content of bark secondary metabolites
may be a sign of ‘northern vigour’, i.e. trees have increased
production of defence compounds in harsh environmental
conditions, such as heavy snow load in winter or extreme
temperatures due to the high latitude or altitude of the
growing site, cf., [14]. It has been shown that the knots of
Norway spruce have significantly higher lignan content
close to the Arctic tree line in northern Finland than in
southern locations, and thus, knot wood from northern
mills is feasible to apply for biorefining [16]. However,
to the best of our knowledge, no quantitative studies exist
that simultaneously compare the magnitude of effects of
seed origins and the effect of growth environment on bark
stilbene chemistry in Norway spruce trees at the age of
final felling. Furthermore, only a few systematic research
reports have analysed the variability of bark secondary
metabolites and changes in their content and composi-
tion within the industrial supply chain [15, 17-20]. Such

Fig. 1 Chemical §truf:tures of A OH
the main stilbenoids in the bark I\j/
of Picea abies (L.) Karst.: (a) HO = #

resveratrol, (b) rhapontigenin,
(c) piceatannol, (d) piceid, (e)
astringin, and (f) isorhapontin OH

a)

information is, nevertheless, crucial for the commercial
utilization of bark [6]. Several new wood-based biore-
finery approaches are being planned, including the pro-
duction of biochemicals from bark; thus, it is important
to understand how the raw material should be selected,
stored, and processed.

Stilbene glucosides can be extracted from bark with hot
water under relatively mild conditions, even at 100 °C.
Inner bark and outer bark contain different amounts of stil-
bene compounds [13-15], so extraction yield depends on
relative portions of these parts, as well as the proportion of
residual stem wood (with no stilbenes) after debarking. The
yield of stilbene glucosides also depends on the preproc-
essing [17] and purification steps of bark [21]. Ultrafiltra-
tion has been shown to be a better concentration method
than evaporation when spruce bark hot water extract is
concentrated [22]. Extraction should also preferably be a
part of a cascade process [23], in which extracted bark is
further used in pyrolysis and anaerobic digestion to fully
utilize this biomass.

Usually, studies related to plant physiology aspects and
industrial utilization are carried out separately. Studies
related to plant physiology usually include a representative
sample size and provide detailed information on the varia-
tion in chemical composition.

On the other hand, for large-scale extraction studies, bark
is usually collected from industrial sources, where com-
pounds could have been degraded when stored in piles after
debarking. In this study, we bridge the gap between biologi-
cal studies and industrial applications to show the pathway
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of stilbenoids from biological sources to actual pilot-scale
extraction and fractionation.

The aim of this study was to investigate how the stilbene
glucoside content and composition of Norway spruce bark
vary due to (1) the geographical origin of Norway spruce
seeds (i.e. provenance), (2) the geographical location of
the growing site of spruce provenances, and (3) within-tree
variability (i.e. at different stem heights). Additionally, we
examined (4) how bark stilbene content and composition
vary during industrial storage and pilot-scale extraction and
fractioning processes.

2 Materials and methods

A common garden experiment of ca. 83-year-old Norway
spruce provenances was utilized. Trees representing four
different provenances (two with northern Finnish origin,
two with central European origin) grown in two distinct
geographical locations in northern Finland and southern
Finland were harvested. Inner bark from four different ver-
tical sample discs on each stem was extracted and analysed
for stilbene glucoside content and composition by gas chro-
matography—mass spectrometry (GC-MS). Industrial bark
from sawmills was used for pilot-scale extractions. Whole
bark was extracted with hot water by using different process
parameters and purification steps with XAD7HP adsorbent.
The effects of different processing steps on stilbene gluco-
side content and composition in bark and resulting extracts
were analysed by gas chromatography with flame-ionization
detectors (GC-FID) and high-performance liquid chroma-
tography (HPLC).

2.1 Experimental stands

Figure 2 shows the locations for seed origins and the geo-
graphical locations of the provenance trial experiment stands
in Finland selected for this study. During the late 1920s,
seed material was collected from superior individual trees
of Norway spruce stands in central Europe and Finland and
grown into seedlings in Finland, and provenance trial experi-
ments were then established in the early 1930s in Finland
(Fig. 2, Table 1). For this study, four provenances were

Table 1 Description of the provenance trial established in northern
(Kivalo) and southern (Punkaharju) Finland in the early 1930s

Variable

Origin of seeds Northern Finland Central Europe
Provenance Simo Sodankyld  Preufien Sachsen
Latitude 65°40" 67°25' 50°24’ 50°38’
Longitude 25°3' 26°36' 12°18' 10°49'
Altitude (m) 49 180 400-600 600

Sample tree characteristics

Northern growing site Kivalo, 66°2'N, 26°4'E, 140 m above sea
level

Provenance Simo Sodankyld  Preufien Sachsen
D1.3 (cm) 203 (4.5) 249(22.1) 2042.1) 24125
Height (m) 13.5(1.2) 183(0.2) 14.5(1.6) 16.6(1.0)
Crown length (m) 11.2(1.2) 11.3(1.1) 11.2(0.7) 14.0(2.1)
Crown width (m) 4.0 (0.6) 3.9 (0.3) 4.0(1.00 4.7(0.9)

Southern growing site Punkaharju, 61°45'N, 29°23'E, 113 m above
sea level

Provenance Simo Sodankyld  Preufien Sachsen
D1.3 (cm) 33.1(4.7) 327(64) 35243) 352(@3.3)
Height (m) 28.0(2.6) 28.1(0.6) 30.2(0.3) 28.8(2.1)
Crown length (m) 16.7(5.2) 13.5(0.7) 13.3(0.4) 16.3(5.3)
Crown width (m) 5.9 (0.8) 4.7(1.3) 6.0(0.3) 6.7(0.5)

Fig.2 Location of the P. abies
seed origins in Germany (‘Sach-
sen’ and ‘Preufen’) and Finland
(‘Simo’ and ‘Sodankyld’) (left)
and research forests in northern
and southern Finland (Kivalo
and Punkaharju, respectively)
where the provenances were
grown (right). Additional
sample trees representing

local provenances were also
harvested from both growth
sites in Finland (pink and purple
characters)
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selected, all replicated at two geographical locations of the
provenance trial experiment: Schmiedefeld/Thiiringer Wald
(named ‘Preuflen’), Schilbach (named ‘Sachsen’), ‘Simo’,
and ‘Sodankyld’ (Table 1). Additionally, trees represent-
ing one local provenance from both the south and the north
growing sites (i.e. Kivalo and Punkaharju, respectively) were
sampled.

2.2 Bark material from provenance trials

Norway spruce (Picea abies [L.] Karst.) trees (83 years
old) were harvested in northern Finland (Kivalo research
forest, 66°2'N, 26°4'E, 140 m above sea level) and south-
ern Finland (Punkaharju research forest, 61°45'N, 29°23'E,
113 m above sea level), representing four different prov-
enances of experimental design and two additional local
provenances. Three sample trees without defects per prov-
enance were harvested, and four sample discs per tree were

4.75% height

— 3. Living crown base— |

2. Breast height, 1.3 m———

1. Stem base, 0.3 m

VAR

Fig.3 Sampling scheme of bark specimens vertically across the stem.
Stem base, height class (H) 1; breast height, H2; base of the living
crown, H3; 75% of the stem height, H4

collected along the trunk (stem base 0.3 m, height class
(H) 1; breast height (1.3 m, H2); base of living crown
(H3); and 75% on the stem (H4)) (Fig. 3). The discs were
stored at — 20 °C until further processing. From the discs,
the inner bark was separated from the outer bark with
a knife based on visually observed differences in tissue
colour and softness [14, 15]. The inner bark was freeze-
dried and ground using a ball mill (Retsch MM400, Retsch
GmbH, Haan, Germany) and stored at — 20 °C prior to use.

2.3 Bark from sawmills

Industrial Norway spruce bark originated from sawmills
located in Pietarsaari (63°7'N, 22°7'E) and Haapajirvi
(63°7'N, 25°3'E) in Finland. Typically, the wood supply
for a sawmill originates from an area around the sawmill
within a radius of a few hundred kilometres. Pilot extrac-
tions were conducted in two separate series (Fig. 4). The
first series, consisting of four extraction batches, was
completed between February 25 and 28, 2019, with bark
originating from a Pietarsaari mill. Bark was retrieved on
February 15, 2019, by a debarker immediately after it had
been peeled off from the sawlogs. The material was stored
frozen in ambient winter conditions. Fines from the mate-
rial were removed by screening with a 4 m? screen with a
20 x 20 mm mesh size.

The second series consisted of five extraction batches.
Bark for these extractions was harvested in summer
and originated from the Haapajirvi sawmill. Bark was
retrieved on September 4, 2019, by a debarker immedi-
ately after the debarking of trees and industrial shredding
of bark. For two of the extraction batches, bark was further
comminuted with a shredder having a screen of 25 %25
mesh. Bark was stored at+ 5 °C prior to extractions, which
were carried out between September 9 and 13, 2019.

Fig.4 Processing of sawmill

Winter
bark spruce logs (1-4) Sainil Bark (1_4)‘ Siaiiig
! Debarking | 20 mmx 20 mm R 1.4
l b
Timber Fines A
Bark 5,8,9 Hot water
o extraction —|[e——jp Extracts 1-9
spruce logs (5-9) Sawmill Bark (5_92 . 3601
i | Shredding
Debarking
A 1
‘ Extracted bark
dimber o | Comminution Bark 6, 7
Barks,7 | 25 MmMx 25 mm
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2.4 Analysis of stilbene glucosides in the bark
from Norway spruce provenance trials

Approximately 20 mg of bark powder was extracted with an
acetone—water solution (95:5, v/v, including 0.2 mg mL™!
heptadecanoic acid as an internal standard) in an ultrasonic
water bath (USC300TH, VWR, Radnor, PA, USA) for 30 min.
After sonication, the tubes were centrifuged at 3000 rpm for
5 min, and 1 mL of supernatant from each sample was pipet-
ted into an autosampler vial. The samples were evaporated
with N, silylated with 0.5 mL of N-trimethylsilyl imidazole
(TMSi in pyridine, Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany), and kept in a heater at 60 °C for 30 min or at room
temperature overnight before analysis. The silylated extracts
were analysed by GC-MS (Agilent Hewlett-Packard 6890
and Hewlett-Packard 5973 MSD, EIMS 70 eV; Agilent, Santa
Clara, CA, USA) equipped with a Zebron ZB SemiVolatiles
capillary column. Quantitative analysis of the stilbene gluco-
sides (trans-astringin, trans-isorhapontin, trans-piceid) was
performed using an internal standard (heptadecanoic acid,
C:17) and authentic compounds as external standards (for
detailed methodological description, see [14, 15]).

2.5 Comparison of laboratory- and pilot-scale
extractions of Norway spruce bark
from sawmills

Stilbene glucosides were extracted first in the laboratory, and
a response surface model was created to find optimal condi-
tions for the pilot-scale extractions. An accelerated solvent
extractor (ASE-100, Dionex, USA) was used for the lab-scale
extractions. Scaled-up extractions were performed in Febru-
ary 2019 for the winter bark and September 2019 for the sum-
mer bark. Pilot-scale extractions were carried out with a 300-1
reactor [24] for 40-80 min at 60-85 °C in batch mode for the
winter bark and 40—47 min at 90-120 °C for summer bark.
Altogether, 80—100 kg of fresh bark was added into the reac-
tor, which equals approximately 40 kg of dry bark. A total
extract of 230-250 I and 210-250 1 of winter and summer
bark was collected into a 1000-1 container. A subsample of
each extraction was collected and stored in a freezer at—20 °C
prior to further chemical analyses. Approximately 36-38 1
of winter bark extract was eluted in an XAD7HP adsorbent
column to remove carbohydrates [25]. For summer bark,
extracts (22-59 1) were eluted through a column, the column
was washed with water, and polyphenols were eluted out of
adsorbent using 95% ethanol.

2.6 Analysis of stilbenoids from the bark
and extracts from the piloting studies

Bark samples (both before and after the pilot extrac-
tions) were first extracted with an accelerated solvent

extractor (ASE 100) with hexane and subsequently with
acetone—water (70/30) to remove lipophilic and hydro-
philic compounds, respectively. The ASE extractions were
performed at 120 °C and 1500 psi, with a static extrac-
tion time of 10 min and one cycle. Approximately 3 mg of
the acetone—water extract was dried together with internal
standards (100 pg of heneicosanoic acid and betulinol in
acetone). A total of 500 ug of pyridine and 300 ug of the
silylation reagent N-trimethylsilyl imidazole (TMSI in pyri-
dine, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
were added, and the mixture was kept in an oven at 70 °C
for 1 h to silylate it. The derivatized samples were analysed
quantitatively and qualitatively with an Agilent 6850 GC-
FID and Hewlett Packard 5973 GC-MS equipped with an
HP-5 column (30 m X 0.32 mm with 0.25 pm film), respec-
tively. The samples were injected at 290 °C and detected
at 300 °C. The temperature programme used was 100 °C
(1.5 min), 6 °C/min to 180 °C, 4 °C/min to 290 °C (13 min),
and 4 °C/min to 300 °C (20 min).

Crude and resin-treated extracts were analysed for their stil-
bene glucoside and aglycone content by GC-FID/MS. Approx-
imately 0.5 mL of the extracts was first dried under nitrogen
flow with 100 pg of heneicosanoic acid (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) and betulinol (Sigma-
Aldrich, St. Louis, MO, USA) in acetone added as internal
standards. In the case of the predried resin-treated extracts
from Jokioinen, approximately 6 mg of the dried extract was
weighed, to which the internal standards were added and dried.
Silylation and analyses of samples were carried out as in the
case of the bark samples.

Approximately 4 mg of the predried and resin-treated
extractives was weighed for HPLC analysis of stilbe-
noids. The samples were dissolved in UHQ water and fil-
tered through a 0.2-um PTFE filter. An Agilent 1290 LC
instrument equipped with a ZORBAX StableBond col-
umn (80 A C18, 2.1 mm X 100 mm, 1.8 um, 1,200 bar),
a ZORBAX SB-C18 UHPLC guard column (2.1 mm,
1.8 um), 1290 Infinity II Diode Array Detector, and a
6460 triple quadrupole mass spectrometer (LC/DAD/
QQQQ) was used for analyses. The LC columns were
kept at 30 °C. Two solvents were used for the mobile
phase: (A) 0.1% formic acid in UHQ water and (B) 0.1%
formic acid in acetonitrile. Trans-piceid (0.05-0.8 mg/
mL) was used as an external standard for the quantitative
analysis of stilbenoids. LC analyses were carried out as
described in [18].

2.7 Statistical analysis
In the provenance experiment, various stilbenes were modelled
separately using the same linear mixed model with the fol-

lowing effects (hierarchy levels of the data: i=tree, j=height
class of a tree):
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log (Yu) = int + Provenance; + Site; + Height;; + (Provenance X Site); + (Provenance X Height); + (Site X Height); + Tree; + ¢;

A log-transformed stilbene Y (for a height class of a tree)
was explained by the fixed effects of seed provenance (Prov-
enance: Preuflen, Sachsen, Simo, or Sodankyld), growing
site (Site: Kivalo or Punkaharju), height class (Height: 1, 2,
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Fig.5 The average model predictions of stilbene glucoside amount
analysed by GC-MS of the hydrophilic acetone/water (95:5) extracts
of Norway spruce inner bark obtained from provenance trial experi-
ment in two growing sites: total amount of stilbene glucosides (A),
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3, or 4), their two-way interaction effects, and the intercept
(int). The random effect of tree (Tree) with autoregressive
covariance structure between height classes for random
errors (e) was added to the model to account for correlated
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(E). For descriptions of the height classes, provenances, and growing
sites, see Figs. 2 and 3
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Y measurements from the same tree. Random terms (Tree
and e) were assumed to be normally distributed.

Additionally, the variance component model (using all
effects as random except the intercept) was used to roughly
estimate the proportion of the total variation (variance)
explained by each effect [26]. The fixed and random effects
of the original model (above) were separated with different
colours in the variance component plot.

In the final analysis, 87-95 height class observations were
included in the model development.

The local provenances (Kivalo and Punkaharju) were
excluded from the analysis because they existed in only one
growing site. The local provenances (Kivalo and Punkaharju)
were excluded from the analysis because they existed in only
one growing site.

In the industrial bark data, various stilbenes were mod-
elled separately using almost the same linear mixed model
with the following effects (hierarchy levels of the data:
i =extract, j =sample of an extract, k=treatment stage of a
sample of an extract):

means with their 95% confidence intervals were back-
transformed to the original scale. The GLIMMIX pro-
cedure of SAS software (version 9.4) was used in the
analyses.

3 Results and discussion

3.1 Content and composition of bark stilbene
glucosides in Norway spruce provenance trials

We hypothesized that (1) the origin of provenance does not
affect the content and composition of stilbenoids of Nor-
way spruce bark; (2) trees on northern growing sites have a
higher total amount of stilbenes; (3) within-stem variation is
larger than the between-provenances and between-site vari-
ation; and (4) inherent variation in the stilbene content and
composition of bark is largely offset by the variation due to
material processing steps from harvesting and logistics to

log(Yijk) =int+ TreatmentStageijk + f(Temperature); + (TreatmentStage X ﬁ(Temperature))ijk + Extract; + Sarnpleij + e

A log-transformed stilbene Y (for a treatment stage of
a sample of an extract) was explained by the fixed effects
of treatment stage (TreatmentStage: 1 =pretreatment,
1 + 2 =pretreatment + extraction, 1+ 2 + 3 =pretreat-
ment + extraction + adsorbent, or 1+ 2 + 3 + 4 =pretreat-
ment + extraction + adsorbent + drying), temperature dur-
ing extraction (Temperature: °C, regression coefficient f),
their interaction effect, and the intercept (int). Although
temperature was not significant (p > 0.05) in some stilbene
models, it was included to show the effect in the predic-
tion plots. The interaction effect was included only if it was
significant. Random effects of extract (Extract) and sample
(Sample) with autoregressive covariance structure between
treatment stages for random errors (e) were added in the
model to account for the correlated ¥ measurements from the
same extract and sample. Random terms (Extract, Sample,
and e¢) were assumed to be normally distributed. Winter-
collected bark (32 observations) and summer-collected bark
(80 observations) were analysed separately because of the
different treatment stages. Because an extraction temperature
effect was not possible in the first treatment stage (pretreat-
ment), the mean temperature of the other treatment stages
was used as the constant value for the first treatment stage
(separately defined for the winter and summer bark), which
kept the stilbene mean of the first treatment stage unchanged
in multiple comparisons.

The Tukey—Kramer method was used in multiple com-
parisons of class means, which were log-scale predictions
by the fixed part of the model. For interpretation, the

debarking and experimental pilot-scale extraction and frac-
tionation. That is, (5) the stilbene content in industrial bark
was hypothesized to be lower than that in fresh, intact bark
because storage has inevitably occurred before industrial
debarking of trees. We also hypothesized that (6) increasing
the extraction temperature increases the extraction yield.
An increase in extraction temperature favours solubiliza-
tion and diffusion and thus facilitates extraction [27, 28].
However, the presence of thermolabile compounds set the
upper limits for the extraction temperature. Here, we present
the results and discuss them.

In the provenance trial, the extraction of Norway spruce
inner bark by acetone/water (95:5) yielded 1-3 mg/g,
30-50 mg/g, and 20-70 mg/g of stilbene glucosides trans-
piceid, trans-astringin, and trans-isorhapontin, respectively
(dry inner bark weight, DW) (Fig. 5). The total average stilbene
content of the inner bark varied from 70 to 110 mg/g (DW).
Our results agree with earlier studies showing that the total
stilbene content of Norway spruce inner bark varies between
20 and 120 mg/g (DW) in trees grown under southern and
northern Finnish climatic conditions [6, 12—15].

On average, the trees growing on the northern site had a
25% higher total content of stilbene glucosides than trees
on the southern site, and this difference was statistically sig-
nificant (Supplementary material, Table S1). Moreover, the
northern origin of seeds (provenances Sodankyld and Simo)
resulted in ca. 2-32% higher total amount of stilbene gluco-
sides than the southern origin of seeds (provenances Sachsen
and Preuflen). The effect of growing site was significant for
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isorhapontin and piceid compounds but was negligible for
astringin.

The bark collected from the local provenances in the sites
showed the opposite: the southern site had a 26% higher total
content of stilbene glucosides in bark than the northern site
(Supplementary material, Table S2). The total content was
at the same level, varying from 8 to 10% (DW). However,
tree-to-tree variation was relatively large. Astringin was the
dominant compound in the northern site, whereas isorha-
pontin was the dominant stilbene glucoside in bark from the
southern site (Supplementary Table S2).

The effect of provenance on total stilbene content was
significant at the level of «=0.1. For all separately ana-
lysed trans-stilbene glucosides of inner bark (isorhapontin,
astringin, and piceid), the effect of provenance was also
significant (Figs. 5 and 6; Table S1). Interestingly, the con-
tent of astringin in inner bark decreased with increasing lat-
itude of seed origin. In contrast, the content of isorhapon-
tin increased with increasing latitude of seed origin; thus,
the isorhapontin:astringin ratio was significantly higher
for northern provenances than for southern provenances
at both growing sites (Fig. 6). The isorhapontin:astringin
ratio seems to be genetically determined rather than an
environmentally driven property of the inner bark.

This phenomenon was also evident in the results of vari-
ance component analysis: provenance factor explained the
majority of the total variance in isorhapontin and piceid con-
tent, as well as in the isorhapontin:astringin ratio (Fig. 7). In
contrast, most of the total variation in astringin content was
explained by tree-to-tree differences and sampling height
on the stem, followed by provenance effects and residual
variation (Fig. 7).

The total stilbene content in inner bark increased with
increasing sampling height on the stem, and the effect of
height on stilbene content was significant (Table S1). On
the top of the stem (i.e. 75% of stem), the total stilbene
amount was on average 56% higher than that on the stem
base (Figs. 5 and 6). The sampling height impact was also
significant for all individually analysed stilbene compounds
except for isorhapontin.

Growth site conditions at different latitudes differ sig-
nificantly during the growing season in terms of photo-
period, temperature, and light quality, i.e. spectral dis-
tribution of light and the level of UV radiation [29]. All
these factors have marked effects on both tree growth
and the biosynthesis of secondary metabolites. However,
long-term studies on the effects of gene—environment
interactions on the bark secondary metabolites of Norway
spruce trees in the Northern Hemisphere are missing. In
general, long-term studies analysing the climate impact
and the effect of plant origin on secondary metabolites of
mature coniferous tree species are very scarce. To the best

@ Springer

of our knowledge, this is the first common garden study
that examines the effects and interactions of the grow-
ing environment and the origin of seeds on the content
and composition of bark secondary metabolites in mature
Norway spruce trees.

Similar to our study, Oleszek et al. [30] showed that fla-
vonoid content and composition in the needles of Pinus syl-
vestris were determined by the genetic origin of the seed of
the trees. They found that the 80-year-old trees of northern
origin (63°50'N) had the lowest levels of flavonoids, while
the trees with southern origin (40°30'N) had higher flavo-
noid contents in the common garden design, where all the
origins were grown at the study sites at latitudes 51°37'N
and 52°15'N. In contrast, a positive relationship was detected
for phenolic content in Juniperus communis needles with
increasing latitude (59 N°-69 N°) [31].

The genetic component in total stilbene content was not
clear in the analyses, whereas in isorhapontin, it was sub-
stantial, as shown by the small and nonsignificant effect of
tree in the analysis of variance (Fig. 7). However, due to
limited data and complex analysis with many factors that
may partially include genetic components (e.g. provenance),
one cannot draw conclusions on the proportion of genetic
variation in the traits. Stilbene variation in conifers has been
shown to have a strong genetic basis; e.g. in Scots pine, the
genetic component of the variance has been over 70% in the
heartwood [32], and a strong genetic correlation has been
found between stilbene content in different parts of organ-
isms, e.g. heartwood vs. induced stilbenes in needles after
wounding [33].

In addition to trans-stilbene glucosides, cis-stilbenes,
dimers and larger structures have been detected in, e.g.,
pathogen-attacked bark [8, 15, 34-38]. Biological factors
may thus play a significant role in modifying bark proper-
ties during the long lifespan of trees, reaching up to 60- to
90-year rotation lengths in northern commercial forestry.
Due to their long life, conifers have evolved a variety of
defence mechanisms to shield themselves against pests and
pathogens. Norway spruce integrates preformed (consti-
tutive) and inducible defence compounds and mechanical
(structural) barriers against biotic invaders and abiotic
stressors.

Consequently, UV light appears to affect trans-stilbene
glucosides by forming the corresponding cis-transfor-
mations and phenanthrenes, cf., [6, 21, 39-41] but also
smaller oligomers and degrading the stilbene glucosides
[21]. In nature, UV-light-driven changes do not presum-
ably take place inside the intact living cells of healthy
inner bark because the outer bark (periderm) efficiently
protects them, while also shielding vascular cambium and
photoassimilating conducting phloem from detrimental
light impacts.
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«Fig. 7 Proportion of the total variance in stilbene glucoside content
as explained by the effects of the random-components model in the
provenance experiment (original fixed effects in blue and random
effects in red): total amount: total amount of stilbene glucosides (A),
trans-isorhapontin (B), trans-astringin (C), trans-piceid (D) (mg g’1
DW +95% CI); and the ratio of isorhapontin to astringin content (E).
For descriptions of the height classes, provenances, and growing
sites, see Figs. 2 and 3

3.2 Stilbenoid content and composition in bark
extracts from a sawmill

The extracts of summer-collected bark contained
0.3-0.8 mg/g, 1.2-5.9 mg/g, and 0.8-3.3 mg/g of stilbene
glucosides trans-piceid, trans-astringin, and trans-isorhapon-
tin, respectively (dry bark weight, DW) (Fig. 8). Extraction
of winter-collected bark from a sawmill by acetone/water
(70:30) yielded 1-1.5 mg/g, 2.3-6.4 mg/g, and 2.4-4.2 mg/g
stilbene glucosides trans-piceid, trans-astringin, and trans-
isorhapontin, respectively (dry bark weight, DW) (Fig. 9).
The total stilbene (glucosides and aglycones) content was
ca. 22 mg/g DW and 1-3 mg/g DW in winter- and summer-
collected industrial bark, respectively. The higher total stilbe-
noid content in winter-collected bark may partially be related
to the seasonal variation in stilbenoid content. Jyske et al.
[14] detected slightly higher contents of stilbene glucosides
in Norway spruce inner bark samples from midsummer to
autumn and winter than in those from spring and early sum-
mer. The winter- and summer-collected batches of the current
study also differed with respect to their origin. The content
of stilbenoids in summer-collected bark from sawmills was
notably lower than the contents detected in studies of fresh
Norway spruce bark samples that were analysed immediately
after tree felling. For example, according to Halmemies et al.
[18], the content of stilbenoids in summer-collected bark from
sawlogs was approximately 1% immediately after tree felling.
However, the timing in their study differed to some extent, as
sampling occurred in May. According to their results, the stil-
benoid content was 2.4-fold higher in winter- than in summer-
collected bark, and it was at the same level as in this study.
Before debarking at a mill, sawlogs are usually stored
for 4-5 weeks [42]. Crushing of bark in the sawmill after
debarking releases soluble contents as the cells are damaged.
This leads to an increase in the surface area of the biomass,
which further promotes microbial growth and chemical
reactions. In the present study, a delay occurred between
debarking and extraction of bark even though the supply
chain was kept as fast as possible. Furthermore, summer-
collected bark was stored at+ 5 °C for the 5-13-day period
from industrial debarking to hot water extraction. At the time
of pilot-scale extractions, it was evident that microbiological
processes leading to the losses of extractives were ongoing,
and this was observed by the increased temperature of the
bark batches. Winter bark is stored in cold, ambient winter

conditions, which slows down, or even inhibits, microbial
degradation [43]. The results of Jyske et al. [15] demon-
strated that the contents of stilbene glucosides and aglycones
in Norway spruce bark rapidly declined during the storage of
timber logs. The rate of change in stilbene content decrease
was higher in summer than in winter.

After extraction, the total stilbene (glucoside and agly-
cones) content in the solid extraction residue of winter-
and summer-collected bark was 8.7-30 mg/g DW and
1.1-6.2 mg/g DW, respectively. In extractions, 7-11% of
bark solid content was dissolved, although extraction at
120 °C was an exception, as the amount of total dissolved
solids was 17%. The high stilbenoid content in extracted
bark may partially be explained by the findings of Rencoret
et al. [44]. They proved that the hydroxystilbene glucosides
isorhapontin and, at lower levels, astringin and piceid are
incorporated into the lignin polymer in Norway spruce
(Picea abies) bark through p-ether bonds. According to
those investigators, the corresponding aglycones isorha-
pontigenin, piceatannol, and resveratrol were released from
the MWL (milled wood lignin) sample of bark by reductive
cleavage that cleaves B-ether bonds in lignin. It could be
speculated that further laboratory-scale extraction after pilot
processing could have released stilbenoids bound to lignin.

Pilot-scale hot water extractions of winter bark yielded
between 6 and 13 mg/g DW stilbenes, whereas yield was
between 3 and 12 mg/g DW for bark collected in summer.
Extraction temperature had a significant effect on the yield of
stilbenoids other than trans-rhapontigenin and trans-piceatan-
nol in the case of bark collected in winter (Figs. 8 and 9; Sup-
plementary material, Table S3a). A higher extraction tempera-
ture was favourable for the extraction of stilbenoids. The only
exception was piceid, as temperatures above 90 °C seemed to
have a negative effect on its extraction yield (Fig. 8). More
experiments to find the optimal extraction conditions on a
pilot scale are required in future research. Additionally, the
liquid—solid ratio should be considered in further studies.

Treatment stages had a significant effect on the stilbenoid
yield (Figs. 8 and 9; Supplementary material, Tables S3a,
S3b). Extract treatment with adsorbent caused significant
losses of stilbenoids. Thus, this extraction treatment method
is not optimal/suitable for the enrichment of stilbenoids and
is probably more suited for the enrichment and purification
of condensed tannins in extracts [45]. In particular, the addi-
tion of the water-rinsing phase to resin treatment (Fig. 8) had
a negative effect on stilbenoid yield, while it enhanced the
removal of carbohydrates from the extract (results not shown).

Based on our study, the obtained yield of stilbenoids
from industrial Norway spruce bark from sawmills was
limited to approximately 1% (DW), which was only one
tenth of the typical stilbenoid content of fresh bark. Stil-
benoids are more sensitive to degradation during stor-
age than condensed tannins of Norway spruce bark [15].
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From the utilization point of view, stilbenoids and tannins
would be best used as extracts containing both types of
phenolic compounds, as the economic feasibility of extrac-
tion and purification at the industrial scale requires suffi-
cient yields of biologically active components. Our recent
research proposes that the phenol-rich extracts of Norway
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spruce bark are active in several ways, showing, e.g., anti-
oxidant activity and capacity to prevent lipid oxidation in
the liposome model [46], and antidiabetic, antiviral, and
anti-inflammatory potential while being nontoxic in the
in vitro profile [47, 48], thus allowing further use in food
or cosmetics models, among others.
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4 Conclusions

Based on this study, the natural variation in stilbene content
was substantial: the total average stilbene content of the inner
bark varied from 70 to 110 mg/g of dry weight, with signifi-
cant effects of geographic origin, growing site, and sampling
location along the stem (from stem base to upper part of the
crown). Sampling location and growing site explained over
50% of the total variance in total stilbene content. Trees with
a northern origin of seeds had a higher isorhapontin/astringin
ratio than the trees with a southern origin of seeds, regard-
less of their growing site. Industrial bark from sawmills con-
tained substantial amounts of stilbenes with large variation
due to storage: the total stilbene (glucosides and aglycones)
content was 22 mg/g DW and 1-3 mg/g DW stilbenoids in
industrial bark obtained in winter and summer, respectively.
Thus, biological variation in the stilbene content was offset
by the variation caused by the debarking process and pilot-
scale extraction and fractionation. Northern forests and short
handling times are recommended to optimize stilbene yields.
However, extraction and fractionation processes for stilbe-
noids require further research.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-022-02624-9.
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