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Terpenoids are transported in the xylem sap of Norway spruce
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Abstract

Norway spruce is a conifer storing large amounts of terpenoids in resin ducts of various tissues. Parts of the terpenoids stored
in needles can be emitted together with de novo synthesized terpenoids. Since previous studies provided hints on xylem
transported terpenoids as a third emission source, we tested if terpenoids are transported in xylem sap of Norway spruce. We
further aimed at understanding if they might contribute to terpenoid emission from needles. We determined terpenoid content
and composition in xylem sap, needles, bark, wood and roots of field grown trees, as well as terpenoid emissions from needles.
We found considerable amounts of terpenoids – mainly oxygenated compounds - in xylem sap. The terpenoid concentration in
xylem sap was relatively low compared to the content in other tissues where terpenoids are stored in resin ducts. Importantly,
the terpenoid composition in the xylem sap greatly differed from the composition in wood, bark or roots suggesting that an
internal transport of terpenoids takes place at the sites of xylem loading. Our work gives hints that plant internal transport of
terpenoids exists within conifers; studies on their functions should be a focus of future research.

Key words:

Norway spruce, terpenoid transport, xylem sap, emissions, roots

Introduction

Terpenoids constitute the largest and most diverse class of chemical substances that play major roles in plant
primary and secondary metabolisms (Gershenzon & Dudareva, 2007; Nagel, Berasategui, Paetz, Gershenzon
& Schmidt, 2014; Trapp & Croteau, 2001). Two spatially separated pathways exist for the biosynthesis of
terpenoids; the mevalonate (MVA) pathway takes place in cytosol and peroxisomes, whereas the methylery-
thritol phosphate (MEP) pathway is active in plastids (Dudareva, Klempien, Muhlemann, & Kaplan, 2013;
Nagegowda, 2010). Both pathways form the C5 compounds isopentenyl diphosphate (IPP) and its allylic
isomer, dimethylallyl diphosphate (DMAPP), which act as precursors for the biosynthesis of all terpenoids
(McGarvey & Croteau, 1995). Whereas the MVA pathway produces sesquiterpenes (C15), irregular terpenes
and geranyllinalool, the MEP pathway forms hemiterpenes (C5), monoterpenes (C10), diterpenes (C20) and
volatile carotenoid derivatives (McGarvey & Croteau, 1995; Muhlemann, Klempien & Dudareva, 2014). Ter-
penoids can be stored in specialized structures such as resin ducts in many conifers (Gershenzon & Croteau,
1991; Wu & Hu, 1997) or directly emitted into the environment (Loreto et al., 2001). In storing plants,
terpenoids usually make up 1-2% of plant dry weight, in some special cases shares of up to 15-20% were ob-
served (Blanch, Penuelas, Sardans & Llusia, 2009). Terpenoids exert key ecological functions for plants, such
as defence against predators, pathogens or competitors, inter- and intraspecific communication as well as
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protection against abiotic stress (Gershenzon & Dudareva, 2007; Loreto & Schnitzler, 2010; Loreto, Pollastri,
Fineschi & Velikova, 2014; Martin, Gershenzon & Bohlmann, 2003; Vickers et al., 2009).

According to present knowledge, there are two sources driving terpenoid emission from leaves of plants. (i) De
novo biosynthesis controls emission of isoprene and terpenoids from non-storing plants such asQuercus ilex .
Production of these compounds is tightly coupled to photosynthesis and therefore shows similar dependencies
on environmental parameters such as light availability and temperature (Ghirardo et al., 2010; Loreto et
al., 1996; Loreto, Nascetti, Graverini & Mannozzi, 2000; Tingey, Manning, Grothaus & Burns, 1979). On
the other hand, (ii) the release of leaf-internally stored terpenoids is purely temperature dependent because
temperature controls the corresponding saturation vapour pressures of the emitted compounds (Ghirardo et
al., 2010; Guenther, Zimmerman, Harley, Monson & Fall, 1993; Wu et al., 2017).

As a typical conifer, Norway spruce (Picea abies ) stores large amounts of terpenoids in resin ducts of various
tissues, which are at least partially produced in the epithelial cells of the resin ducts and mesophyll tissue
(Schürmann, Ziegler, Kotzias, Schönwitz & Steinbrecher, 1993). 13C-labelling approaches demonstrated that
about one third of the emitted monoterpenoids in spruce are derived from de novo biosynthesis whereas the
remainder is released from storage pools in a temperature depended manner (Ghirardo et al., 2010; Grab-
mer et al., 2006). Recent studies provided indirect hints that besides de novo biosynthesis and/or release
from storage pools, xylem-transported terpenoids might contribute to emission from Norway spruce needles.
Bourtsoukidis et al. (2012, 2014) observed that sesquiterpene (SQT) emission from Norway spruce strongly
correlated with relative humidity. At high relative humidity - and consequently reduced transpiration rates -
SQT emission was slowed down and vice versa when relative humidity was below 50% (Bourtsoukidis et al.,
2012). In agreement with this finding, Filella, Wilkinson, Llusia, Hewitt & Peñuelas (2007) demonstrated
that the emissions of most volatile organic compounds including monoterpenes from Norway spruce were well
related to stomatal conductance and transpiration. This effect may in part be explained by a contribution
of the tree’s sap flow to terpenoid emissions. Moreover, Bäck et al. (2012) found the largest SQT pools in
Pinus sylvestris not in needles but below the bark, where SQTs constitute a toxic barrier for bark beetles
and function as stress defense agents. Such terpenes might partially be released into the xylem sap. This
assumption is in consistence with observations of Kuroda (1991) who observed a strong link between xylem
cavitation in pine wilt disease infected Pinustrees and terpene abundance in the xylem. The author hypo-
thesizes that cavitation is caused by higher terpene content in the xylem sap and the thereby diminished
adhesion forces. A strong induction of terpene biosynthesis in the developing xylem by different stresses has
also been demonstrated in Norway spruce (Martin, Tholl, Gershenzon & Bohlmann, 2002).

In this study, we aim at clarifying whether or not terpenoids are transported in the xylem sap of Norway
spruce. Moreover, we aimed to obtain information on possible sources of xylem-transported terpenoids.
In addition, we tried to find hints if xylem-transported terpenoids might contribute to terpenoid emission
from Norway spruce needles.Therefore, we analyzed terpenoid emission rates as well as terpenoid contents
and compositions in root, bark and wood of the same Norway spruce trees for comparison with xylem sap
terpenoids.

Materials and methods

Study site

In September 2015, we studied six clonal 13-year-old Norway spruce trees grown in the tree garden of the
Chair of Ecosystem Physiology, University of Freiburg, Germany (48°01’ N, 7deg50’ E, 236 m above sea
level) under the natural temperate to cool-temperate climate. In 2015, the average monthly mean of daily
temperature in 2 m height was 11.8+-1.9 degC, which was 0.4degC higher than the 30 year average; total
annual precipitation of 732 mm was about 200 mm less than the long-term reference (1981- 2010) (DWD,
2015; Table S1).
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Analysis of terpenoid emission

Terpenoid emission was determined using a modified dynamic leaf enclosure system of Kreuzwieser et al.
(2001) under ambient conditions at internal enclosure temperatures between 22 and 34degC. In the evening
before emission measurements, the glass enclosure (volume 500 ml, Duran, Mainz, Germany) was mounted
onto a healthy, sun-exposed Norway spruce branch about 60 cm above ground. It was taken care to avoid
any mechanical injuries on needles and stems to minimize release of terpenes. The lid of the enclosure
remained open until the start of the experiment. At least 15 min before terpenoid collection was started,
the lid was closed and the enclosure continuously flushed with synthetic air containing 400 ppm CO2 at flow
rates of 200 ml min-1. A fan (DC series, Sunon, Taiwan) installed in the enclosure ensured homogeneous
air mixture. Terpenoids were collected from air leaving the enclosure. For this purpose, we installed air
sampling tubes (Gerstel, Mulheim, Germany) filled with 20 mg Tenax TA 60/80 and 30 mg Carbotrap B
20/40 (Supelco, Belafonte, PA, USA) as adsorbents at the enclosure exit. Enclosure air was drawn by an
air sampling pump (model 210-1003MTX, SKC, Dorset, UK) at a flow rate of 100 ml min-1 for 60 min over
the air sampling tubes. All tubing of the system was made of perfluoralkoxy (PFA) (Swagelok, Solon, Ohio,
USA) to prevent adhesion on or reaction of terpenoids with tubing materials. As a reference, air was also
sampled from an empty enclosure which was flushed with the same synthetic air. The air sampling tubes
were then stored in glass vials at 4degC until terpenoid analysis (see below). Terpenoid emission rates were
calculated considering the amount of terpenoids on air sampling tubes, dry weight of needles in the enclosure
and, sampling time and flow rate through the enclosure; data were background corrected by measurements
of the empty enclosure.

Harvest of plant material

Immediately after collection of needle released terpenoids, a sun exposed branch of about 40-45 cm length
(diameter ca. 1 cm) which was closely located to the branch for emission measurements, was cut and xylem
sap was extracted (Rennenberg, Schneider & Weber, 1996). Special care was taken to avoid contamination
of xylem sap with bark or wood constituents. For this purpose, bark and cambium were removed at a length
of ca. 3 cm from the cut end; this part was rinsed thoroughly with distilled water and methanol, and dried
with cellulose paper before it was inserted into the pressure chamber. The pressure was raised at a rate of 0.2
MPa per min until the first droplet of xylem sap appeared. This droplet was discarded and the end cleaned
again with methanol. Thereafter, the pressure was increased by another 0.5-0.7 MPa and kept constant
for about 2 mins; drops appearing were collected and immediately shock-frozen in liquid N2 until terpenoid
analysis.

Samples of current- and previous-year needles, bark and wood from sun exposed twigs close to the twig
which was used for xylem sap extraction, as well as fine roots (diameter < 2 mm) of the same trees were
harvested. All plant materials were immediately shock-frozen in liquid N2, and stored at -80degC. Before
terpenoid analysis, plant materials were homogenized to fine powders by mortar and pestle under liquid N2.

For determination of tissue dry weights, aliquots of approximately 100 mg frozen needle, bark, wood or
root powders were dried at 60degC until the weight remained constant. Contents of all parameters were
calculated based on dry weight unless indicated otherwise.

Terpenoid extraction from xylem sap

Terpenoid extraction was mediated by stir bar sorptive extraction (SBSE) using polydimethylsiloxane
(PDMS)-coated stir bars (Twisters(r), 0.5 mm PDMS layer thickness, 10 mm in length, Gerstel, Mulheim,
Germany) (Kleiber et al., 2017). To trap terpenoids, one Twister(r) was added into an aliquot of 300 μl
xylem sap and samples were shaken (1,400 rpm, 30°C; Thermomixer, Eppendorf AG, Hamburg, Germany)
for 60 min. Thereafter, we removed the Twister® from the solution, shortly dried it with lint-free paper
tissue and placed it into a thermodesorption tube (Gerstel, Müllheim, Germany) for terpenoid analysis.

3
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Terpenoid extraction from plant tissues

Aliquots of 25 mg of frozen powder were added into 1,500 μl methanol. Samples were shaken (1,400 rpm,
30°C, 20 min) and centrifuged (15,000 rpm, 23°C, 5 min). Supernatants were diluted (bark, 1:50, other
tissues, 1:33.3) in H2Odemin and two Twisters® were added to 1.5 ml solution. Samples were shaken again
(1,400 rpm, 30°C, 60 min) and Twisters® thereafter taken out, dried with lint-free paper tissue and placed
into a thermodesorption tube (Gerstel, Mülheim, Germany) for subsequent analysis of terpenoids.

Terpenoid analysis

Terpenoids adsorbed on Twisters® (xylem sap, tissues) as well as on air sampling tubes (emission) were
analyzed on a gas chromatograph (GC) (model 6890A, Agilent, Waldbronn, Germany) equipped with a
thermodesorption/cold injection system (TDU-CIS) (Gerstel, Mülheim, Germany) and connected to a MS
detector (5975C, Agilent) (Kleiber et al., 2017). In the TDU, thermodesorption tubes containing Twisters®
or air sampling tubes were heated up to 220°C to release the terpenoids adsorbed. A He gas stream channeled
the terpenoids into the CIS where they were cryo-focused at -50°C. Subsequently, the CIS was heated
up to 240°C to release the terpenoids onto the separation column (DB-5, Agilent) at a He flow of 1 ml
min-1. Oven temperature program and MS settings were exactly as described by Kleiber et al. (2017).
Raw data files were processed with the Agilent MassHunter Software (Agilent, Waldbronn, Germany). For
compound identification, mass spectra were searched in the MS spectral databank NIST (National Institute
of Standards and Technology, Gaithersburg, MD, USA) and by external terpenoid standards. Peak alignment
was manually checked. Terpenoids were quantified with calibration curves of representative terpenoids (i.e
., α-pinene for monoterpenes, α-humulene for sesquiterpenes and diterpenes and 1,8-cineole for oxygenated
terpenoids).

Statistics

To test significant differences of total terpenoid contents among different tissues, statistical analyses were
performed using SigmaPlot 11.0 (Systat Software GmbH, Erkrath, Germany). Since neither normality
distribution nor equal variance was given even when data were log- or square-root transformed, we applied
the Kruskal Wallis One Way Analysis of Variance on Ranks followed by Dunn’s Method for all pairwise
multiple comparisons. Differences were considered significant at p < 0.05. In order to compare the different
tissue samples and xylem sap samples for terpenoid patterns, partial least-square discriminant analysis (PLS-
DA) was performed using the freely available web based software package MetaboAnalyst 4.0 (Chong et al.,
2018, http://www.metaboanalyst.ca). Before running PLS-DA, raw data of terpenoid concentrations in
xylem sap, needles, bark, wood and roots were subjected to a natural logarithm transformation (‘generalized
logarithm transformation’) within MetaboAnalyst 4.0.

Results

Numerous oxygenated terpenoids are abundant in xylem sap

A considerable amount of terpenoids was abundant in the trees’ xylem sap. We identified 44 terpenoids
making up a total concentration of 6.4±0.9 μg mL-1 (Figure 1A). The majority of the compounds were
oxygenated terpenoids constituting 85% of total terpenoids (i.e . oxygenated monoterpenoids, MT-Os:
74%; oxygenated sesquiterpenoids, SQT-Os: 8%; oxygenated diterpenoids, DT-Os: 3%), whereas terpenes
formed a smaller fraction (monoterpenes, MTs: 13%; SQTs: 2%; diterpenes, DTs: <0.1%) (Figure 1D).
Linalool was the most abundant compound (20% of total terpenoids), followed by trans-sabinene hydrate
(9%), terpinen-4-ol (8%) and camphor (7%) (Figure 2C). The most abundant MT was β-pinene (4% of total
terpenoids), followed by terpinolene (3%), α-pinene (2%) and δ-3-carene (2%) (Figure 3C). Surprisingly, we
also identified five SQTs (i.e ., α-farnesene, muuroladiene, δ-cadinene, β-caryophyllene and longifolene) in the
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xylem sap, however, at very low amounts (Figure 4C). Besides, the three oxygenated SQTs oplopanone (4%),
δ-cadinol (2%) as well as longiborneol (1%) were present (Figure 5C). We also observed the DT biformene
(<1%) and the oxygenated DTs manoyl oxide (2%) and sclareol (2%) in xylem sap (Table S2).

Terpenoid emission from spruce needles

Needles emitted 55 terpenoids at a rate of 1,709±248 ng g-1 DW h-1 (Figure 1B). The composition consisted of
32% MTs, 46% MT-Os, 18% SQTs, 2% SQT-Os and traces of DTs and DT-Os (Figure 1E). The quantitatively
most important MT-Os emitted were camphor (210±88 ng g-1 DW h-1), borneol (141±36 ng g-1 DW h-1)
and linalool (113±13 ng g-1 DW h-1) (Figure 2A). Moreover, the MTs camphene (170±67 ng g-1 DW h-1),
α-pinene (164±45 ng g-1 DW h-1), β-pinene (86±16 ng g-1 DW h-1) as well as limonene & β-phellandrene
(66±21 ng g-1 DW h-1) were strongly released (Figure 3A). The most abundant SQT emitted from Norway
spruce needles was α-longipinene (69±50 ng g-1DW h-1), followed by α-farnesene (45±25 ng g-1 DW h-1), β-
caryophyllene (32±22 ng g-1 DW h-1) as well as longifolene (26±17 ng g-1 DW h-1) (Figure 4A). In contrast,
needles emitted SQT-O at relatively low rates (Figure 5A).

Terpenoid content in spruce tissues

Multivariate analysis (PLS-DA) of Norway spruce tissues showed separation into individual clusters indi-
cating different terpenoid compositions (Figure 6). The respective loading plots highlighted the compounds
responsible for clustering (Figure S1). Carvone (no ‘18’, of the loading plot as listed in Table S3), α-farnesene
(‘29’) and the oxygenated SQT longiborneol (‘43’) were the main drivers for separation of sap from tissues.
Differently, bornyl acetate (‘26’), nerolidol (‘44’) and α-cadinol (‘45’) were responsible for the cluster for-
mation of needle and bark samples. In contrast, γ-decalactone (‘22’), linalool formate (‘23’) and isoborneol
(’24’) were the main drivers for clustering of wood and root samples.

Besides composition, also total terpenoid contents differed strongly among different tissues, amounting to
126±13 mg g-1 DW in bark, 163±33 mg g-1 DW in current-year needles, 29±2 mg g-1 DW in roots and 13±2
mg g-1 DW in wood (Figure 1C). In total, 82 different terpenoids were detected in bark; 78% were terpenes
(72% MT, 5% SQT, 1% DT) and 22% oxygenated terpenoids (4% MT-O, 1% SQT-O, 17% DT-O) (Figure
1F). The most abundant MTs in bark were β-pinene (34%), α-pinene (19%), limonene & β-phellandrene (9%)
(Figure 3D), whereas bornyl acetate (2%) dominated the MT-O fraction (Figure 2D). In addition, in bark
β-caryophyllene (1%), α-longipinene (1%) and longifolene (1%) were the most abundant SQTs (Figure 4D),
whereas δ-cadinol (<1%) and nerolidol (<1%) dominated the SQT-O fraction in bark (Figure 5D). Seven
DTs and 12 oxygenated DT were also observed, with pimaric acid (6%), abietic acid (3%) and manool (3%)
being the most abundant DT-Os in bark of Norway spruce.

Differently from bark, 56 terpenoids were identified in the wood; MT (78% of all terpenoids) and MT-O
(12%) dominated the composition (Figure 1F). The most abundant MTs in wood were (in the sequence
of abundance) β-pinene (38%) > α-pinene (26%) > limonene & β-phellandrene (7%) (Figure 3E). Linalool
(6%) was the most abundant MT-O in wood and - similar to bark - α-longipinene > β-caryophyllene >
longifolene - the dominating SQT (Figures 2E and 4E). Only three SQT-Os were identified in wood, which
were longiborneol > carotol > oplopanone (Figure 5E). We also observed trace amounts of three DTs and
four oxygenated DTs.

In total, 74 terpenoids were abundant in roots. Similar to bark, MT (78%) and DT-O (15%) dominated
the terpenoid composition (Figure 1F). The MT β-pinene was most abundant (27%), followed by α-pinene
(24%), camphene (12%) as well as limonene & β-phellandrene (8%) (Figure 3F). Manoyl oxide (7%) and
methyl dehydroabietate (6%) were the most important DT-Os in roots.

Terpenoids in current-year needles contained 50% MT-O, 20% SQT-O, 18% MT, 10% SQT and traces of
DT and DT-O (Figure 1F). Camphor (MT-O, 22±4 mg g-1 DW), α-cadinol (SQT-O, 17±4 mg g-1 DW),
bornyl acetate (MT-O, 16±5 mg g-1 DW) and camphene (MT, 11±2 mg g-1 DW) were the most abundant
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compounds stored in needles (Figures 2B, 3B, 4B and 5B). The terpenoid contents in previous-year needles
showed very similar contents and composition with current-year needles (data not shown).

Common compounds in xylem sap and Norway spruce tissues

To get hints on possible sources for terpenoids in the xylem sap, all terpenoids identified in xylem sap, bark,
wood as well as roots were tested for common abundance (Venn diagram, Figure 7). P-menth-2-en-1-ol and
α-farnesene exclusively occurred in xylem sap, but not in bark, wood or roots (Figure 7, Table S4). On the
other hand, 17 terpenoids were only found in bark, 4 only in wood and 13 terpenoids only in roots (Figure 7,
Table S3). The MT-O nopol was only present in xylem sap and roots (Figure 7, Table S3). In an additional
approach, emitted terpenoids, and terpenoids identified in xylem sap and needles were also compared (Venn
diagram, Figure 8). Spruce needles emitted almost all identified terpenoids present in xylem sap into the
atmosphere except p-menth-2-en-1-ol and the two oxygenated SQTs δ-cadinol and oplopanone (Figure 8,
Table S5). Importantly, among the emitted compounds, four terpenoids (citronellyl propionate, sclareol,
perilla aldehyde, α-farnesene) were absent in needles, but occurred in xylem sap (Figure 8, Table S5).

Discussion

Our main goal was to elucidate if terpenoids are transported in the transpiration stream of Norway spruce,
for which we obtained clear evidence. Particularly striking was the high portion of oxygenated terpenoids
in xylem sap. This observation is consistent with their Henry’s law coefficients. For example, the water
solubility of linalool ranges around 10 mmol L-1 (i.e. 1,600 μg mL-1) (Copolovici & Niinemets, 2005; Table
S2), thus easily allowing the linalool concentrations observed, which were 103-times lower (up to 1.6 μg mL-1).
Similarly, the concentrations of other terpenoids were lower than their assumed solubility. For example, 1,8-
cineole concentrations in xylem sap amounted to 198±57 ng mL-1, but water solubility is 16.0-22.7 mol
m-3 (equals 2.47-3.50 mg mL-1) and β-pinene was abundant at concentrations of 238±160 ng mL-1 with an
assumed water solubility of 0.049-0.081 mol m-3 (i.e . 6.67-11.03 μg mL-1) (Copolovici & Niinemets, 2005;
Table S2). In general, also the concentrations of most SQTs were lower than the maximum estimated from
water solubility. Nevertheless, there were a few exceptions; the concentration of α-farnesene amounted to
35±4 ng mL-1 in xylem sap although it is not expected to exceed 11 ng mL-1 according to its estimated water
solubility (Table S2). Similarly, the concentrations of sclareol and manoyl oxide were somewhat higher than
their estimated water solubilities (Table S2). Such discrepancies might be due to, effects of temperature,
ambient pressure, pH and presence of other compounds in the solution. Moreover, the water solubility of
DT-Os has been estimated from Log Kow (WSKOW v1.41) but not from real measurements (ChemSpider,
2018). Most importantly, knowledge of water solubility allows estimation of equilibrium concentrations. If,
however, the surrounding tissue of xylem sap contains higher concentrations of individual compounds, higher
concentrations in xylem sap will be the consequence.

A second objective of our work was to understand if xylem transported terpenoids might contribute to terpe-
noid emission from Norway spruce needles. This idea is supported by the observation that many terpenoids
present in xylem sap were emitted from needles (Figure 8). Thirteen these compounds were absent or only
present in traces in needle tissue (blue highlighted columns in Figs. 2-5) and, hence, their emission might
partially be controlled by xylem transport. Of course, we cannot exclude that emission of these compounds
was partially or even fully driven byde novo biosynthesis in needles. To differentiate between sources for
emission, 13C-tracer studies should be performed in future studies. Noteworthy, total terpenoid emission
from Norway spruce in our work amounted to 1.8 μg g-1 DW h-1 which is comparable though in the lower
range of earlier studies (0.5-12 μg g-1 DW h-1, Bourtsoukidis et al., 2014; Martin et al., 2003; Yassaa et
al., 2012). Larger discrepancies were observed in the composition because the monoterpenoid fraction was
smaller in earlier work than in our study (8%, based on results from Martin et al. (2003); 40%, from our
present work). Such discrepancies might be caused by differences in genotype and/or site conditions. Since
especially 1,8-cineole and linalool were highly abundant stress might also play a role as these compounds
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are induced by stress (Blande, Turunen & Holopainen, 2009; Kannaste et al., 2009; Martin et al., 2003).
However, we did not observe any sign of stress in our experimental trees.

Besides being emitted, xylem transported compounds can also be taken up by mesophyll cells and be chan-
neled into cellular metabolism, as demonstrated for short-chained oxygenated VOC (acetaldehyde, ethanol)
(Kreuzwieser, Scherer & Rennenberg, 1999; Kreuzwieser et al. 2000, 2001; Rissanen, Hölttä & Bäck, 2018).
These compounds either accumulate in leaf cells or being metabolized or converted to other monoterpenoid
species (Niinemets et al., 2014). Our work provided hints that p-menth-2-en-1-ol and δ-cadinol were con-
verted to other compounds, since they were neither emitted nor detectable in needle tissue although clearly
abundant in the xylem sap. In contrast, the sesquiterpenoid oplopanone seemed to accumulate in needles,
which fits to reports indicating oplopanone in needles of several conifer species (Larix kaempferi : Tanaka,
Ohtsu & Matsunaga, 1997; Chamaecyparis formosensis : Lin, Fang & Cheng, 1999; Cryptomeria japonica :
Su, Fang & Cheng, 1995).

The finding of terpenoids in the xylem sap poses the question on possible sources for these compounds. Our
data allow speculation on the origin of at least some of the compounds. For example, xylem sap abundant
nopol was detected only in roots, but not in wood or bark, suggesting that this compound was produced
in roots and loaded into the xylem. Nopol was not found in Norway spruce before, but its abundance has
been demonstrated in needles of other conifers (Picea orientalis : Ucar, Balaban & Usta, 2003; Pinus spp:
Mateus, 2009), and oil of rosemary (Tounekti et al., 2011) and Eucalyptus olida (Gilles et al., 2010).

Since terpenoids are biosynthesized mainly in close vicinity to the cambium and stored nearby in secretory
tissue such as resin canals or resin ducts and their surrounding epithelial cells (Back, 2002), diffusive transfer
from these compartments into the xylem vessels might occur. Still, it has to be taken into account that
epithelial cells and resin ducts are strongly lignified which might reflect a barrier for diffusion of terpenoids
to the outside of such structures. The abundance of δ-cadinol in bark and xylem sap, but its absence in
roots and wood, suggests that this sesquiterpenoid was formed in bark and loaded into the xylem. However,
for most of the other terpenoids present in xylem sap it is not possible to conclude on possible sources since
they were abundant in root, wood and bark tissue, and therefore can be derived from all of them.

Importantly, the terpenoid composition in xylem sap differed considerably from that of spruce needles, bark,
wood and roots (Figure 6). Some compounds such as the MT-Os bornyl acetate and isoborneol which were
highly abundant in bark and wood were not even present in traces in xylem sap. For this reason, we can
exclude that terpenoids in xylem sap are a result of contamination from residues of resin during cutting
the twigs for xylem sap collection. From a physiological point of view, the results suggest that terpenoids
are not just leaking from any of the studied tissue/resin ducts into the xylem sap. This assumption rises
the questions, whether (i) xylem transport of terpenoids has to be considered active transport processes
allowing at least partial control of compounds released into this apoplastic space, and, consequently, (ii)
whether any function is related to long-distance transport of terpenoids. Transport of terpenoids across
the plasmalemma into the apoplast might be mediated by secretion; this process has been demonstrated
for transport of terpenoids into glandular trichomes (Dai et al., 2010; Lange & Turner, 2013; Martin et al.,
2009; Tissier, 2012; Tissier, Morgan & Dudareva, 2017). On the other hand, active terpenoid transport
requiring the consumption of ATP has been also proposed, which might be mediated by ATP binding
cassette (ABC)-transporters. This was indirectly concluded from the common sites of terpenoid biosynthesis
and expression of such transporters in glandular trichomes (Adebesin et al., 2017; Aziz et al., 2005; Bertea
et al., 2006; Chatzopoulou et al., 2010; Harada et al., 2010; Lange et al., 2000; Schilmiller et al., 2010;
Wang et al., 2008, 2016; Yazaki, 2006). Moreover, such transporters seem to be responsible for export of
diterpenes (e.g. sclareol, manool, cembrene) and sesquiterpenes (e.g. β-caryophyllene, capsidiol) (Campbell
et al., 2003; Crouzet et al. 2013; Fu et al., 2017; Jasiński et al. 2001; Pierman et al., 2017; Seo et al.
2012; Van den Brûle et al., 2002) and are also thought to be involved in monoterpene export (Tissier et al.,
2017). Both, secretion via vesicles and membrane transport through ABC-transporters might in addition be
connected to cell internal transfer by lipophilic transfer proteins (LPTs), which channel the compounds from
the sites of production (e.g. chloroplasts) towards the plasma membrane (Tissier et al., 2017). Still, this is
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still speculative and experiments have to be conducted to obtain deeper insight.

To summarize, we demonstrated that a considerable amount of terpenoids is transported in the xylem sap
of Norway spruce. In accordance with the Henry’s constants, the transpiration stream mainly contained
oxygenated terpenoids and hydrocarbon terpenes to a less extent. The very different terpenoid patterns in
the different plant tissues investigated compared to the xylem sap, indicates that xylem loading of terpenoids
is a controlled process posing the question of possible functions of transported terpenoids. Future studies
should therefore particularly focus on the origin and functions of xylem sap transported terpenoids in conifers.
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Figure legends

Figure 1. Total terpenoid contents in xylem sap (A), total terpenoid emissions (B) and total terpenoid con-
tents in different tissues (C) as well as terpenoid composition in xylem sap (D), of emissions (E), and in
different tissues (F) of Norway spruce trees. Data are means ± SE of at least five biological replicates each.
MT, monoterpenes; MT-O, oxygenated monoterpenoids; SQT, sesquiterpenes; SQT-O, oxygenated sesqui-
terpenoids; DT, diterpenes; DT-O, oxygenated diterpenoids. Different letters indicate significant difference
at p<0.05 by ANOVA on ranks.

Figure 2. Emission rates (A), and contents/concentrations of the 16 most abundant oxygenated monoterpe-
noids in current-year needles (B), xylem sap (C), bark (D), wood (E), and roots (F) of Norway spruce trees.
Data are means ± SE of at least five biological replicates. All compounds emitted but under-represented in
needles are highlighted in blue.

Figure 3. Emission rates (A), and contents/concentrations of the 10 most abundant monoterpenes in current-
year needles (B), xylem sap (C), bark (D), wood (E), and roots (F) of Norway spruce trees. Data are means
± SE of at least five biological replicates. All compounds emitted but not present in needles are highlighted
in blue.

Figure 4. Emission rates (A), and contents/concentrations of the 11 most abundant sesquiterpenes in current-
year needles (B), xylem sap (C), bark (D), wood (E), and roots (F) of Norway spruce trees. Data are means
± SE of at least five biological replicates. All compounds emitted but absent or under-represented in needles
are highlighted in blue.
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Figure 5. Emission rates (A), and contents/concentrations of the 8 most abundant oxygenated sesquiterpe-
noids in current-year needles (B), xylem sap (C), bark (D), wood (E), and roots (F) of Norway spruce trees.
Data are means ± SE of at least five biological replicates. All compounds emitted but under-represented in
needles are highlighted in blue.

Figure 6. Score plot of a partial least-square discriminant analysis (PLS-DA) of the terpenoid contents in
xylem sap, bark, wood, current-year needles and roots of Norway spruce under natural condition in 2015.
The loading plot, which indicates the terpenoids that are responsible for the sample distribution in the score
plot, is given in Figure S1 available as Supplementary Data at Plant Cell and Environment online.

Figure 7. Venn plot indicating the numbers of terpenoids present in roots, bark, wood and xylem sap
of Norway spruce (graph drawn online:http://bioinformatics.psb.ugent.be/webtools/Venn/ and the specific
compounds were shown in Table S3).

Figure 8. Venn plot indicating the numbers of terpenoids present in needles, emissions and xylem sap of
spruce (graph drawn online:http://bioinformatics.psb.ugent.be/webtools/Venn/ and the specific compounds
were shown in Table S4).
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