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A mechanistic understanding of how trees balance the trade-offs between growth, storage and defense is limited but
crucial for predicting tree responses to abiotic and biotic stresses. Here we investigated how trees allocate storage of
non-structural carbohydrates (NSC) to growth and constitutive and induced secondary metabolites (SM). We exposed
Norway spruce (Picea abies) saplings to 5 weeks of complete darkness to induce light and/or carbon limitation and then
applied methyl jasmonate (MeJA) to simulate biotic attack. We measured changes in biomass, NSC (sum of soluble sugars
and starches), and constitutive and induced SM (sum of phenolic compounds and terpenoids) in current-year developing
and previous-year mature needles and branches, as well as volatiles emitted from the canopy. Under darkness, NSC
storage was preferentially used for constitutive biosynthesis of monoterpenes rather than biosynthesis of stilbenes and
growth of developing organs, while SM stored in mature organs cannot be remobilized and recycled. Furthermore,
MelA-induced production of SM was constrained by low NSC availability in developing organs but not in mature organs
grown in the dark. Emissions of volatiles were suppressed in the dark but after 1 h of re-illumination, emissions of both
constitutive and induced monoterpene hydrocarbons recovered rapidly, whereas emissions of linalool and sesquiterpene
produced via de novo synthesis did not recover. Our results highlight that light and/or carbon limitation may constrain
constitutive and JA-induced biosynthesis of SM in coordination with growth, NSC storage and mobilization.

Keywords: carbon allocation, carbon limitation, growth, non-structural carbohydrate storage, phloem transport, secondary
metabolites.

Introduction response under abiotic (e.g., drought and competition) and

Increasing evidence suggests that trees are more susceptible to
biotic attacks under abiotic stress (Seidl et al. 2017, Goodsman
et al. 2018, Klein and Hartmann 2018). However, the under-
lying physiological mechanism is largely unknown. As sessile
organisms, trees defend against biotic attacks through strategic
allocation of resources to primary (e.g., growth and storage) and
secondary metabolism (e.g., protection and defense). Under-
standing how trees balance trade-offs in resource allocation
is thus of critical importance for understanding tree defense

biotic stress (e.g., attack by insects and pathogenic microbes)
(Huang et al. 2020).

Trees defend against insects and pathogens using a complex
suite of biochemical mechanisms, including both constitutive
secondary metabolites (SM) (e.g., always present) to avoid
initial attack and induced SM to limit damage after attack.
However, the biosynthesis of these metabolites requires con-
siderable resources such as non-structural carbohydrate (NSC)
substrates, which may incur a significant carbon cost (Zust and
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Agrawal 2017). As such, SM response to environmental stress
has long been predicted to be driven by changes in carbon
availability as a result of the balance between carbon supply
via photosynthesis and carbon demand for growth, whereby SM
decrease more than growth under carbon limitation (growth-
differentiation balance hypothesis; Herms and Mattson 1992).
Although a number of studies have investigated SM response
to elevated CO» and ozone in trees over the Past two decades,
dynamics of SM have rarely been addressed in the context of
environmental stress (severe drought, shade and defoliation)
that reduces carbon supply (Holopainen et al. 2018).

Trees are known to store large amounts of NSC that can
buffer the asynchrony of supply and demand on a timescale
of months to decades (Dietze et al. 2014, Hartmann and
Trumbore 2016). When trees are exposed to environmental
stress, allocation to constitutive and induced SM may thus
depend on the mobilization of NSC storage rather than newly
fixed photosynthates (Najar et al. 2014, Sevanto and Dickman
2015). Trees should develop a balanced defense strategy
by allocating storage proactively to growth and production of
constitutive SM, while also retaining storage for induced SM
when needed (Zust and Agrawal 2017). How such trade-
offs have been shaped over evolutionary timescales and along
environmental gradients has been debated intensely (Moreira
et al. 2014, Pellissier et al. 2016, Galman et al. 2018), while
the phenotypic plasticity of such a trade-off strategy has not
been given much consideration.

Assessing SM dynamics at the whole-tree level can be compli-
cated by organ ontogeny. For example, young developing leaves
usually have lower photosynthetic rates (van Dam et al. 1996)
but a higher carbon demand for growth than older leaves. Under
resource limitation, young developing leaves may thus rely on
the mobilization of NSC storage for growth and production
of constitutive SM (Huang et al. 2019). By contrast, in older
organs, stored NSC and SM may act as carbon sources or
might be used for other critical functions (e.g., osmoregulation
and defense), which make them unavailable for export or
catabolic processes (Martinez-Vilalta et al. 2016). For example,
phenolic compounds are stored in phloem parenchyma cells at
maturity senesce and become suberized, thereby imposing a
physical and chemical barrier for recycling (Franceschi et al.
2005). Terpenoids in Pinaceae are stored in resin ducts where
oleoresins accumulate under pressure in the extracellular lumen
(Franceschi et al. 2005) and thus cannot be mobilized until
insect or wounding damage occurs. In addition, young develop-
ing organs have often less NSC storage but produce more SM
than mature organs after biotic attacks (Miller et al. 2005), and
thus may be more affected by low resource availability. Hence,
a comprehensive assessment of tree defense requires analysis
of SM in organs of different ontogenetic stages.

Trees respond to abiotic and biotic stress not only by increas-
ing concentrations of SM that are stored in tissues but also
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by emitting a blend of volatiles (Loreto and Schnitzler 2010).
These volatiles play a variety of roles, ranging from protec-
tion against oxidative stress by scavenging reactive oxygen
species (ROS) to defense by repelling and poisoning insects
(Raffa 2014) or attracting the herbivores’ natural enemies
(McCormick et al. 2012). In Pinaceae, large proportions of
terpenoid volatiles are likely emitted from resins, but there is
also evidence that terpenoid volatiles are synthesized de novo
(Ghirardo et al. 2010), even under reduced carbon supply
(Huang et al. 2018). However, studies on how carbon avail-
ability may alter induced emissions of terpenoids, particularly
monoterpenes and sesquiterpenes are still sparse.

Norway spruce (Picea abies) is a dominant tree species in
Europe. Due to the ongoing climate change, spruce forests
are experiencing more frequent and more severe biotic attacks
by insects such as spruce sawfly, aphids, bark beetles and
budworms (Newton 2007, Seidl et al. 2016, Biedermann
et al. 2019). Reduced carbon supply during climate change-
related stress events like drought or heat spells has been
proposed to compromise tree defense against biotic attacks
(McDowell et al. 2011). However, our previous work showed
that spruce saplings exposed to low carbon supply invest carbon
into phenolic compounds and monoterpenes at the cost of
storage and growth (Huang et al. 2019). Canopy emissions
of monoterpenes and sesquiterpenes from spruce saplings are
sustained and partly fueled by newly assimilated carbon even
under a negative carbon balance (50 p.p.m. [CO2]) (Huang etal.
2018). However, these studies did not address trade-offs with
induced SM. Jasmonate signaling has been recognized as an
important mechanism through which plant respond to wounding
and herbivory (Howe 2004, Zust and Agrawal 2017). Early
studies in Norway spruce demonstrated that applications of
methyl jasmonate (MelJA) triggered accumulation of terpenes
and phenolics in both saplings grown in controlled conditions
(Martin et al. 2002, 2003) and mature trees grown in the field
(Erbilgin et al. 2006, Schiebe et al. 2012).

To fill the knowledge gap, we performed an experiment that
was specifically designed to induce light and carbon limitation
and simulate insect attack. Spruce trees were exposed to
5 weeks of complete darkness, a common approach to simulate
carbon limitation (Sevanto et al. 2014, Piper and Fajardo 2016,
Wiley et al. 2017, Weber et al. 2018), followed by spraying
of MelA to trigger plant defense responses to insect attack
(Martin et al. 2002, Hudgins et al. 2003, Miller et al. 2005).
We measured changes in biomass growth of current-year,
developing branches and analyzed primary (soluble sugars and
starch) and secondary (flavan-3-ols, stilbenes and terpenoids)
metabolites stored in different organs (current-year developing
and previous-year mature needles and branches), as well as
volatile compounds emitted from the canopy. Our main objective
was to elucidate whether and to what extent constitutive and
induced SM are sustained by carbon storage and occur at the
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cost of growth. We specifically hypothesized that (i) NSC stor-
age is preferentially used for growth rather than for producing
constitutive SM in developing, sink organs, while constitutive SM
remained relatively constant in older, source organs; (ii) spraying
MelJA depletes NSC storage and induces the biosynthesis of
SM, but the depletion and induction by MelJA are greater when
plants are grown in the light than in the dark. Furthermore, we
expect that (iii) the amount of MeJA-induced volatile emissions
is constrained by light and/or carbon availability.

Materials and methods
Plant material

Young Norway spruce clones (Picea abies, S21K0420117)
were purchased from the Skogforsk tree improvement agency
in Sweden. Clones were propagated from cuttings of a 3-year-
old Norway spruce in 2004. Clones were originally grown in
natural soil but then transplanted into pots filled with sand and
amended with a slow-releasing inorganic fertilizer (Osmocote
Start, Everris International BV, Geldermalsen, The Netherlands).
All saplings were grown in an outdoor area at Max Planck
Institute for Biogeochemistry (MPI-BGC, 50° 54’ 36.24” N 11°
33’ 59.95” E) since 2014.

Growth chambers, treatments and samplings

In May 2017, 16 clones at similar size (1.6-1.8 m tall with
basal stem diameter between 2.6 and 2.9 cm) were transferred
and randomly assigned into phytochambers (York Refrigeration,
Mannheim, Germany), and acclimated for 1 week to the fol-
lowing conditions: light/dark, 16/8 h; photosynthetic photon
flux density, c. 800 pmol m~2 s™'; temperature, 25 °C; relative
humidity, 60%. After this period, saplings were exposed to
factorial treatments that induced light and carbon limitation via
darkness, followed by a spray application of MelA to induce
defenses (Figure 1). We exposed half of the saplings to com-
plete darkness while keeping the other half under the original
light/dark regime, to generate contrasting situations of carbon
availability. After 5 weeks of darkness, we sprayed 10 mM MelA
(Sigma—Aldrich, USA) in 0.1% (v/v) Tween 20/water on half of
the saplings grown in the dark and on half of the saplings under
the light/dark regime; the remaining saplings were sprayed with
0.1% Tween 20 alone as a control. Methyl jasmonate solution
was sprayed onto the whole canopy with a spray gun (1 | per
sapling). Overall, 16 saplings were divided into four treatments
(n = 4): (i) spraying Tween 20 (light-Tween) on trees grown
under the light/dark regime; (ii) spraying MelA (light-MeJA) on
trees grown under the light/dark regime; (iii) spraying Tween
20 (dark-Tween) on trees grown for 5 weeks in the dark; and
(iv) spraying MelA (dark-MeJA) on trees grown for 5 weeks in
the dark (Figure 1). The different treatments were carried out in
separate phytochambers to avoid cross-contamination of MelA.

The experiment started just after bud break. For each sam-
pling, we collected developing, non-lignified shoots (needles

and branches) grown during the experiment in the current year
and shoots grown in the previous year (referred to as developing
and mature, respectively). Approximately 10-15 fresh shoots
(c. 1520 g) were collected randomly using a sharp branch
cutter. Developing shoots were separated immediately from the
mature shoots using a scissor. Both developing and mature
shoots were flash-frozen in liquid nitrogen and then transferred
to a —80 °C freezer for later processing. Sampling was carried
out prior to darkness (week 1), after the darkness treatment
(week 5), and after spraying Tween 20 or the mixture of Tween
and MelJA (week 8) (Figure 1). To reduce potential effects from
daytime variations in carbon metabolism (Smith and Stitt 2007),
sampling was always conducted between 14:00 and 17:00 h.
To avoid releases of large emissions of terpenoids in response
to sampling wounding, MeJA was sprayed 5 days later after
sampling at week 5. Our previous work showed that 4 days
are sufficient for wound healing (Huang et al. 2018), while
terpenoid accumulation in tissues of spruce saplings is achieved
2 weeks after MelA treatment (Martin et al. 2002). At week
8, we destructively harvested the plants to determine the dry
biomass of the whole canopy.

Biomass processing

Prior to metabolite analysis, needles and branches were sep-
arated, homogenized while immersed in liquid nitrogen in a
mortar and then split into two parts. For analysis of terpenoids,
part of the sample was ground in liquid nitrogen using mortar
and pestle and then stored at —80 °C. For analysis of soluble
sugars and phenolic compounds, the other part of the sample
was weighed fresh, transferred into pre-cooled wide-neck filter
flasks (Martin Christ, Osterode, Germany) and attached to a
freeze dryer (Dieter Piatkowski, Munich, Germany) for 48 h.
The freeze-dried samples were then weighed again to determine
fresh-to-dry weight conversion factors. Freeze-dried samples
were then ground to fine powder in a ball mill (Retsch® MM400,
Haan, Germany) and stored at —20 °C.

Soluble sugar and starch analysis

Soluble sugars and starch were extracted following the stan-
dard protocol developed by Landhausser et al. (2018). Briefly,
~10 mg of soluble sugars were extracted with 0.5 ml of 85%
ethanol, vortexed for 1 min, incubated at 90 °C for 10 min
and centrifuged at 13,000g for 1 min. The supernatant was
collected and the pellet was re-extracted twice using the same
procedures. Supernatants were combined and then diluted and
analyzed with a High-Performance Liquid Chromatography cou-
pled to a Pulsed Amperometric Detection (HPLC-PAD) following
the protocol of Raessler et al. (2010). The concentrations of
glucose, sucrose and fructose were summed and are reported
here as total soluble sugars. Starch from the remaining pellet
was digested with 1.0 ml of a-amylase, vortexed for 1 min,
incubated at 85 °C for 30 min and then centrifuged at 13,000g
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Sampling Sampling Spray Tween 20 and/or MeJA VOC analysis Sampling
1 5 6 8
Weeks

Figure 1. Schematic of the treatments and the timeline. A total of 16 saplings were transferred to phytochambers and acclimated for 1 week (week 1).
Half of the saplings (n = 8) were then exposed to complete darkness for 5 weeks, while the other half were kept in the light, to generate contrasting
situations of light and carbon availability. Saplings were then sprayed with either MeJA dissolved in Tween 20 or Tween 20 only at week 6, yielding
in total four treatments (n = 4). Sampling was carried out prior to darkening (week 1), after the darkness treatment (week 5) and after the MeJA
treatment (week 8). Methyl jasmonate was sprayed 5 days after sampling at week 5. Volatiles were measured between week 6 and week 7. Note that
trees grown in the dark treatment were measured in the dark before re-exposing them to light and were then measured again VOC, volatile organic

compounds.

for 1 min. An aliquot of supernatants was collected and digested
with amyloglucosidase (Sigma—Aldrich), incubated at 55 °C
for 30 min following Landhausser et al. (2018). The glucose
hydrolysate was then collected and measured by HPLC-PAD.
Starch was calculated as glucose equivalents by multiplying by
a factor 0.9.

Phenolic compound analysis

Phenolic compounds were extracted as described in Huang et al.
(2017), with slight modifications. Briefly, ~30 mg of ground

freeze-dried sample was extracted with 1 ml methanol contain-
ing 20 pg of apigenin-7-glucoside (Carl Roth GmbH, Germany)
as an internal standard. The mixture was vortexed for 10 min,
bead-beaten for 40 s at 6.0 m s=' (MP Biomedicals, Santa
Ana, CA, USA) and centrifuged for 10 min at 13,000g. The
supernatant was collected, and the pellet was re-extracted with
0.5 ml methanol containing the internal standard. Both super-
natants were combined and analyzed using HPLC-mass spec-
trometry (MS) (HPLC, Agilent, Santa Clara, CA, USA; MS, Sciex,
Darmstadt, Germany). Phenolic compounds were separated
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Table 1. Fresh and dry average biomass (mg) of developing branches of Picea abies grown in the light or darkness (week 5), followed by spraying
MelA dissolved in Tween 20 (L-JA, D-JA) or Tween 20 only (L-TW, D-TW) at week 6 and harvested at week 8. Values are means £1 SD (mg).
Student’s t-test and Tukey’s honest significance test (P < 0.05) were used to test the differences between means at week 5 (n = 8) and week 8
(n=4) (P < 0.01), respectively. Different letters indicate significant differences between different treatments.

Week 5 Week 8
Treatment Fresh Dry Treatment Fresh Dry
Light 66.1 (22.6) a 25.6 (8.7) a L-TW 80.6 (16.8) a 35.8 (8.9) a
LJA 71.7 (22.7) a 33.2 (9.4) a
Dark 33.6 (85) b 9.0 (23) b D-TW 31.1 (10.6) b 10.6 (3.5) b
D-JA 293 3.1) b 125 (1.5) b

on a Zorbax Eclipse XDB-C18 column (4.6 x 50 mm, 1.8 pm;
Agilent) using mobile phase 0.05% (v/v) formic acid (phase
A) and acetonitrile (phase B) at a flow rate 1.1 ml min™',
with the following profile: O—1 min, 100% A, 0% B; 1-7 min,
0-65% B; 7-7.01 min, 65-100% B; 7.01-8 min, 100% B;
8-8.01 min, 100-0% B; 8.01—-10 min, 0% B. The MS was
operated as follows: negative ionization mode; ion spray voltage,
—4200 V; turbo gas temperature, 700 °C; nebulizing gas, 70
p.s.i,; curtain gas, 30 p.s.i.; heating gas, 60 p.s.i.; and collision
gas at 10 p.s.i. Multiple reaction monitoring was used to analyze
the parent ion — product ion: m/z 288.9 — 109.1 for catechin;
m/z 304.9 — 125 for gallocatechin; m/z 576.9 — 289.1
for proanthocyanidin B1; m/z 389 — 227 for piceid; m/z
404.8 — 243 for astringin; and m/z 4189 — 257.1 for
isorhapontin. The sum of catechin, gallocatechin and proan-
thocyanidin B1 was reported as flavan-3-ols. The sum of
piceid, astringin and isorhapontin was reported as stilbenes.
Compounds were identified by comparison of retention time
and mass spectra with standards and quantified using the peak
area in relation to the internal standard peak area. The response
factors were calculated with standards (Huang et al. 2019).
Linearity of quantification was confirmed by analyzing a gradient
of catechin.

Monoterpene analysis

Approximately 100 mg of ground fresh sample was extracted
with 1 ml tert-butyl methyl ether (TBME) containing 30 ug ml™"
1,9-decadiene (Sigma—Aldrich) as an internal standard. The
extraction procedures used for phenolic compounds were
also used for monoterpenes with slight modifications, and
the supernatant was dehydrated using anhydrous MgSOg4
before analysis. Compound separation was performed on an
Agilent 6890 Series Gas Chromatograph (GC) (Santa Clara,
CA, USA) with a DB5MS column (30 m x 0.25 mm X
0.25 ym) and carrier gas at a flow rate of 1.5 ml min~".
One microliter of sample was injected in splitless mode. The
oven was programmed from an initial temperature of 40 °C
(3 min hold), followed by an increase to 80 °C at 2 °C min™'
and to 180 °C at 5 °C min™', and then heated to 300 °C

for 2 min. The same GC was coupled to either an Agilent
5973N Mass Spectrometer for identification (carrier gas,
helium; interface temperature, 280 °C; electron energy, 70 eV,
source temperature, 230 °C) or a Flame lonization Detector
for quantification (carrier gas, hydrogen; operated at 300 °C).
a-Pinene, camphene, S-pinene, myrcene, 3-carene, limonene
and 1, 8-cineole were identified by comparison of mass spectra
with that of the authentic standards and/or the reference spectra
of databases (see Figure S1 available as Supplementary Data
at Tree Physiology Online; Wiley 275, NIST 98, Adams 2205)
and quantified with relative response factors (see Huang et al.
2019) estimated based on the effective C number concept
(Scanlon and Willis 1985).

Canopy volatile collection, identification and quantification

Canopy volatiles were collected and analyzed after spraying
MelA at week 6 (Figure 1). Trees were transferred to a different
phytochamber, where the main canopy was enclosed in a
cylindrical chamber (diameter, 70 cm; height, c. 50-70 cm)
covered with fluorinated ethylene propylene (FEP) foil (see
Huang et al. 2018 for more details). Chambers were flushed
with ¢. 18 | min~' volatile-free synthetic air (Westfahlen AG,
Germany) premixed with CO, at c. 400 p.p.m. Because of the
potential confounding effects of light and carbon availability
on volatile emissions, trees grown under dark treatments were
initially measured in the dark, then re-exposed to light and
measured again (Figure 1). We further tested whether volatile
emissions were affected when saplings were re-exposed to
light and synthetic air without CO,, in order to gain potential
insights on the contribution of newly assimilated carbon during
re-illumination and carbon storage. Note that each tree was
sampled once under each of three conditions. Because stomatal
closure in the dark may result in high intercellular volatile
partial pressure in leaves (Niinemets and Reichstein 2003),
volatiles were collected only 1 h after re-illumination to avoid
potential volatile pulses after opening of stomata in response
to re-illumination (Harley et al. 2014). Given the time required
for preparation, tree acclimation and measurements, we could
collect and measure volatiles from only one or two trees per
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treatment per day. Note that trees from different treatments
were transferred and measured at different time and placed back
directly after volatile collection.

We used a mobile GC-MS, HAPSITE (Inficon, Switzerland), to
identify and quantify volatiles emitted from the canopy enclosed
in FEP foil (Huang et al. 2018). Volatiles were collected using a
tri-bed concentrator filled with carbon-based absorbent at a flow
rate of 100 ml min~" for 5 min. The start-up temperatures were
as follows: column, 60 °C; membrane, 80 °C; valve oven, 70 °C;
heated lines, 70 °C; probe, 40 °C. Compound separation was
performed on a 15 m fused silica Restek Rtx-1 MS capillary
GC column (5% diphenyl/95% dimethyl polysiloxane phase,
0.25 mm inner diameter, 1 um film thickness). Volatiles were
desorbed from the concentrator using the following temperature
program: 60 °C hold for 1 min, followed by an increase to
120 at 30 °C min~', hold for 15 min, and then to 200 °C
at 30 °C min~', hold for 2 min. The MS was performed in
the electron ionization mode at 70 eV with N as carrier gas.
We identified monoterpenes including a-pinene, camphene, g-
pinene, 3-carene, limonene and linalool and sesquiterpenes
including B-farnesene, a-farnesene, «-bisabolene and methyl
salicylate (MeSA) by comparing their mass spectra with the
authentic standards and/or the reference spectra of NIST library.
Monoterpenes and sesquiterpenes were quantified using the
calibration curve of «-pinene. Volatile emission rates were
calculated based on the dry mass of the canopy enclosed in
the chamber.

Data analysis

Shapiro—Wilk and Levene tests were used to check the nor-
mality and homogeneity of variances, respectively. Data were
analyzed with a two-way ANOVA using darkness, MeJA and
their interaction as independent variables. The aligned rank
transform was applied when normality or homogeneity assump-
tion were not met (Wobbrock et al. 2011). Depending on
normality and homogeneity, the significance of differences in
biomass of developing branches, in emissions of volatiles, were
assessed with Tukey’s honestly significant difference test (HST)
or Wilcoxon's rank-sum test, and the significance of differences
in concentrations of metabolites between the control (light-
Tween) and each of the treatments (light-MelA, dark-Tween,
dark-MeJA) were determined with Student’s t-test or Wilcoxon’s
rank-sum test. Concentrations of metabolites were expressed
as the percentage of control within each sampling time point,
the coefficient of variation served as the measure of spread
in the control treatment and errors were propagated for other
treatments.

We used multiple linear regressions to determine the rela-
tionships of NSC storage (i.e., source) to different SM in mature
organs and to NSC in developing organs (sinks). For develop-
ing organs, we considered correlations of NSC (substrate) to
SM and biomass growth. We also determined the relationship
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of monoterpene emissions to monoterpene concentrations in
developing and mature organs. All statistical analyses were
conducted in R (version 3.23, R Development Core Team
2016).

Results

Effects of darkening and MeJA on biomass growth of
developing branches

Fresh and dry biomass of developing branches were significantly
lower when saplings were grown in the dark than when in the
light (P < 0.05, HST or Wilcoxon's rank-sum test; Table 1).
Application of MelA at week 6 did not affect biomass growth
of developing branches at week 8, whether in the light or
in the dark. After 2 weeks of MelA treatment, all developing
needles withered and began to fall in the dark, but this reaction
was much less severe in the light. By contrast, trees sprayed
with Tween 20 alone did not show any symptoms of wilting
response.

Effects of darkening and MeJA on soluble sugars and starch

Trees in the control treatment (light-Tween) exhibited little
variability in the concentrations of soluble sugars across organs.
After darkness, the concentrations of soluble sugars were
significantly reduced by c. 60% in developing needles and c.
40% in developing branches and mature needles, but only
by ¢. 10% in mature branches, compared with the light treat-
ment (P < 0.05, Student’s t-test or Wilcoxon’s rank-sum test;
Figure 2a—d). In developing needles and branches, concentra-
tions of starch decreased to almost zero and thus caused a
strong decrease in total NSC (sugars + starch) relative to the
control (Figure 2e, f, i and j). In mature organs, however, starch
levels showed large within-treatment variability, and there were
no significant differences in NSC concentrations across treat-
ments (Figure 2g, h, k and I). Note that the concentrations of
starch and NSC declined over time, compared with initial concen-
trations at week 1 (see Figure S2 available as Supplementary
Data at Tree Physiology Online), likely due to large carbon
demand for growth flush.

After spraying Tween 20 and MelA at week 6, the con-
centrations of soluble sugars, starch and NSC significantly
decreased in developing organs grown in the light compared
with spraying Tween 20 alone (P < 0.05, Student’s t-test;
Figure 2). The initial reductions of NSC from darkening did
not continue during the experiment, and concentrations simply
remained at low levels (~15-25 mg g~ '), irrespective of
MelA treatment (Figure 2i and j). From the two-way ANOVA,
we found significant interactions of darkness and MelA on
concentrations of soluble sugars, starch and NSC in developing
needles (P < 0.01), but not in developing branches (P > 0.05;
Table 2). Spraying MelA further decreased concentrations of
NSC in mature needles and branches grown in the light, as well

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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Figure 2. Percentage deviation of concentrations of soluble sugars (a—d), starch (e—h) and total NSC (soluble sugars + starch, i-l) in developing
and mature needles and branches of Picea abies grown under light-MeJA (squares, yellow—red line), dark-Tween (triangles, dark line) and dark-MeJA
(triangles, dark-red line), compared with control, light-Tween (squares, yellow line). The red lines indicate MeJA treatment under either light or
darkness. Error bars indicate coefficients of variation and propagated standard errors. Significant differences between the treatments (light-MelA,
dark-MelA, dark-Tween) and control (light-Tween) were calculated based on the raw concentrations and are indicated by filled symbols (P < 0.05).

as in mature needles grown in the dark, but not in branches
(Figure 2c, d, g and h), where concentrations of soluble sugars
and starch remained above 30 and 15 mg g~', respectively,
similar to control levels (see Figure S2 available as Supple-

mentary Data at Tree Physiology Online). For concentrations of
glucose, sucrose and fructose, please see Table S2 available as
Supplementary Data at Tree Physiology Online. Note that during
the experiment concentrations of NSC generally decreased in
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Table 2. Two-way ANOVA results for the effects of darkness treatment and MeJA and their interactions on the concentrations of NSC, flavan-3-ols,
stilbenes and monoterpenes in developing needles and branches of Picea abies, as well as on volatiles from the canopy after re-exposure to light.

Developing needles Developing branches Canopy volatiles

Pools Dark MelA Dark x MelA Dark MelA Dark x MeJA  Dark MelA Dark x MelA
Soluble sugars <0.01 <0.01 <0.01 0.88 <0.01 0.13 - - -
Starch <0.01 <0.01 <0.01 0.93 <0.01 0.21 - - -

NSC <0.01 <0.01 <0.01 0.89 <0.01 0.22 - - -
Flavan-3-ols <0.01 <0.01 <0.01 0.61 <0.01 0.81 - - -
Stilbenes <0.01 0.20 0.29 <0.01 0.70 0.72 - - -
Monoterpenes 0.18 0.12 0.45 0.12 <0.01 0.10 0.10 <0.01 0.24
Linalool - - - - - - <0.01 <0.01 <0.01
Sesquiterpenes - - - - - - <0.01 0.27 0.32
MeSA - - - - - - <0.01 <0.01 <0.01

For effects on individual soluble sugars and SM, please see Table S1 available as Supplementary Data at Tree Physiology Online.

mature organs in all treatments (see Figure S2 available as
Supplementary Data at Tree Physiology Online).

Effects of darkening and MeJA on flavan-3-ols, stilbenes
and monoterpenes

Trees in the control treatment (light-Tween) exhibited little
variability in the concentrations of flavan-3-ols, stilbenes and
monoterpenes across organs. Concentrations of flavan-3-
ols and stilbenes were c¢. 40 and 80% lower in developing
organs when grown in the dark than in the light, respectively
(Figure 3a, b, e and f; P < 0.05, Student’s t-test); by contrast,
neither total concentrations (Figure 3i and j) nor concentrations
of individual monoterpenes (Figure 4a and b) were significantly
affected by darkness (P > 0.05). In mature needles and
branches, concentrations of both phenolic compounds and
monoterpenes remained relatively constant or even slightly
increased during darkness, compared with organs grown
under light.

After spraying MeJA at week 6, concentrations of flavan-
3-ols significantly increased across organs grown in the light
and to a greater extent in developing than in mature organs
(P < 0.05, Student's t-test; Figure 3a—d). Concentrations of
flavan-3-ols also increased in developing branches grown in
the dark, in mature needles and branches even to levels similar
to trees grown in the light (Figure 3b—d). However, contrasting
patterns were observed in developing needles, where flavan-3-
ols significantly increased by more than 150% when saplings
were grown in the light but continued to decrease in the
dark (Figure 3a). The differential effects resulted in significant
interactions of darkness and MelA on flavan-3-ols (P < 0.01;
Table 2). Unlike flavan-3-ols, concentrations of stilbenes did
not respond to MelA in any of the organs tested (P > 0.05;
Table 2, Figure 3e—h). Spraying MelA increased concentrations
of monoterpenes, but the effect was only significant for devel-
oping branches (Figure 3i-l), where «- and B-pinene and
limonene increased more than camphene, myrcene and 3-
carene (Figure 4b). Note that the concentrations of flavan-3-ols,

stilbenes and monoterpenes were similar in developing needles
and branches grown in the light (see Figure S3 available as
Supplementary Data at Tree Physiology Online).

Effects of darkening and re-illumination and MeJA
on volatile emissions

Darkening significantly decreased emissions of all volatiles
compared with trees grown in the light, with or without
MelA treatment (P < 0.05, HST or Wilcoxon's rank-sum
test; Figure 5). For trees grown in the light, spraying MelA
significantly increased emissions of monoterpene hydro-
carbons (especially B-pinene and limonene) and linalool
(Figure 5a and b), whereas sesquiterpenes remained relatively
constant and MeSA significantly decreased (Figure 5c and d).
For saplings exposed to 5 weeks of darkness, emissions of
monoterpene hydrocarbons rapidly recovered after 1 h of re-
exposure to light. They were also higher when saplings were
sprayed with the mixture of Tween 20 and MeJA than with
Tween 20 alone (Figure 5a). The two-way ANOVA showed
that MeJA-induced monoterpene hydrocarbons did not vary
with pre-treatments of light/dark (Darkness x MelJA interaction,
P > 0.05), while MeJA-induced linalool emissions varied signif-
icantly (Darkness x MelA interaction, P < 0.01; Table 2). Note
that during re-illumination significant differences in emissions of
monoterpene hydrocarbons were found independent of CO
supply (see Figure S4 available as Supplementary Data at
Tree Physiology Online). Unlike monoterpene hydrocarbons,
emissions of linalool, sesquiterpenes and MeJA showed little
change after re-exposure to light, independent of the MelA
application (Figure 5b—d).

Discussion

Our study revealed trade-offs in allocation of carbon storage
to growth and constitutive and induced SM, which are of critical
importance for understanding and predicting tree defense under
environmental stress. Under light limitation spruce saplings
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Figure 3. Percentage deviation of concentrations of flavan-3-ols (a—d), stilbenes (e-h) and monoterpenes (i-) in developing and mature needles and
branches of Picea abies grown under light-MelA (squares, yellow—red line), dark-Tween (triangles, dark line) and dark-MelA (triangles, dark—red line),
compared with control, light-Tween (squares, yellow line). The red lines indicate MeJA treatment under either light or darkness. Error bars indicate
coefficients of variation and propagated standard errors. Significant differences between the treatments (light-MeJA, dark-MeJA, dark-Tween) and
control (light-Tween) were calculated based on the raw concentrations and are indicated by filled symbols (P < 0.05).

tend to decrease the mobilization of NSC stored in mature
organs for biomass growth and production of constitutive SM in
developing organs, and constitutive SM stored in mature organs
cannot be remobilized and/or metabolized. Spraying Tween 20

had no effects on phenolic compounds and terpenoids across
tissues, whereas spraying the mixture of Tween 20 and MelA
resulted in a reduction of stored NSC and a strong induction
of flavan-3-ol and monoterpene synthesis only in the light.
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Emissions of monoterpene hydrocarbons may originate from
stored resins, while emissions of linalool and sesquiterpenes
were synthesized de novo and thus dependent on light and/or
carbon availability.

The NSC were preferentially used for constitutive biosynthesis
of monoterpenes rather than of stilbenes and growth

in developing organs, while SM stored in mature organs
cannot be remobilized and recycled

We observed contrasting patterns for NSC and different types
of SM in developing sink organs grown in the dark, where NSC
and stilbenes significantly decreased much more than flavan-3-
ols, while monoterpenes remained relatively constant. However,
darkness treatment may trigger light signaling pathways and
therefore did not allow partitioning the impacts of light and
carbon availability. In a companion study where Norway spruce
saplings were exposed to low CO, conditions (Huang et al.
2019), NSC and phenolic compounds were also found to be
more sensitive than monoterpenes. These results suggest that
NSC are preferentially used for biosynthesis of monoterpenes
rather than for phenolic compounds. Notably, concentrations
of monoterpenes were less affected by darkness than by
low CO,, possibly because low CO, may increase stomatal
conductance and thus led to a greater loss of monoterpenes
through volatilization (Huang et al. 2018).

During darkness biomass growth of the developing sink
organs was apparently fueled by NSC transported from the
mature organs grown in previous years. Nevertheless, trees
grown in the dark added much less biomass to developing
organs compared with the light-grown control trees, while
large amounts of NSC were still stored in mature needles and
branches (>80 mg g~') exposed to darkness. Similar results
were found in other tree species exposed to shading (Piper
and Fajardo 2016, Wiley et al. 2017, Weber et al. 2019),
indicating that the mobilization of storage from source organs to
growth of sink organs may have been downregulated in the dark.
Our results are again in agreement with the results of Huang
et al. (2019), which showed that more than 70% of soluble
sugars were reserved in mature needles and branches under low
CO2 while biomass growth was strongly limited (Huang et al.
2019). Our results highlight that low light/carbon availability,
which can be induced by climate-driven disturbances (drought,
heat, wildfire) and ecological interactions (e.g., competition),
may reduce both mobilization and allocation of NSC storage
to biomass growth and constitutive defense of developing sink
organs, predisposing these organs to biotic attacks.

Given the lack of turnover of phenolic compounds (Huang
et al. 2019) and terpenoids (Gershenzon et al. 2000), SM
found in these organs were likely synthesized and stored prior to
the darkness treatment. Hence, changes in SM in these mature
organs under negative carbon balance may allow inferences on
the accessibility of stored SM for remobilization and recycling

under light and carbon limitation. Consistent with our hypoth-
esis that SM are stored in specialized structures of mature
organs that are not accessible, both concentrations of phenolic
compounds and terpenoids remained relatively constant and
were not dependent on NSC storage under complete darkness.
Similarly, both phenolic compounds and monoterpenes stored
in mature organs were not influenced by low CO, conditions
(Huang etal. 2019). These results suggest that stored SM could
not be remobilized and/or metabolized in Norway spruce. While
sequestering phenolic compounds and terpenoids appears to
be without reward in the absence of herbivory, the sequestration
allows avoidance of auto-toxicity that could result from the
accumulation of constitutive SM.

Light and/or carbon limitation constrained MeJA-induced
production of SM by reducing local NSC availability in
developing organs, but not in mature organs

Spraying MelA strongly induced biosynthesis of flavan-3-ols and
terpenoids in both developing and mature organs in the light,
consistent with previous work on conifer species (Martin et al.
2002, Miller et al. 2005). However, the induction was much
lower in mature organs than in developing organs. This suggests
that constitutive levels of flavan-3-ols may have approached
the maximum capacity of storage in mature organs before
the application of MelA. The different inducibility of flavan-3-
ols between mature organs and developing organs in Norway
spruce is consistent with the results from Arabidopsis, which
showed that defense responses to biotic stress decline as
organs develop (Berens et al. 2019) and plants mature (Mao
etal. 2017).

The induced biosynthesis of SM was tightly linked to a
depletion of starch and soluble sugars (Figure 6), particu-
larly sucrose, supporting the theory that herbivory can induce
catabolism of NSC storage to support SM biosynthesis, as was
found in pine trees (Lopez-Goldar et al. 2016, Raffa et al.
2017, Roth et al. 2018). The mechanistic link between NSC
and induced SM in the light may also explain why biosynthesis
of flavan-3-ols and monoterpenes was not induced by MelA in
developing needles and branches in the dark, respectively. Con-
centrations of soluble sugars decreased to c. 40% (13 mgg™')
before spraying MelJA, which is close to the minimum threshold
for survival (c. 5-10 mg g~'; Weber et al. 2018, Huang
et al. 2019). Interestingly, although inducibility of SM was
likely constrained by low NSC availability in developing needles
and branches, large amounts of NSC in mature needles and
branches (>50 mg g~') were still available at the time of
spraying MeJA. Regression analysis showed that the production
of flavan-3-ols in developing organs was significantly correlated
with the depletion of NSC, but not with changes in NSC stored
in mature organs (Figure 6). This indicates that inducibility of
SM in developing sink organs relies mainly on NSC that are
stored locally rather than imported from mature, source organs.
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Our results corroborate a suggested physiological mechanism
linking local sugar availability with bark beetle damage levels
observed in field manipulations (Wiley et al. 2016).

Our results suggest that low light/carbon availability during
environmental stress or from competition may limit the ability
of trees to mobilize NSC for production of SM in response to
biotic attacks. However, resources that are not transported to
attacked or elicited leaves may be reserved to fuel regrowth after
abiotic and biotic stress (Savage et al. 2016). We also observed
that MelA triggered the senescence of developing needles and
branches grown in the dark, indicating that these saplings may
have abandoned developing organs, possibly to ensure survival
of mature organs and post-stress recovery.

Light and carbon limitation altered the blend of

constitutive and induced volatiles that may be important

in tree defense against biotic agents

We observed different responses for different volatiles. Regard-
less of MelA application, saplings emitted much less volatiles in
the dark, in contrast to the results of Huang et al. (2018) which
showed that emissions of volatiles increased under low CO»
conditions. The contrasting response of volatiles to darkness

and low CO, suggests that emissions of volatiles are highly
dependent on light availability rather than carbon availability.
Emissions of monoterpene hydrocarbons rapidly recovered after
only 1 h of re-exposure to light. Re-illumination is known to
cause stomata to open and thus may have allowed passive
evaporation of monoterpene hydrocarbons stored in oleoresins.
This explanation is supported not only by the significant positive
correlations between their emissions and storage in mature
organs but also by the similarities in the profiles. Interestingly,
after re-illumination emissions of monoterpene hydrocarbons
were also strongly induced by MelA, while the tissue pool
was not affected. Re-illumination activates photosynthetic elec-
tron transport and produces ATP and NADPH, the energy
input required for de novo production of isoprenoid emissions
(Niinemets et al. 2002b, Harrison et al. 2013). Hence, the
induced emissions of monoterpene hydrocarbons may result
from de novo synthesis.

Unlike monoterpene hydrocarbons, constitutive and induced
emissions of linalool and sesquiterpenes remained low after re-
illumination, with or without CO, supply. We found no substan-
tial storage of linalool or sesquiterpenes, indicating that their
emissions are mainly synthesized de novo (Martin et al. 2003,
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Miller et al. 2005). Previous studies have shown that emissions
of linalool were dependent on light (Niinemets et al. 2002a,
Harley etal. 2014), inducible by MeJA (Martin et al. 2003, Miller
et al. 2005), and were upregulated under low CO, (50 p.p.m.,
Huang et al. 2018). In this study, however, constitutive and
induced emissions of linalool failed to recover quickly after
re-illumination, possibly because their biosynthesis may have
been downregulated due to complete lack of carbon, ATP and
NADPH following extended darkness.

Our results may provide a hypothetical link between environ-
mental changes and tree interactions with insects. For example,
direct defense via emissions of repellent and toxic monoter-
pene hydrocarbons may largely rely on stored compounds that
were synthesized prior to severe stress. Emissions of linalool,
sesquiterpenes and MeSA have been reported to act like
airborne signals that can attract herbivore enemies or trigger
defense in unattacked organs (McCormick et al. 2012), but their
de novo synthesis can be suppressed by light and/or carbon
availability. Our results thus highlight that environmental stress
(severe drought, shade, defoliation) that changes light and/or
carbon availability alters the blend of volatiles that may play an
important role in tree defense against biotic agents.

Conclusion and outlook

Trees exposed to abiotic stress (drought, fire and shading) are
thought to be more susceptible to biotic stress. We conclude
that low light and/or carbon availability may reduce mobilization
and allocation of NSC storage to growth and constitutive and
induced defense in spruce saplings. However, it should be noted
that spruce saplings exposed to low carbon supply also rely
on NSC storage for respiration, osmoregulation and transport
(Huang et al. 2019), which can determine the availability of car-
bon for trade-offs between growth and defense. Comprehensive
assessments of all these carbon fluxes (also in roots) would thus
help to understand the role of carbon storage and partitioning in
determining tree response to abiotic and biotic stress. Given the
ontogenetic differences in carbon allocation, we propose that
such assessments should be conducted on mature trees in the
field.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.
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