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Climate change is expected to pose a global threat to forest health by
intensifying extreme events like drought and insect attacks. Carbon
allocation is a fundamental process that determines the adaptive
responses of long-lived late-maturing organisms like trees to such
stresses. However, our mechanistic understanding of how trees coor-
dinate and set allocation priorities among different sinks (e.g., growth
and storage) under severe source limitation remains limited. Using
flux measurements, isotopic tracing, targeted metabolomics, and
transcriptomics, we investigated how limitation of source supply in-
fluences sink activity, particularly growth and carbon storage, and
their relative regulation in Norway spruce (Picea abies) clones. During
photosynthetic deprivation, absolute rates of respiration, growth,
and allocation to storage all decline. When trees approach neutral
carbon balance, i.e., daytime net carbon gain equals nighttime carbon
loss, genes encoding major enzymes of metabolic pathways remain
relatively unaffected. However, under negative carbon balance, pho-
tosynthesis and growth are down-regulated while sucrose and starch
biosynthesis pathways are up-regulated, indicating that trees priori-
tize carbon allocation to storage over growth. Moreover, trees under
negative carbon balance actively increase the turnover rate of starch,
lipids, and amino acids, most likely to support respiration and miti-
gate stress. Our study provides molecular evidence that trees faced
with severe photosynthetic limitation strategically regulate storage
allocation and consumption at the expense of growth. Understanding
such allocation strategies is crucial for predicting how trees may re-
spond to extreme events involving steep declines in photosynthesis,
like severe drought, or defoliation by heat waves, late frost, or
insect attack.

carbon allocation | carbon starvation | isotopic labeling | nonstructural
carbohydrate storage | transcriptional regulation

Trees are sessile organisms that cannot escape from increasing
environmental stresses or insect outbreaks via migration but

must acclimate and adapt anatomically, morphologically, and phys-
iologically (1, 2). A key component of these responses is the ability to
optimize resource allocation (3). A core resource, carbon, is assim-
ilated via photosynthesis (source activity) and partitioned among
different functions (sinks), including growth, maintenance, storage,
defense, and the production of root exudates or volatile compounds
(4, 5). However, despite a long history of research on plant carbon
allocation (3, 6), we still lack a mechanistic understanding of how
trees allocate carbon to grow and survive in a changing environment.
Under normal conditions when source activity is greater than

demand for growth and respiration, excess photosynthates can be
stored as nonstructural carbohydrates (NSC), a process termed
“accumulation” by Chapin et al. (7). However, under stressful
environmental conditions, like severe drought, heat waves, late
frost, or insect attack, source activity via photosynthesis is reduced
by prolonged stomatal closure or leaf loss while demand for res-
piration, osmoregulation, repair, and defense continues or even
increases. This can lead to situations when carbohydrate supply
from current photosynthesis cannot meet carbon demand for

maintenance metabolism (i.e., negative carbon balance), thus
hampering physiological function and survival (8). Under these
conditions, trees increasingly depend on the mobilization of stored
carbon sources, including NSCs like soluble sugars and starch as
well as lipids and proteins (5, 9). Despite the important role of
NSC storage in trees, our current understanding assumes that
NSC storage is a low-priority sink that accumulates during periods
of positive carbon balance, and that can be completely depleted to
fuel respiration or growth under negative carbon balance
(reviewed in refs. 10–13). This widely held assumption, however,
may not be valid if trees prioritize allocation to NSC storage over
growth to ensure survival under reduced carbon supply. This
conservative allocation strategy. termed “reserve formation” (4),
may occur due to the up-regulation of storage and/or the down-
regulation of growth (9).
Identifying plant allocation strategies requires investigations

that combine ecophysiological approaches with molecular tools
(5, 9). Molecular investigations on allocation strategies are often
limited to herbaceous model plants like Arabidopsis and show
that the supply of respiratory substrates (i.e., carbohydrates) is
coordinated to meet current demand for respiration products
(e.g., ATP) (14), while ensuring that daytime build-up and
nighttime breakdown of starch are tightly regulated to avoid
early morning depletion of reserves that could limit growth

Significance

Forest decline due to climate change is increasing worldwide.
Accurate forecasting of forest dynamics requires a mechanistic
understanding of carbon allocation strategies that can link mo-
lecular process regulation to whole-tree responses. However,
dedicated transdisciplinary investigations spanning these scales
are lacking. Here we used a unique experimental platform to
manipulate thewhole-tree carbon balance and combinemetabolic
flux measurements with transcriptional information to reveal tree
resource allocation priorities under reduced carbon supply. In
contrast to current understanding and model implementations,
we show that trees prioritize carbon allocation to storage and
mobilization of storage to support respiration rather than growth
to ensure immediate and future survival under negative carbon
balance that may occur during critical periods of stress.

Author contributions: J.H., A.H., J.G., N.M.v.D., A.S., N.G.M., G.G., S.T., and H.H. designed
research; J.H., S.C., and H.H. performed research; J.H. and A.H. analyzed data; and J.H.,
A.H., J.G., N.M.v.D., A.S., N.G.M., G.G., S.T., and H.H. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: hjianbei@bgc-jena.mpg.de or
hammerbacher@fabi.up.ac.za.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2023297118/-/DCSupplemental.

Published August 13, 2021.

PNAS 2021 Vol. 118 No. 33 e2023297118 https://doi.org/10.1073/pnas.2023297118 | 1 of 7

EC
O
LO

G
Y

https://orcid.org/0000-0001-5286-5645
https://orcid.org/0000-0002-0262-2634
https://orcid.org/0000-0003-2622-5446
https://orcid.org/0000-0003-4090-6758
https://orcid.org/0000-0002-4616-0953
https://orcid.org/0000-0003-3885-6202
https://orcid.org/0000-0002-9926-5484
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2023297118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:hjianbei@bgc-jena.mpg.de
mailto:hammerbacher@fabi.up.ac.za
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023297118
https://doi.org/10.1073/pnas.2023297118


(15–17). These studies provide compelling insights into plant
storage regulation acting over periods ranging from hours to
days. However, it remains uncertain whether strategies used by
short-lived, fast-cycling herbaceous plants can serve as a model
for allocation strategies in long-lived species that reach sexual
maturity after many years. The need to survive for decades to
reach reproductive maturity combined with high risk of exposure
to periodic stresses on seasonal to interannual timescales may
require trees to manage their reserves differently than an annual
model species such as Arabidopsis.
Conifers dominate many terrestrial ecosystems in the North-

ern Hemisphere and are of high ecological and economic im-
portance. However, the critical role of conifers is threatened by
climate change as many coniferous species are not adapted to
drier, warmer conditions. A mechanistic understanding of carbon
allocation priorities under severe photosynthetic deprivation is
needed to better predict how conifers may respond to extreme
events like drought, heat waves, late frost, or insect attack. In our
study, we manipulated the carbon balance of Norway spruce
(Picea abies) by progressively reducing atmospheric CO2 con-
centrations ([CO2]) from 400 ppm (control) to 120 ppm, which is
under neutral carbon balance (Materials and Methods), and fur-
ther to 50 ppm, at which trees go into negative carbon balance.
This approach directly imposes source constraints without con-
comitant sink limitation to prevent oversupply (photosynthetic
intake ≤ respiratory losses) and potentially resulting build-up of
photosynthetic products and derivatives via accumulative stor-
age, thereby allowing inferences on reserve formation (18). Tree
saplings were grown in specially designed flow-through chambers
coupled to a [CO2] manipulation system for 8 wks. To assess the
overall carbon balance, the changes in [CO2] between inflow and
outflow were measured and integrated over the 16-h photoperiod
(daytime balance) and the 24-h period (whole-day balance). The
fate of carbon fixed after the start of the experiment was tracked
by using CO2 that was isotopically distinct (ca. −38‰) from the
air under which the plants had grown previously (ca. −9‰). We
monitored nighttime respiration, growth, and carbon storage by
using metabolomic and isotopic measurements and investigated
molecular regulation via transcriptomic analysis. Specifically, we
hypothesized that, with declining carbon availability, Norway
spruce saplings tend to 1) mitigate losses of carbon through up-
regulation of photosynthetic pathways (e.g., light and dark reac-
tion) and down-regulation of respiratory pathways (e.g., glycolysis
and tricarboxylic acid cycle), 2) preferentially allocate available
carbon to NSC reserves over growth by up-regulation of storage
biosynthesis pathways while down-regulating growth-related
pathways, and 3) increasingly rely on alternative carbon reserves
(lipids and proteins) under negative carbon balance to ensure
respiratory maintenance.

Results and Discussion
Our results show that with declining carbon, supply trees strate-
gically coordinate storage allocation and consumption to maintain
respiratory metabolism, while photosynthesis and growth are
down-regulated. Under neutral (photosynthetic intake = respira-
tory losses) and negative carbon balance (photosynthetic intake <
respiratory losses), daytime net assimilation strongly decreased,
leading to reduced incorporation of newly assimilated carbon into
water-soluble metabolites (Fig. 1) and a decline in concentrations
of soluble sugars and starch (Fig. 2 A–D). However, contrary to
our first hypothesis, transcript analysis shows that the expression
levels of most genes involved in photosynthetic pathways in young
leaves were not significantly affected under neutral carbon balance
and were even down-regulated under negative carbon balance
(Fig. 3 and SI Appendix, Fig. S1). These results suggest that spruce
trees may have a limited capacity to up-regulate the whole pho-
tosynthetic machinery under neutral or negative carbon balance,
possibly as a result of other biochemical constraints (19). Since the

initial light-harvesting capacity, for example, is likely to have far
exceeded what was needed under negative carbon balance, a gen-
eral down-regulation of the light-dependent reactions would reduce
oxidative damage from redundant light excitation energy (20) and
unnecessary maintenance cost (21). A similar molecular mechanism
has been used to explain the biochemical (i.e., nonstomatal) limi-
tation of photosynthesis that often occurs under stress such as se-
vere drought (22–24). However, the gene encoding the small
subunit of ribulose bisphosphate carboxylase (Rubisco), which cat-
alyzes the first step of CO2 fixation, was up-regulated (SI Appendix,
Fig. S1), indicating an attempt to maximize carbon capture under
these conditions.
Although nighttime respiration was limited by substrate avail-

ability under neutral carbon balance, isotopic analysis showed that
CO2 emitted via nighttime respiration was composed of a higher
proportion of newly assimilated carbon than recently grown biomass
(Figs. 1 and 2 A–D). This indicates that newly assimilated carbon
was preferentially allocated to meet the demands of respiration
rather than growth under neutral carbon balance. However, despite
the use of a depleted 13CO2 source (δ13C equal −38‰, newly as-
similated CO2), respired CO2 was slightly enriched in δ13C under
negative carbon balance as compared to the pretreatment period
(Fig. 1). This suggests that negative carbon balance forced trees to
rely on the degradation of compounds stored prior to the experi-
ment, likely 13C-enriched substrates such as starch (25), cell wall
polysaccharides (26), malate (25), or aspartate (27). The utilization
of newly assimilated and older stored carbon for respiration appears
to be achieved through regulation of respiratory pathways, which
were sustained and even up-regulated under neutral and negative
carbon balance, respectively (Fig. 3). Therefore, in contrast to our
hypothesis that low substrate availability may signal a down-
regulation of respiratory demands, trees met respiratory demands
under neutral and negative carbon balance, most likely for main-
tenance or for stress mitigation (e.g., oxidative stress) (28).
Our results provide evidence for a switch in allocation priorities

from growth to storage under neutral and even negative carbon
balance. NSCs resulted from accumulation that had occurred
prior to the experiment (i.e., under normal conditions) were mo-
bilized to support growth and respiration in the early phases of
carbon deprivation (Fig. 1C), as reflected by their initial reduc-
tions (Fig. 2 A–D). However, under prolonged carbon deprivation,
NSC storage is prioritized overgrowth, and this is supported by
multiple lines of evidence. First, concentrations of soluble sugars
remained relatively constant between weeks 4 and 8 (Fig. 2 A–D),
indicating that trees under neutral and negative carbon balance
succeeded in maintaining low but functional levels of NSC. Sec-
ond, these levels were maintained with continuous input from
recently assimilated carbon and remobilization of older stored
carbon (Fig. 1B). Third, transcriptomic analysis showed that the
expression of genes encoding disaccharide (e.g., sucrose synthase)
and starch biosynthesis was up-regulated under negative carbon
balance (Fig. 3 and SI Appendix, Fig. S1), a finding that supports
“reserve formation” that results from up-regulation of storage.
To ensure substrate supply for NSC biosynthesis, processes re-

lated to growth were strongly down-regulated under negative
carbon balance. Reducing carbon supply strongly decreased bio-
mass accumulation (Fig. 1C), accompanied by a down-regulation
of genes encoding cellulose and lipid biosynthesis, as well as cell
wall loosening—an important process involved in leaf expansion
(29) (Fig. 3 and SI Appendix, Figs. S1 and S2). Negative carbon
balance also induced expression of genes involved in the SnRK1
signaling pathway that has been shown to repress energy-
consuming biosynthetic actions (e.g., growth and defense) under
sugar and energy starvation conditions (30, 31). These results also
support the idea of “reserve formation” that growth was down-
regulated by the trees to divert carbon to synthesis of storage
compounds. Similar processes may explain the observed shift in
allocation toward NSC storage rather than growth during or after
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shading (32), defoliation (33), and drought (34). The up-
regulation of storage compound synthesis and down-regulation
of sink activities like growth in spruce trees under negative car-
bon balance have also been observed in Arabidopsis during ex-
tended nighttime periods (15–17).

Our results have strong implications for understanding how
trees avoid death in the face of severe photosynthetic deprivation
that may occur during extreme events causing prolonged stomatal
closure or defoliation, including severe drought, heat waves, late
frost, or insect attack. Trees under normal conditions store sub-
stantial amounts of NSC when carbon supply exceeds carbon
demands for growth and other metabolic processes such as de-
fense and reproduction, and these NSC can be mobilized to buffer
shortages in the early phases of photosynthetic deprivation.
However, as photosynthetic deprivation progresses and NSCs are
reduced to levels at which tree survival is at risk, trees preferen-
tially allocate available carbon to NSC storage rather than to
growth (i.e., reserve formation). These NSCs are likely reserved to
ensure survival especially under herbivore and pathogen attack
(35–37), which often co-occurs with climate extremes such as
drought and heat (38, 39). For example, preferential allocation of
limited carbon to carbohydrate storage rather than to growth may
allow trees to produce osmoregulatory compounds or defenses
such as terpenes and phenolics when necessary. Further research
is needed to show exactly where on the gradient of carbon supply
allocation priority shifts.
The observed changes in NSCs may result from changes in the

rates of both biosynthesis and degradation under neutral and
negative carbon balance. Transcriptomic analysis showed that
genes encoding enzymes involved in starch degradation, such as β-
and α-amylases, were significantly up-regulated (Fig. 3 and SI
Appendix, Fig. S1), demonstrating that in spruce trees, like in
Arabidopsis (40, 41), starch degradation is up-regulated to main-
tain sugar levels to cope with environmental stress. Furthermore,

processes related to catabolism of cell wall polysaccharides were
also up-regulated under negative carbon balance (Fig. 3 and SI
Appendix, Fig. S1). In addition, concentrations of total fatty acids
strongly decreased in old leaves under negative carbon balance
(Fig. 2F), which is supported by the transcriptomic analysis
showing that fatty acid catabolism was up-regulated (Fig. 3). More
strikingly, the glyoxylate pathway, which converts lipid-derived
substrates (i.e., acetyl-CoA) into malate and succinate for the
synthesis of carbohydrates, was strongly induced under negative
carbon balance (Fig. 3 and SI Appendix, Fig. S2). Such regulation
likely occurred earlier and to a greater extent in mature leaves
than in developing leaves, given that concentrations of total fatty
acids had not yet been significantly affected in the latter (Fig. 2 E
and F). Together, these results are consistent with our third hy-
pothesis that autolysis of polysaccharides and lipids provides al-
ternative substrates for respiration in spruce trees under negative
carbon balance, similar to what has been observed in Arabidopsis
(42, 43).
The use of amino acids as alternative substrates to fuel respi-

ration under negative carbon balance has been also reported for
Arabidopsis (44) but not for trees. Under negative carbon balance,
the concentrations of total amino acids significantly increased in
spruce needles (Fig. 2G andH). These changes were accompanied
by a concurrent up-regulation of pathways that yield metabolites
(e.g., pyruvate, acetyl-CoA, malate, and succinate) to support the
tricarboxylic acid cycle or glyoxylate pathway (Fig. 3 and SI Ap-
pendix, Fig. S2) (44). Concentrations of aspartate, asparagine,
proline, glutamate, and glutamine all significantly increased under
negative carbon balance (SI Appendix, Figs. S3 and S4), and there
was a strong up-regulation of genes encoding proline dehydroge-
nase and asparagine synthetase, which catalyze conversion of
proline into glutamate and of aspartate and glutamine to aspara-
gine and glutamate, respectively (Fig. 3 and SI Appendix, Fig. S2).
Furthermore, concentrations of most amino acids remained high in
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Fig. 1. Carbon fluxes under declining carbon balance. (A) Carbon (C) uptake, shown as aboveground daytime net assimilation and whole-day net C gain
(daytime assimilation minus nighttime respiration). (B) Substrate availability, shown as the proportion of recently assimilated (solid fill) and older stored
(diagonal fill) water-soluble C in aboveground organs (previous-year and current-year needles and branches). (C) Allocation of recently assimilated C (solid fill)
and older stored (diagonal fill) into sink activities (aboveground nighttime respiration and growth). (D) Changes in sink activity of nighttime respiration and
whole-tree biomass growth, expressed as changes to control tree sink activity. All flux and metabolic data were taken between week 3 and week 5. The
percentage of new versus old C and sink activities were significantly different (P < 0.05; Tukey’s honestly significant difference, HSD) between the low C
availability treatments (neutral and negative C balance) and control (positive C balance).

Huang et al. PNAS | 3 of 7
Storage of carbon reserves in spruce trees is prioritized over growth in the face of carbon
limitation

https://doi.org/10.1073/pnas.2023297118

EC
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023297118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023297118


old senescent leaves (Fig. 2 G and H), likely because these amino
acids act as osmoprotectants under negative carbon balance, sim-
ilar to their roles during abiotic stresses such as drought, salinity, or

extreme temperatures (41, 45, 46). The increase in amino acids
may help compensate for decreased soluble sugars in maintaining
osmotic potential under neutral and negative carbon balance.
In conclusion, by combining data from metabolite fluxes and

pools with isotopic measurements and transcriptomics, our study
shows that under negative carbon balance, Norway spruce trees 1)
down-regulate photosynthetic pathways, in particular those related
to the light reactions, likely to reduce oxidative damage and as-
sociated maintenance costs, while sustaining respiratory pathways;
2) up-regulate NSC biosynthesis pathways while growth-related
pathways are down-regulated, to preferentially allocate available
carbon to storage over growth; abd 3) induce cell wall polysac-
charide degradation and lipid catabolism as well as amino acid
metabolism to provide energy and substrates required for survival
under prolonged negative carbon balance. Our study provides
insights on how trees strategically regulate carbon source–sink
relationships to prioritize allocation to NSC storage and mobili-
zation of storage compounds to support respiration over growth
when faced with severe photosynthetic limitations. Understanding
these strategies is of critical importance for assessing how trees
respond to extreme events, particularly those associated with re-
ductions in carbon supply, such as severe drought (47) or defoli-
ation from heat waves, late frost, or insect attack (48).

Materials and Methods
Plant Material and Growth Conditions. The experiment was conducted in 12
glass chambers built in the greenhouse of the Max Planck Institute for
Biogeochemistry in Jena; refer to Hartmann, Ziegler, Kolle, and Trumbore
(49) for more details. Control of [CO2] of air entering the 12 glass chambers
was achieved by scrubbing all CO2 (δ13C equal −9‰) from the ambient air
and readding CO2 (−38‰) to the CO2-free air stream via mass flow con-
trollers to achieve desired concentrations. Twelve chambers were divided
into three [CO2] treatments, thus yielding four replicates for each of the
three treatments: 1) 400 ppm maintained throughout the experiment as
control; 2) immediate reduction from 400 ppm to 280 ppm, which was
maintained for 2 wks, then further reduced to 120 ppm to reach neutral
carbon balance (i.e., whole-day, aboveground carbon gain was 0, main-
tained for 6 wk); 3) immediate reduction from 400 ppm to 170 ppm, which
was maintained for 2 wks, then further reduced to 50 ppm to reach negative
carbon balance (i.e., whole-day aboveground carbon gain was negative,
maintained for 6 wk) (50). This experimental design is intended to reduce
carbon supply in which metabolic demands for carbon are not met by cur-
rent photosynthate, leading to declines in the NSC pool. Norway spruce
clones were acquired from the Forestry Research Institute of Sweden. One
spruce seedling (ca. 7-y-old seedlings) was placed into each glass chamber in
May 2016. Roots were grown in a mixture of sand and a slow-releasing in-
organic fertilizer (Osmocote Start, Everris International B.V., Netherlands) in
an airtight pot separated from the aboveground (50).

Measurements of Flux and Biomass. Aboveground CO2 flux was measured
using a Picarro cavity ring-down spectrometer 2131-i (Picarro Inc. Santa
Clara) and calculated by the differences between the [CO2] of air entering
([CO2]in) the chambers measured once per hour and the [CO2] of air leaving
([CO2]out) the chambers measured once every two hours (SI Appendix,
Methods). Daytime net assimilation and nighttime respiration were com-
puted depending on the duration over which each occurred (16 and 8 h,
respectively). To estimate biomass increment over time, each pot with the
seedling was placed on a balance (resolution: 0.1 g; PCB 10000-1, KERN &
SOHN GmbH, Germany) inside the growth chamber, and the weight was
continuously recorded. To minimize interference from transpiration and
watering, ca. 2 cm of sand from the bottom was constantly immersed into
water, and the upper sand was wetted by capillary action. The bottom of the
pot was connected to a separate water reservoir where the water level was
kept constant using a water level sensor. All flux and biomass data were
averaged over ca. w wks between week 3 and week 5.

Analysis of Metabolites. Current-year-young and previous-year-old organs
(leaves) were collected from each chamber before the experiment (week 0),
in the middle of the experiment (week 4), and at the end of the experiment
(week 8). Leaves and branches were separated and homogenized in liquid
nitrogen, freeze-dried, and then ground to a fine powder. Soluble sugars were
extracted with distilled water at 65 °C and determined with High-Performance

A B

C D

E F

G H

Fig. 2. Temporal dynamics of carbon storage under declining carbon bal-
ance. Changes of storage compounds in (Left) current-year-young and
(Right) previous-year-old leaves. (A and B) Soluble sugars (sum of glucose,
sucrose, and fructose). (C and D) Starch. (E and F) Lipids. (G and H) Amino
acids (sum of the common amino acids; SI Appendix, Figs. S3–S5). All data are
expressed as concentrations (mg/g). Values are the means of four individual
chambers (n = 4); error bars represent ± SE. Significant differences between
the low carbon (C) availability treatments (neutral and negative C balance)
and control (positive C balance) are calculated and indicated by filling of
symbols (P < 0.05, Tukey’s HSD).
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A

B

Fig. 3. Transcriptional regulation of source and sink activities under declining carbon balance. Changes in the gene expression patterns for
current-year-young leaves under neutral (A) and negative carbon (C) balance (B), relative to control (positive C balance) at week 4. Figures showing expression
of individual genes for individual pathways at higher resolution can be found in SI Appendix, Figs. S1 and S2. Each bar is composed of a number of genes
(small boxes) with different expression patterns, starting from the repressed genes (blue) on the left side to the induced ones (red) on the right side. The
number of genes identified for each pathway is listed at the end of the bar. The pathways are grouped based on their functions and indicated by the colors of
axis labels: photosynthesis (green), respiration (red), NSC synthesis (dark blue), growth (brown), alternative substrate synthesis (light blue), and storage ca-
tabolism (yellow). Note that the width of nested genes of each pathway is adjusted so as to compare the overall expression patterns of different pathways.
Full information about the sequence ontology is given in SI Appendix, with a detailed description of the gene expression in SI Appendix. Abbreviations: Cat,
catabolism; ETC, electron transport chain; PPP, pentose phosphate pathway; Syn, synthesis; and TCA, trichloroacetic acid.
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Liquid Chromatography-Pulsed Amperometric Detection (HPLC-PAD). Starch
in the remaining pellet was digested with a-amylase and amyloglucosidase
(Sigma-Aldrich) and determined with HPLC-PAD (51). Total concentrations
of fatty acids were determined by a NMR-based fat analyzer (ORACLE;
CEM, Matthews). Amino acids were extracted by methanol and diluted
by water containing 13C, 15N labeled amino acids, and then analyzed by
an HPLC coupled to a tandem mass spectrometer (Triple Quad 6500+,
API-Sciex) (52).

Analysis of Isotopes. The use of an isotopic tracer (δ13C equal −38‰) allowed
us to partition allocation of newly assimilated versus stored carbon to dif-
ferent pools. All δ13C values were reported relative to the international
Vienna Pee Dee Belemnite (SI Appendix, Methods). The δ13C signature of
CO2 of air entering (δ13Cin) and leaving the chamber (δ13Cout) was measured
with Fourier transform infrared spectroscopy (FTIR, Ecotech Pty Ltd., Knox-
field, Victoria, Australia) using otherwise the same protocol of the flux
measurements. The δ13C signature of nighttime respired CO2 was calculated
by using the mass balance:

Respired δ13C = [CO2]in × δ13Cin –[CO2]out × δ13Cout

[CO2]in–[CO2]out . [1]

We calculated carbon isotopic discrimination (Δ) under 400 ppm and 120
ppm [CO2] treatment using equation (53):

Δ = ξ δ13Cout − δ13Cin( )

1 + δ13Cout − ξ δ13Cout − δ13Cin( )
, [2]

where ξ is defined as

ξ = [CO2]in
[CO2]in − [CO2]out. [3]

To reduce interferences from daytime respiration of recently assimilated and
old stored substrates, we selected periods of high daytime net assimilation
(i.e., above ca. 20 ppm and ca. 10 ppm [CO2] for 400 ppm and 120 ppm [CO2],
respectively). Our calculations showed that trees under 400 ppm and 120
ppm [CO2] treatment had a similar Δ of ca. 22‰, which was 5‰ higher than
trees grown under ambient conditions prior to the experiment (17‰). In
addition, we assume a similar Δ between 120 ppm and 50 ppm [CO2].

We measured bulk δ13C with an isotope-ratio mass spectrometry (Thermo
Finnigan GmbH, Germany). An aliquot of hot water extract was pipetted
into a tin cup and dried at 40 °C for subsequent measurement of the δ13C of
water-soluble carbon, which is a reliable proxy for the δ13C of soluble sugars,
as previously shown in needles of Pinus sylvestris (54). The proportion of
newly assimilated carbon in the corresponding carbon pool, Pnew, was cal-
culated using the equation

Pnew = δ13CS − δ13CB

δ13Cfull − δ13CB
, [4]

where δ13CS is the δ13C signature of the corresponding carbon pool measured
around week 4, δ13CB is the background δ13C signature of the corresponding
carbon pool measured at week 0 (i.e., pre-label), and δ13Cfull is the theoretical
13C signature of the corresponding carbon pool that is fully labeled, ac-
counting for the difference in isotopic signature between the air used to flush
the chambers before (−9‰) and during the experiment (−38‰), as well as an
increase of 5‰ in Δ. For example, δ13CB of biomass was ca. −26‰; thus, δ13Cfull
is assumed to be ca. −60‰ under the new labeling environment. To compare
the proportion of new versus old carbon between aboveground respiration,

water-soluble carbon, and biomass growth, δ13C was measured and weighted
across current-year-young and previous-year-mature leaves and branches.

Transcriptome Analysis. Developing leaves collected from each chamber at
week 4 (i.e., four replicates per treatment) were ground to fine powder in
liquid nitrogen in a mortar. Total RNA was extracted with an Invitrap Spin
Plant RNA Mini Kit and (STRATEC Molecular GmbH, Berlin, DE) and RNase-
Free DNase Set (Qiagen GmbH, Hilden, DE). Transcriptome sequencing was
carried out on an Illumina HiSeq2500 Genome Analyzer platform using
poly(A)-enriched RNA (Max Planck Genome Center Cologne). On average,
each sample yielded 36 million high-quality paired-end reads of ∼150 base
pairs each (bp). Quality control, trimming, and de novo assembly of the
pooled reads were achieved using CLC Genomics Workbench version 11.0
(https://digitalinsights.qiagen.com). The assembly was carried out with the
following settings: nucleotide mismatch cost = 2; insertion costs = 3; deletion
costs = 3; length fraction = 0.3; and similarity = 0.9 as previously described by
Vogel, Badapanda, Knorr, and Vilcinskas (55). The sequences in the assembly
were annotated using Blast 2GO software suite version 5 (56) using standard
settings (Blast x homology searches against National Center for Biotech-
nology Information and functional annotations using Gene Ontology (GO)
terms [http://www.geneontology.org], InterPro terms [InterProScan, EBI] and
enzyme classification [EC]). The dataset of ∼450 million reads of 150 bp in
length was assembled into 29,696 contigs. The length of the contigs ranges
from 350 to 16,560 bp, with an average length of 1,380 bp. Approximately
23,900 contigs were annotated. Differential gene expression was analyzed by
mapping the reads of each individual sample to the pooled de novo–
assembled transcriptome using CLC Genomics Workbench with the following
settings: mismatch cost = 2; insertion cost = 3, deletion cost = 3; length frac-
tion = 0.8; similarity fraction = 0.8; and maximum number of hits for a read =
10. Expression profiles for individual metabolic processes were generated us-
ing GOterms, EC numbers, and interPro terms and were manually curated
based on standard plant biochemical texts (57). Heat maps for gene expression
profiles were rendered using Morpheus (https://clue.io/morpheus).

Statistical Analyses. For analysis of flux, metabolic, and isotopic data, the
normality and homogeneity of variances were checked with Shapiro–Wilk test
and Levene test, respectively, and were log-transformed as needed. Significant
differences between the treatments were tested using Tukey’s honest signif-
icance test (P < 0.05). For data expressed as the percentage of control, SEs were
propagated according to error propagation rules. All statistical analysis was
conducted in R (version 3.3.2) (58). Statistical differences in gene expression
were calculated for each gene between the treatments using the Reads Per
Kilobase Million (RPKM) algorithm to obtain correct estimates for relative
expression levels (biases in the sequence datasets and different transcript sizes
were corrected).

Data Availability. All study data are included in the article and/or supporting
information. Transcriptome data have been deposited in the NCBI database
under BioProject accession no. PRJNA751264.
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