Changes in resource partitioning between and within
organs support growth adjustment to neighbor
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In shade-intolerant plants, the perception of proximate neighbors
rapidly induces architectural changes resulting in elongated stems
and reduced leaf size. Sensing and signaling steps triggering this
modified growth program have been identified. However, the
underlying changes in resource allocation that fuel stem growth
remain poorly understood. Through 14CO2 pulse labeling of Brassica rapa seedlings, we show that perception of the neighbor detection signal, low ratio of red to far-red light (R:FR), leads to
increased carbon allocation from the major site of photosynthesis
(cotyledons) to the elongating hypocotyl. While carbon fixation
and metabolite levels remain similar in low R:FR, partitioning to
all downstream carbon pools within the hypocotyl is increased.
Genetic analyses using Arabidopsis thaliana mutants indicate that
low-R:FR–induced hypocotyl elongation requires sucrose transport
from the cotyledons and is regulated by a PIF7-dependent metabolic response. Moreover, our data suggest that starch metabolism
in the hypocotyl has a growth-regulatory function. The results reveal a key mechanism by which metabolic adjustments can support rapid growth adaptation to a changing environment.
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Surprisingly little is known about metabolic changes involved
in the shade avoidance response. Considering the major investment in stem growth, there must be considerable changes in
resource partitioning while under the threat of light limitation.
Photosynthates are transported through the phloem in the form
of sucrose from high production sites (source) to organs in carbon deficit (sink) (13, 14). This was addressed in experiments in
which radiolabeled carbon in the form of 14C-urea was brushed
onto the first pair of leaves of stem-forming plants. Such a
treatment leads to release of 14CO2, through urea uptake and
endogenous enzymatic hydrolysis, which can be taken up by the
plant during photosynthesis. More 14C was recovered in internodes from sunflower plants (Helianthus annuus) that had been
treated with 3 d of low R:FR compared with internodes from
plants in high R:FR (15). In a similar experiment using 14C urea,
24 h of low-R:FR treatment led to enhanced allocation of 14C to
the first internode of Sinapis alba, whereas a lower proportion of
14
C remained in the leaves of the plant (16). As the total amount
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In dense communities, plants compete for light and sense potentially threatening neighbors prior to actual shading. In response to neighbor proximity cues, shade-intolerant plants
selectively elongate stem-like structures, thereby enhancing
access to unfiltered sunlight. Although key steps in plant
proximity sensing and signaling have been identified, we
know little about the metabolic adaptations underlying enhanced stem growth. Here, we show that, following the detection of neighbor proximity cues, seedlings allocate more
carbon fixed in the cotyledons to the faster elongating hypocotyl. Moreover, we show that sucrose transport and a transcription factor responding to light and metabolic cues control
hypocotyl elongation. Collectively, our work provides important insights into the metabolic changes underlying organspecific growth adaptations to an environmental stress signal.

T

o withstand environmental challenges, plants have a remarkably plastic phenotype, allowing them to optimize their
architecture for the prevailing circumstances. Shade-intolerant
plants compete for light with their neighbors, typically by accelerating growth of stem-like structures to bring their leaves
toward the light in the so-called shade avoidance response (1).
This enhanced stem elongation is reflected in increased biomass
accumulation in stems, while growth of leaves, roots, and seeds is
often reduced (2–6).
The presence of neighboring plants is perceived by the phytochrome (phy) photoreceptors, which detect a drop in the ratio
of red to far-red light (R:FR) due to increased levels of FR
reflected off green plant tissue (7). Given that FR light does not
contribute to photosynthetically active radiation (PAR), a low-R:
FR environment can be established through FR supplementation without affecting PAR. Similarly, a shade avoidance response can be induced by end-of-day exposure to FR (EOD-FR),
which inactivates phys at the beginning of the night. Low R:FR
inactivates phys, relieving repression of the PHYTOCHROME
INTERACTING FACTORs (PIFs) 4, 5, and 7 (8, 9). The PIFs
subsequently activate an array of targets, including genes related to processes of auxin biosynthesis, transport, signaling,
and cell wall biogenesis and modification (9, 10). While there
appears to be a core set of shade avoidance genes (11), expression patterns become increasingly organ specific over time
in Arabidopsis seedlings, which likely reflects the different growth
responses of hypocotyl (embryonic stem) and cotyledons (embryonic leaves) (12).
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Results
Low-R:FR Treatment Increases Carbon Allocation from Cotyledons to
Hypocotyl. Although Arabidopsis hypocotyls may assimilate some
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carbon locally, the substantial growth that takes place in low-R:
FR–treated hypocotyls is expected to require resources from the
cotyledons. This, in turn, is likely to impact on cotyledon growth,
which is reduced in low R:FR (SI Appendix, Fig. S1 A and B).
Using a previously published RNA-seq dataset from 5-d-old
Arabidopsis seedlings (12), we looked for gene expression patterns related to carbon metabolism that might support a change
in resource allocation in low R:FR. After 3 h of low R:FR, expression of several carbon metabolic pathways (photosynthesis,
Calvin cycle, sucrose biosynthesis, starch biosynthesis and degradation) was significantly down-regulated in the hypocotyl but
remained at a similar level in cotyledons (SI Appendix, Fig. S1C;
see Dataset S1 for gene lists). This organ-specific expression
pattern suggests that carbon assimilation and storage might be
reduced locally in the hypocotyl in response to low R:FR. The
elongating hypocotyl may thus increase in sink strength not only
because of its rapid growth but also because of reduced production of local photosynthate.
To study resource allocation during the shade avoidance response directly, we performed radioisotope-labeling experiments
to quantitatively study carbon allocation into different organs.
The small size of Arabidopsis seedlings being an impediment; we
used Brassica rapa seedlings, which show a shade avoidance response similar to Arabidopsis (30, 31). This includes increased
hypocotyl elongation and reduced cotyledon expansion (SI Appendix, Fig. S2 A and B), reflected in altered biomass accumulation in both organs (SI Appendix, Fig. S2C). Accelerated
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of recovered radiolabeled carbon was similar in plants from both
light treatments, a larger fraction of the total amount of assimilated 14C was partitioned toward the elongating internodes of
shade-avoiding plants. While this leaf-targeted labeling suggests
increased transport from leaves to stem in shade-avoiding plants,
C uptake is not controlled in this method and the 14CO2 that is
released from urea application is also available for fixation in
other organs (17).
Steady-state measurements of soluble sugars and starch have
produced varied results. Activity of sucrose phosphate synthase,
a sucrose biosynthesis enzyme, was increased in leaves of low-R:
FR–treated plants (18, 19). Low-R:FR and EOD-FR treatments were shown to increase the amounts of reducing sugars
(i.e., glucose and fructose, products of sucrose hydrolysis) in
leaves, internodes, and petioles of tobacco (Nicotiana tabacum),
watermelon (Citrullus lanatus), mustard (Sinapis alba), and sunflower (Helianthus annuus) (15, 16, 20, 21). However, no changes
in sucrose levels were found in leaves and petioles of radish
plants (Raphanus sativus) after long-term low-R:FR treatment
(18). Interpretation of steady-state measurements of soluble
sugars are complicated by the fact that increased production
could increase their concentration, while increased demand in
the form of growth would have the opposite effect. Carbohydrates can also be stored in insoluble starch. In leaves, starch is
accumulated during the day and degraded at night to provide
soluble sugars for metabolism (22). The role of starch in stems is
less well defined. Similarly to soluble sugars, the effect of low R/
FR on starch accumulation is also apparently variable. Starch
granules were found to be smaller and less abundant in chloroplasts of EOD-FR–treated tobacco leaves (Nicotiana tabacum)
(20) and decreased starch levels were reported in radish (18)
after phytochrome inactivation; however, starch was reported to
be increased in mustard (16). In accordance with the latter, the
constitutive shade-avoiding phyA phyB phyD phyE Arabidopsis
mutant accumulates more starch per shoot fresh weight during
the day, which correlates with reduced daytime shoot growth
(23). In contrast, the phyA phyB mutant, which showed photosynthesis and fresh weight similar to the wild-type Ler, was found
to accumulate less starch toward the end of the day (24). Interestingly, transcriptomic analyses of the shade avoidance response indicate down-regulation of genes involved in starch
metabolism (11, 25).
Photosynthesis-related genes are also down-regulated by the
perception of shade signals (25–27). Chlorophyll content per unit
leaf area was reduced in EOD-FR–treated tobacco leaves, with
chloroplasts containing smaller but more grana (20, 28). Nevertheless, leaf photosynthesis was unaffected by low R:FR and
EOD-FR, as net CO2 uptake and total leaf carbohydrates were
similar in control and treated plants (18, 28, 29). In contrast,
photosynthetic capacity of tomato stems (Solanum lycopersicum),
which was about one-third of leaf photosynthetic capacity, was
rapidly reduced to almost zero in low R:FR (29). This corresponded to reduced dark respiration and chlorophyll content of
the stem (29), suggesting that the photosynthetic apparatus is
repressed upon low R:FR perception in this organ. These reports
all point toward major metabolic adjustments accompanying
elongation growth in low R:FR, although the inconsistencies
between studies leave major questions unanswered.
The shade avoidance signaling pathway is extensively studied
in plant seedlings. Here, we investigated carbon partitioning
during shade avoidance in Arabidopsis thaliana and Brassica
rapa seedlings, analyzing allocation both between organs and
between carbon pools within organs. We provide insight into
how resources are reallocated to adapt growth patterns to shade
conditions.
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Fig. 1. Resource partitioning between Brassica rapa seedling organs after
9 h of light treatment. Five-day-old B. rapa seedlings grown in long days
were subjected to high or low R:FR at ZT2. (A) Hypocotyl growth was measured from time-lapse images with 30-min intervals. The black bar in the x
axis represents the dark period. Data represent means ± 2 SE; n = 9. (B)
Hypocotyl biomass after 9 h of light treatment. Data are represented as
standard boxplots representing median and interquartile (IQR) range between the 25th and 75th percentiles. Whiskers extend to 1.5-fold the IQR;
n = 20. (C) Incorporation of radiolabeled C in intact seedlings or seedlings
from which cotyledons had been removed (decapitated), harvested immediately after a 10-min pulse of 14CO2 following 9 h of light treatment. Values
are expressed as the percentage of label recovered in each sample compared
with the average total label of high-R:FR–treated intact plants. Data represent means ± 2 SE; n = 4. (D) 14C incorporation in cotyledon, hypocotyl, and
root tissue after a 1-h chase. Values are expressed as a percentage of total
label recovered in each organ. Data represent means ± 2 SE; n = 4. Asterisks
indicate significant difference. Significance codes: *0.05 > P > 0.01, **0.01 >
P > 0.001, ***P < 0.001.
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Carbon Partitioning Within Organs Corresponds With Their Growth
Response to Low R:FR. The cotyledon, hypocotyl, and root sam-

ples were further fractionated to determine partitioning into
different pools of carbon within each organ. Initial fractionation
separated into ethanol-soluble, water-soluble, or insoluble components. These three primary fractions in the cotyledons, hypocotyl, and root together contained the entire assimilated label,
from which each fraction was calculated as a percentage (Fig. 2).
The ethanol-soluble fraction contains predominantly lipids and
waxes. The water-soluble fraction was further separated into an
acidic fraction (containing mostly phosphorylated sugars and
organic acids), a basic fraction (mostly amino acids), and neutral
components (mostly neutral sugars). From the insoluble fraction,
starch was measured and the remaining label represents assimilated carbon in cell walls and proteins (Fig. 2D).
In cotyledons of low-R:FR–treated seedlings, a lower percentage of 14C was committed to starch as well as to protein and
cell walls (Fig. 2A), which corresponds to the reduced growth of
this organ in low R:FR (SI Appendix, Fig. S2B). There were
trends toward less 14C recovery in the rapidly turned-over pool of
soluble sugars (P = 0.050) and more partitioning into the acidic
fraction (P = 0.060). These changes are likely due to an increased
flux toward sucrose, via sugar phosphates, and faster export of
sucrose toward sink organs. In the root, small changes in partitioning were observed, suggesting slightly more commitment to
growth after 9 h of low R:FR (Fig. 2C).
Strikingly, in low-R:FR–treated plants, increased partitioning
to the hypocotyl (Fig. 1C) was reflected in all of the downstream
carbon pools of this organ (Fig. 2B). Only a small proportion of
14
C was partitioned into starch; however, this was increased more
than fourfold from 0.13 to 0.6% in low R:FR. The neutral
fraction increased more than twofold, which is an expected result
de Wit et al.
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Fig. 2. Carbon partitioning within organs after 9 h of low R:FR. Cotyledon
(A), hypocotyl (B), and root (C) samples of 5-d-old seedlings grown in long
days, harvested after a 1-h chase following exposure to a 10-min pulse of
14
CO2, 9 h after start of light treatment. Samples were processed into primary fractions of ethanol-soluble, H2O-soluble, and insoluble components.
The water-soluble fraction was further fractionated into basic, acidic, and
neutral fractions and the insoluble fraction into starch and a remaining
fraction containing proteins and cell walls (D). Data represent means ± 2 SE;
n = 4. Asterisks indicate significant difference. Significance codes: *0.05 > P >
0.01, **0.01 > P > 0.001, and ***P < 0.001.

of increased sucrose transport from the cotyledons. The increased allocation to the ethanol-soluble fraction (lipids and cell
membranes) and the protein and cell wall-insoluble fraction indicates an increased investment into growth components, corresponding with low-R:FR–induced hypocotyl elongation and
biomass accumulation (Fig. 1C and SI Appendix, Fig. S2 A
and C).
Metabolite Levels Are Stable During the First 24 h of Low-R:FR
14
Treatment. To test whether the observed changes in C alloca-

tion lead to changes in metabolite levels, we determined sugar
concentrations in hypocotyls and cotyledons during the first 24 h
PNAS | vol. 115 | no. 42 | E9955
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hypocotyl growth was observed after ∼2 h of low-R:FR treatment (Fig. 1A), similar to what was previously reported in
Arabidopsis (12, 32). We treated Brassica seedlings with a 10-min
14
CO2 pulse after 9 h of low-R:FR treatment, when clear differences in hypocotyl length and a small but significant increase in
hypocotyl dry weight could be detected (Fig. 1B). Using such an
early time point allowed to focus on early events and minimizes
the impact of increased size of the organ on C partitioning.
Total assimilation of CO2 in low-R:FR–treated plants was
unchanged compared with high-R:FR–treated plants (Fig. 1C),
which indicates that the total amount of carbon available was
similar for seedlings in both high and low R:FR. This allowed us
to compare carbon fractions of the different light treatments as a
percentage of the total amount of label found in a sample. Some
carbon was expected to be fixed locally by the hypocotyl, which
may influence the calculated partitioning between organs. To
calculate this fraction, we provided a 14CO2 pulse to seedlings
from which the cotyledons were removed immediately before
labeling. These “decapitated” hypocotyls were harvested immediately to prevent loss of label through respiration. Compared
with intact seedlings, less than 0.5% of the total 14C was assimilated in decapitated hypocotyls (Fig. 1C), showing that the vast
majority of CO2 taken up by the plant is assimilated in the cotyledons. After a 1-h chase, more than 75% of the total assimilated 14C was retained in the cotyledons in high R:FR (Fig. 1D).
Of the 25% allocated to the other organs, 5% was taken up by
the hypocotyl and 20% by the roots. Compared with high R:FR,
7% less 14C was found in the cotyledons of low-R:FR–treated
seedlings, while 14C in the hypocotyl was increased by the same
amount (Fig. 1D). As this increase in hypocotyl 14C is much
larger than the contribution of local assimilation (Fig. 1C), and
because total 14C allocated to the roots was unaffected, we
conclude that increased 14C in the hypocotyl of low-R:FR–treated
seedlings is the direct result of carbon reallocation from the
cotyledon.
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Fig. 3. Metabolite levels in Brassica rapa hypocotyls during the first 24 h of
the shade avoidance response. Five-day-old B. rapa seedlings were grown in
long days and subjected to high or low R:FR at ZT2 (t = 0). Hypocotyls were
analyzed for glucose (A), fructose (B), sucrose (C), and starch (D) levels at the
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period. Data represent means ± 2 SE; n = 4 replicates of four pooled seedlings. Corresponding cotyledon data are shown in SI Appendix, Fig. S3.
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Shade-Induced Hypocotyl Elongation Requires Sucrose Transport.

Our partitioning data strongly suggest an increased flow of sucrose from the cotyledons to the hypocotyl in low-R:FR–treated
seedlings (Figs. 1D and 2). To test whether phloem transport
plays a role in the hypocotyl elongation response to low R:FR,
we measured hypocotyl lengths of two Arabidopsis sucrose
transporter mutants. Despite their deficiency in apoplastic
phloem loading, 5-d-old suc2 and sweet11 sweet12 seedlings
showed hypocotyl growth comparable to that of the wild-type
Columbia-0 (Col-0) in high R:FR (Fig. 4 A and B). At this
early developmental stage, carbon is derived from seed-lipid
catabolism and gluconeogenesis rather than from photosynthesis (33). After these initial 5 d of growth, the suc2 mutant showed
somewhat reduced hypocotyl growth after 3 additional days of
high R:FR (Fig. 4A), while the sweet11 sweet12 mutant had a
wild-type phenotype. Both mutants had an impaired elongation
response compared with the wild type after 3 d of low R:FR with
a particularly strong defect in suc2 (Fig. 4 A and B). This im-
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of neighbor detection. Overall, low-R:FR treatment induced
little to no significant changes in metabolite levels in both organs
(Fig. 3 and SI Appendix, Fig. S3). As 14C partitioning increased
more than threefold in the ethanol-soluble and -insoluble hypocotyl fractions (Fig. 2 A and B), it is likely that transported
sugars are rapidly utilized to produce the components of growth,
cell membranes, cell walls, and proteins and hence do not accumulate. Starch levels in cotyledons showed a typical accumulation during the day and depletion during the night (SI Appendix,
Fig. S3). Interestingly, the increased partitioning toward starch
in the hypocotyl did not result in measurably more starch accumulation (Fig. 3D). This may be due to simultaneous starch
degradation (i.e., turnover), but we were unable to verify this as
maltose, a key intermediate of starch degradation, was below the
limit of detection in our analysis. Taken together, increased 14C
partitioning toward hypocotyls combined with relatively stable
metabolite levels suggests that low R:FR leads to a rapid turnover of metabolites and an increased flux through the measured
carbon pools to the end products of growth.
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Fig. 4. Shade-induced hypocotyl growth requires sugar transport. Hypocotyl length of sucrose transport mutants suc2 (A) and sweet11 sweet12 (B),
grown in long days. Length was measured after 5 d of growth in high R:FR
and a subsequent 3 d in high (light gray) or low R:FR (dark gray). Seedlings
were transferred to medium supplemented with 1% sucrose or the molar
equivalent in sorbitol after 5 d. Data represent means ± 2 SE; n > 20. Different letters indicate significant difference after 8 d. Statistics (two-way
ANOVA, P < 0.05) were split per genotype due to significant interaction
effects. (C) High-resolution growth analysis of Col-0, suc2, and sav3 seedlings
around the start of low-R:FR treatment. Hypocotyl length from long-day
grown seedlings was measured from time-lapse images with 2-h intervals
starting from ZT2 after 4 d of growth. The next day, images were taken at
30-min intervals after the start of low-R:FR treatment at ZT2. Relative hypocotyl length was calculated by dividing hypocotyl length at each time
point by its length at the start of measurements. The black bar in the x axis
represents the dark period. Data represent means ± 2 SE; n > 30.

paired response was apparent from the start of the treatment.
While Col-0 showed a steady increase in absolute hypocotyl
growth ∼2 h after the start of low-R:FR treatment, this was
delayed and much reduced in suc2, similar to sav3, a mutant that
is defective in auxin production (Fig. 4C) (34). Adding 1% sucrose to the medium after 5 d of growth increased hypocotyl
de Wit et al.

PIF7 Is Required for Sucrose-Induced Hypocotyl Elongation. The
elongated hypocotyls of pgm1, adg1, and adg2 suggest that sugars
de Wit et al.

in the hypocotyl are directed to growth processes if they are not
partitioned into the local starch pool. As PIFs have been identified as central integrators of growth (41), we asked whether
the PIFs that are required for shade avoidance are involved in
this process. Hypocotyl elongation induced by exogenously applied sucrose was previously shown to be impaired in the
pif1 pif3 pif4 pif5 mutant (42–44), and we now investigated the
role of PIF7, a central signaling component of the shade
avoidance response (9). Sucrose added to the medium did not
induce hypocotyl elongation in the pif7 mutant in high R:FR
(Fig. 5I), suggesting that PIF7 is indeed important for the regulation of hypocotyl elongation in response to sugar. There was a
small elongation response to added sucrose in low R:FR (Fig.
5I), which may be due to the action of PIF4 and PIF5 that also
promote shade-induced growth (8). Indeed, sucrose responsiveness was abolished in the pif4 pif5 pif7 mutant, both in high and
low R:FR (Fig. 5I). A role for PIF7 in the conversion of hypocotyl sugars to growth was further confirmed in the pgm1 pif7
double mutant. Sugar levels in pgm1 pif7 were comparable to
pgm1, with increased soluble sugar concentrations and very low
starch levels in both cotyledons and hypocotyl (SI Appendix, Fig.
S5). Strikingly, while pgm1 was epistatic over pif7 with respect to
sugar concentrations, pif7 was epistatic over pgm1 with respect to
hypocotyl growth. Similar to pif7, pgm1 pif7 showed very little
growth between days 5 and 8 in high R:FR (Fig. 5J). While the
double mutant was slightly longer than pif7 in low R:FR, it was
much shorter than pgm1 in this condition (Fig. 5J). Thus, the
pgm1 sugar phenotype is not converted into elongated hypocotyls
in a PIF7-deficient background, underlining the importance of
PIFs as central regulators of growth in response to both environmental and metabolic signals.
Discussion
The shade avoidance response of elongating stems and reduced
leaf growth has often been ascribed to altered resource allocation, but direct evidence for this hypothesis is limited. In previous
reports, more radiolabeled carbon from 14C-urea applied to
leaves was found to accumulate in internodes of shade-treated
plants than in control plants (15, 16). In our experiments, 14C
was taken up as 14CO2 during photosynthesis, allowing for a
defined duration of pulse and chase to study both carbon fixation
and its subsequent allocation. Since total 14C assimilation was
not affected in low-R:FR–treated B. rapa seedlings and hypocotyl photosynthesis contributed only marginally to 14C uptake
(Fig. 1C), our experiments demonstrate specific resource reallocation from cotyledons to the hypocotyl in shade-avoiding
seedlings. Our data indicate that increased allocation to the
hypocotyl takes place in the form of sucrose channeled through
the phloem (Figs. 2 and 4 A and B). Consistent with this hypothesis, the Arabidopsis mutants in apoplastic phloem loading
suc2 and sweet11 sweet12 indicate that a downward flux of sucrose is required for low-R:FR–induced hypocotyl elongation
(Fig. 4). Interestingly, reduced expression of the sucrose transporter SUT4 in potato StSUT4-RNAi plants was previously
shown to compromise internode elongation in response to shade,
highlighting the importance of this mechanism in several plant
species (45). Our kinetic analysis of low-R:FR–induced growth
indicates that, similar to indole-3-acetic acid production, sucrose
transport is required for rapid shade-induced hypocotyl elongation (Fig. 4C) (34).
Overall, the partitioning changes in carbon pools within organs
correspond well with their growth response in low R:FR. The
increased partitioning toward the hypocotyl in low R:FR did not
lead to accumulation of sugars (Fig. 3), which indicates that the
flux through the different carbon pools is higher in low R:FR.
The increased amount of carbon that reaches the hypocotyl thus
appears to be efficiently turned over into growth products, correlating with a hypocotyl-specific increase in gene expression
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length in Col-0 particularly in low R:FR and (partially) rescued
the low-R:FR hypocotyl response of the sucrose transport mutants (Fig. 4 A and B). These results suggest that the sucrose
transport mutants have a shortage of carbon supply to fuelenhanced hypocotyl growth after the first 5 d of growth, and
confirm that low-R:FR–induced hypocotyl elongation indeed
requires rapid source to sink transport of photoassimilates through
the phloem.
To test whether perturbed sugar metabolism affects seedling
growth, we measured hypocotyl lengths of the pgi1, pgm1, and
adg2 Arabidopsis mutants, which are deficient in three subsequent steps of starch biosynthesis, impairing the pathway to
varying degrees (SI Appendix, Fig. S4). Of these mutants, pgm1 is
known to have increased daytime sucrose levels and increased
shoot to root transport in adult plants (35, 36). Starch levels in
cotyledons of 8-d-old pgm1 seedlings were reduced to almost
zero, while soluble sugars were increased more than twofold (SI
Appendix, Fig. S4). pgi1 cotyledons had intermediate sugar concentrations, with strongly reduced (64%) starch levels and
slightly increased soluble sugar content (SI Appendix, Fig. S4).
Starch levels in adg2 cotyledons were reduced by only 24%,
which may be explained by partial compensation of the structural
role conferred by ADG2 by another large subunit (likely APL3)
in leaves (37, 38). Soluble sugar levels in adg2 cotyledons were
comparable to those of the wild-type Col-0 (SI Appendix, Fig.
S4). Interestingly, the sugar concentrations in these mutants did
not correspond to their hypocotyl phenotypes. pgm1 (low-starch,
high-soluble sugars) and adg2 (moderately reduced starch, wildtype soluble sugar levels) had longer hypocotyls than Col-0 in
both high and low R:FR, while pgi1 (reduced starch, increased
soluble sugars) had a wild-type phenotype in high R:FR but an
impaired low-R:FR response (Fig. 5A). These results indicate
that hypocotyl growth is indeed affected by perturbed starch
biosynthesis, but that this cannot be directly linked to altered
total sugar levels in the cotyledons.
Alternatively, the difference between the elongated mutants
(pgm1 and adg2) versus the shorter wild type and pgi1 may be
related to the capacity to store starch in the hypocotyl. In heterotrophic tissues such as the hypocotyl, the early step in starch
biosynthesis catalyzed by phosphoglucose isomerase (PGI)
can be bypassed through the import of glucose 6-phosphate into
the plastid, allowing the production of starch in such tissues of
the pgi1 mutant (39). Indeed, the pgm1 and adg2 seedlings
overall showed no and little starch with iodine staining, respectively, while pgi1 seedlings accumulated starch in the hypocotyl similarly to the wild type (Fig. 5 B–E). Consequently, the
hypocotyl phenotypes of the starch mutants appear to correspond with their capacity to produce starch in the hypocotyl
irrespective of starch and sugar levels in the cotyledons. Failure
to partition carbon into hypocotyl starch may thus lead to
elongated hypocotyls even in unshaded conditions, as in pgm1
and adg2. This correlation was extended by the analysis of adg1,
which like pgm1 has low starch in all tissues. adg1 seedlings
showed no starch accumulation in hypocotyls and had elongated
hypocotyls in high R:FR (SI Appendix, Fig. S4). All starch mutants, however, maintained a hypocotyl elongation response to
low R:FR, likely fueled by resources from the cotyledons. Failure
to mobilize starch in the hypocotyl may also inhibit its growth.
We therefore tested the starch degradation mutant sex1, which is
prevented from completely degrading starch during the night in
both the leaves and in the hypocotyl (40). Indeed, sex1 hypocotyls
were shorter than wild type in high R:FR and had a reduced
response to low R:FR (Fig. 5F; two-way ANOVA genotype by
light treatment interaction, P = 0.00015), which correlated with
high starch accumulation in the morning (Fig. 5 G and H).
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related to protein, cell wall, and lipid biosynthesis found previously in low-R:FR–treated Arabidopsis seedlings (12).
Increasing sugar levels in the medium leads to modest hypocotyl elongation in the wild type (Figs. 4 A and B and 5 I and J).
However, the characterization of starch synthesis and degradation mutants suggests that the capacity to store carbon as starch
in the hypocotyl may play a role in the conversion of a metabolic
signal into growth (Fig. 5). Carbon allocation to hypocotyl starch
is increased in low-R:FR–treated seedlings (Fig. 2A). This starch
is predominantly produced from carbon supplied by the cotyledons as the percentage of 14C partitioned to hypocotyl starch in
low R:FR exceeds the amount contributed by hypocotyl photosynthesis (Figs. 1C and 2B). Furthermore, starch in the pgi1
mutant cannot be produced from local photosynthate as this
reaction links the Calvin cycle to starch production in the chloroplast. Therefore, accumulation of hypocotyl starch in this
mutant confirms local starch production from imported carbon
(Fig. 4). While partitioning to starch increased in low R:FR,
starch levels remained largely unchanged (Fig. 3 and SI Appendix, Fig. S3). The unaffected starch accumulation in low-R:FR–
treated hypocotyls may indicate that starch is being degraded in
the light, a phenomenon recently shown to occur at dusk in
Arabidopsis leaves (46). While the function of starch as carbon
supply for growth and metabolism during the night is well known
in leaves, its role in the hypocotyl is not well understood. The
diel pattern of starch turnover in B. rapa cotyledons was similar
to that described for Arabidopsis (22) (SI Appendix, Fig. S3).
Starch turnover in the hypocotyl appeared to be much lower than
in the cotyledon. Moreover, a significant proportion was retained
at the end of the night, which suggests that the storage of carbohydrates into starch is not vital for the support of hypocotyl
growth and metabolism at night (Fig. 3). This is supported by the
elongated hypocotyl phenotype of the Arabidopsis adg1, adg2,
and pgm1 mutants, which display more hypocotyl growth despite
accumulating little to no starch in this organ (Fig. 5 and SI Appendix, Fig. S4). On the other hand, pgi1, a starch biosynthesis
mutant accumulating starch in the hypocotyl, does not have an
elongated hypocotyl (Fig. 4 C and E). Finally, in sex1, a starch
excess mutant with impaired starch degradation, hypocotyl
elongation is reduced particularly in low R:FR (Fig. 5F).
Together, these results suggest that carbon partitioning into hypocotyl starch may act as a growth-buffering mechanism for fluctuating carbon supply from the cotyledons rather than as a
major carbohydrate store.
Hypocotyl elongation depends on PIF7, whether it is induced
by low R:FR, by exogenous sucrose or by endogenous metabolic
signals (Fig. 5 I and J). PIF7 is known to be an important regulator of shade-induced growth, where it is required for increased auxin levels and responsiveness leading to hypocotyl and
petiole elongation (9, 12, 31, 47). Interestingly, sucrose addition
to the medium induces a response similar to low R:FR, with
increased auxin biosynthesis and enhanced auxin sensitivity (43,
44). The impaired sucrose response in pif7 hypocotyls may thus
result from a deficient auxin response. Furthermore, sucrose may
directly promote PIF action through enhanced protein levels and
increased promoter binding (43, 48). Hence, PIF7 may also

pif7

pgm1pif7

Fig. 5. Shade-regulated hypocotyl growth control involves starch metabolism and PIF7. Hypocotyl length of starch (A and F) and shade avoidance
mutants (I and J) grown in long days after 5 d of growth in high R:FR and a
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subsequent 3 d in high (light gray) or low (dark gray) R:FR. Seedlings in I
were transferred to medium supplemented with 1% sucrose or the molar
equivalent in sorbitol after 5 d. Data represent means ± 2 SE; n > 20. Different letters indicate significant difference after 8 d. Statistics in I (two-way
ANOVA, P < 0.05) were split per genotype due to significant interaction
effects. (B–E) Iodine staining of starch biosynthesis mutants. Representative
picture of Col-0 (B), pgi1 (C), pgm1 (D), and adg2 (E) seedlings after 7 d in
high R:FR harvested at ZT12. (G and H) Representative picture at ZT2 of
iodine-stained Col-0 (G) and sex1 (H) seedlings after 5 d of growth in high R:
FR and 2 subsequent days in low R:FR.

de Wit et al.

Materials and Methods
Plant Material and Growth Measurements. All Arabidopsis plants were in the
Col-0 background. We used the following mutants: pif4 pif5 pif7 (47), suc2-4
(49), sweet11 sweet12 (50), pgi1-1 (39), adg1-1 (51), adg2-1 (37), pgm1-1
(52), sex1-3 (53), and sav3-2 (34). The pgm1 pif7 double mutant was
obtained by crossing pgm1-1 with pif7-1. Arabidopsis seeds were surface
sterilized and placed on top of a nylon mesh on 1/2 Murashige and Skoog
(MS) medium (pH 5.7) containing 1.6% (m/vol) agar in square plates. After
3 d of stratification, the square plates were put upright in a Percival incubator at 20 °C in long days with a 16-h light period at 130 μmol·m−2·s−1
and a R:FR of 1.2 (measured with OceanOptics USB2000+ spectrometer).
After 5 d of growth, plates were either kept in this condition, or transferred
at Zeitgeber time 2 (ZT2) to a cabinet supplemented with FR LEDs to reach R:
FR 0.2 with otherwise identical conditions. For sucrose treatments, the mesh
containing the 5-d-old seedlings was transferred to a plate with fresh medium supplemented with 1% sucrose or the molar equivalent in sorbitol as
an osmotic control. Hypocotyl length was measured from pictures after
5 and 8 d of growth with a customized MATLAB script developed in the C.F.
laboratory. Time-lapse imaging was conducted as described in ref. 12, with
the following differences: high-R:FR–grown seedlings were imaged at 2-h
intervals from the fourth to the fifth day of growth. After transfer to low R:
FR on ZT2 on the fifth day, images were taken every 30 min. Hypocotyl
length was measured using an improved semiautomated MATLAB script.
Relative hypocotyl length was calculated as hypocotyl length at each time
point divided by hypocotyl length of the same seedling at the beginning of
measurements on the fifth day.
For Brassica rapa experiments, the strain R-o-18 was used. For growth and
metabolite measurements, B. rapa seeds were surface-sterilized and placed
in square plates filled up to 3 cm with 1/2 MS medium containing 1.6% (m/vol)
agar (pH 5.7), allowing the seedlings to grow vertically in the space not
containing medium. After 2 d of stratification, a similar protocol as for Arabidopsis was followed, with plates divided over high and low R:FR after 5 d of
initial growth in high R:FR. Hypocotyl length and cotyledon area were measured with customized MATLAB scripts for B. rapa. For growth kinetics, nine
seedlings per treatment were photographed every 30 min during the light
period using the time-lapse setup described in ref. 12. Cumulative growth was
calculated as the sum of length increase between time points, averaging three
consecutive time points in a sliding window to smooth the data for visualization. For biomass measurements, cotyledons and hypocotyls were dissected
and dried separately at 60 °C for at least 48 h.
For labeling experiments, B. rapa seedlings were grown in enclosed,
transparent plastic containers (Phytatray II; Sigma-Aldrich; length by width
by height, 11.4 × 8.6 × 10.2 cm). Eight sterilized seeds per box were lightly
pressed into a layer of 100 mL of 1/2 MS 0.8% (m/vol) agar (pH 5.7). The
seeds were stratified for 2 d before transfer to a Percival growth cabinet.
During germination and growth, the plants were supplied with 16-h photoperiod with 150 μmol·m−2·s−1 light intensity. After 5 d of growth, plants
were split into two isolated compartments in the growth cabinet, one receiving high R:FR and the other supplemented with FR LEDs to reach low R:
FR of 0.1. The plants were allowed to grow for a further 9 h or 3 d
before labeling.
Metabolic Pathway Enrichment. To test whether low R:FR induced a coherent
up- or down-regulation of genes involved in pathways associated with resource partitioning and allocation, we used the organ-specific transcriptomics
dataset described in ref. 12. We considered the pathways related to
photosynthetic activity and starch metabolism from the Plant Metabolic
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Network database (AraCyc, version 15.0; ref. 54). For each pathway
and condition, we assigned a score to the pathway computed as
P
– i logðpi Þsignðfi Þ, where pi is the P value of differential expression between
the low-R:FR and high-R:FR condition for gene i in the pathway and fi is the
corresponding log fold change. From the expressed protein-coding genes,
we then randomly selected half a million sets of the same size and computed
their score to assess the empirical P value associated with the selected
pathway. A Bonferroni correction for multiple pathway testing was applied
to identify down- and up-regulated pathways.
Analysis of Carbon Partitioning by 14CO2 Labeling. Labeling of photosynthetic
products in B. rapa seedlings was performed using 14CO2 as previously described (55), with several modifications. Immediately before the experiment,
phytatrays containing the seedlings were opened and transferred to a
custom-built, sealed, transparent chamber, lit with fluorescent lighting
(150 μmol·m−2·s−1). 14CO2 was released through the addition of lactic acid to
NaH14CO3 (Hartmann Analytic). After 10 min, labeling was stopped by
opening the chamber in a fume hood to clear the 14CO2. Phytatrays were
closed again for the 1-h chase before harvest during which time plants were
allowed to metabolize the assimilated carbon. Cotyledons, hypocotyls, or
roots from three seedlings were pooled per replicate, and weighed before
being submerged in 2 mL of preheated 80% (vol/vol) ethanol for 20 min at
80 °C. The samples were homogenized in a all-glass homogenizer and the
soluble and insoluble fractions separated by centrifugation [2,400 × g,
12 min, room temperature (RT)]. Sequential extractions of the remaining
pellet were performed with 1 mL of 50%, 20%, 0%, and then 80% (vol/vol)
ethanol. The pellet was suspended in 1 mL of H2O, yielding the insoluble
fraction from which relative partitioning into starch and protein with cell
wall could be determined as described by ref. 56. The soluble fractions were
pooled concentrated under vacuum. A water-soluble subfraction was collected by dissolving the near-dry exsiccate in 2 mL of ddH2O collected after
centrifugation (2,400 × g, 1 min) while the remainder was dissolved in 2 mL
of 98% (vol/vol) ethanol, yielding the wax and lipid fraction. Basic, acidic,
and neutral fractions were separated from the water-soluble fraction by ionexchange chromatography as described by ref. 57. Incorporation of 14CO2
into each fraction was measured by liquid scintillation counting by a Tricarb
2100 (Toplab).
Iodine Staining. Seedlings were harvested at the end of the light period after
7 d of growth and heated in 80% (vol/vol) ethanol. When cleared of chlorophyll, seedlings were stained in Lugol solution (I2/KI; Sigma-Aldrich) for
5 min. Samples were subsequently rinsed in tap water for 2 min and immediately mounted under the stereomicroscope (Nikon SMZ1500 with associated Nikon D7000 camera) for imaging.
Sugar Measurements. Soluble sugars were extracted as described in ref. 58
with minor modifications. Aliquots of 50–80 mg fresh weight (FW) were
extracted in ice-cold CHCl3/CH3OH (3:7, vol/vol), in a ratio of 710 μL of CHCl3/
CH3OH (3:7, vol/vol) per 50 mg FW. As an internal standard, CHCl3/CH3OH
(3:7, vol/vol) was spiked with cellobiose (1 nmol of cellobiose/mg plant FW).
After warming to −20 °C with vigorous shaking and incubation for 2 h at
−20 °C with occasional vortexing, 710 μL of water/50 mg FW was added and
samples were warmed to 4 °C with repeated shaking. Separation of the
upper aqueous-CH3OH phase from the lower CHCl3 phase was achieved by
centrifugation at 15,000 × g for 5 min at 4 °C. The aqueous-CH3OH phase
was collected, evaporated to dryness at 30 °C, and redissolved in 500 μL
of water.
To also extract the insoluble components (including starch) contained in
the lower CHCl3 phase, the protocol described in ref. 58 was adapted as
follows. The CHCl3 phase was washed with 1 mL of 70% ethanol (% vol/vol)
by thorough vortexing. After centrifugation at 20,000 × g for 5 min at RT,
ethanol was removed. The pellet was dried at 20 °C for 15 min and resuspended in 500 μL of water. Starch was digested as described in ref. 59. After
the starch digest, samples were spiked with cellobiose (1.0 nmol of cellobiose/mg plant FW) as an internal standard. All samples were passed through
sequential ion exchange columns (Dowex), and the eluted soluble sugars
were quantified using high-performance anion-exchange chromatography
with pulsed amperometric detection as described previously (59). For extraction of sugars from Arabidopsis seedlings, five 8-d-old cotyledons were
harvested 8 h into the photoperiod and pooled per replicate. Soluble sugars
were extracted through the sequential addition of 2 × 250 μL of 80% (vol/vol)
ethanol and a final extraction with 50% (vol/vol) ethanol. Each extraction was
performed for 30 min at 80 °C with orbital shaking at 600 rpm. The sequential
ethanolic extracts were pooled and dried under vacuum. Starch, remaining in
the plantlets, was solubilized in 400 μL of 0.2 M KOH at 95 °C for 1 h. Once
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regulate sugar delivery to the hypocotyl or act locally in the hypocotyl to enable growth enhancement triggered by an increase
in sugar availability. While the exact mechanisms orchestrating
the channeling of assimilated carbon into hypocotyl growth remain to be identified, it is clear that PIF7 plays a central role in
shade and sugar metabolism-regulated growth (Fig. 4 H and I).
In conclusion, we show substantial resource reallocation and
metabolic changes during the shade avoidance response. Our
results suggest a model in which low-R:FR–induced hypocotyl
elongation requires sucrose transported from the cotyledon and
is controlled by regulation (PIF7) and local metabolic buffering
(starch). Coordination of carbon partitioning, flux, and metabolite homeostasis appears to be a mechanism to precisely control
growth in a situation in which carbon fixation is likely to become
limited.

cooled to 20 °C, the solution was neutralized with 70 μL of 1 M acetic acid.
Starch and soluble sugars were measured spectrophotometrically using
enzyme-linked assays as described in refs. 60 and 61.
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