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Abstract
Many plants, including Arabidopsis (Arabidopsis thaliana), accumulate starch in the light and remobilize it to support
maintenance and growth at night. Starch synthesis and degradation are usually viewed as temporally separate processes.
Recently, we reported that starch is also degraded in the light. Degradation rates are generally low early in the day but rise
with time. Here, we show that the rate of degradation in the light depends on time relative to dawn rather than dusk. We
also show that degradation in the light is inhibited by trehalose 6-phosphate, a signal for sucrose availability. The observed
responses of degradation in the light can be simulated by a skeletal model in which the rate of degradation is a function of
starch content divided by time remaining until dawn. The fit is improved by extension to include feedback inhibition of
starch degradation by trehalose 6-phosphate. We also investigate possible functions of simultaneous starch synthesis and
degradation in the light, using empirically parameterized models and experimental approaches. The idea that this cycle
buffers growth against falling rates of photosynthesis at twilight is supported by data showing that rates of protein
and cell wall synthesis remain high during a simulated dusk twilight. Degradation of starch in the light may also counter
over-accumulation of starch in long photoperiods and stabilize signaling around dusk. We conclude that starch degradation in
the light is regulated by mechanisms similar to those that operate at night and is important for stabilizing carbon availability
and signaling, thus optimizing growth in natural light conditions.

Introduction
Many plant species including Arabidopsis (Arabidopsis thali-
ana) accumulate a substantial part of their fixed carbon (C)
as starch in the light to support maintenance and growth
at night (Smith and Stitt, 2007; Stitt and Zeeman, 2012).

The proportion of fixed C that is allocated to starch increases
when C is in short supply, for example, when plants are
grown in low irradiance or in short-day conditions (Smith
and Stitt, 2007; Sulpice et al., 2014; Mengin et al., 2017). It is
usually assumed that the rate of starch accumulation in the
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light can be understood solely in terms of the regulation of
starch synthesis. There is, however, longstanding evidence
that starch is sometimes degraded in the light (Stitt and
Heldt, 1981; Fondy et al., 1989; Servaites et al., 1989; Lu et al.,
2005; Weise et al., 2006; Thalmann et al., 2016). Recently,
Fernandez et al. (2017) showed that the rate of starch degra-
dation rises progressively with time in the light. Furthermore,
if a decrease in irradiance is imposed early in the day the
stimulation of starch degradation is minimal, whereas
decreases in irradiance at progressively later times in the day
result in progressively larger stimulations of starch degrada-
tion. These observations led to the proposal that, in natural
light regimes, a rising rate of starch degradation buffers
growth against the gradual decline in irradiance and photo-
synthesis during the dusk twilight. This study had two main
goals. The first was to investigate whether the regulation of
starch degradation in the light can be understood in terms
of concepts that have been developed to understand how
degradation is regulated in the dark. The second was to ex-
perimentally investigate the biological importance of starch
degradation in the light

In conditions in which the C supply restricts growth,
starch is remobilized during the night at a near-constant
rate, set such that starch is almost but not completely
exhausted at dawn (Smith and Stitt, 2007). Recent work in
Arabidopsis has shown that this pattern is maintained
across a wide range of growth conditions (Hädrich et al.,
2012; Pyl et al., 2012; Sulpice et al., 2014; Mengin et al.,
2017). Furthermore, this pattern is robust in the face of sud-
den changes in irradiance in the preceding light period, sud-
den changes in the duration of the preceding light period,
sudden changes in night temperature, and sudden light
breaks in the night (Graf et al., 2010; Pyl et al., 2012;
Scialdone et al., 2013; Pilkington et al., 2015; Feike et al.,
2016; Moraes et al., 2019). Adjustment of starch turnover
to short- and long-term changes in the light environment
maximizes growth by ensuring that fixed C is rapidly invested
in new biomass whilst avoiding deleterious periods of C star-
vation in the later part of the night (Stitt and Zeeman, 2012;
Ishihara et al., 2015).

The circadian clock plays a key role in pacing starch deg-
radation to dawn (Graf et al., 2010; Graf and Smith, 2011;
Scialdone et al., 2013; Flis et al., 2019; Webb et al., 2019).
Scialdone et al. (2013) proposed that information about the
amount of starch (S) and the anticipated time to dawn
(T, a function of the circadian clock) is integrated via arith-
metic division to set the rate of starch degradation
(Rd = S/T). This model explains many observations, especially
the robust timing of starch degradation to the coming
dawn in the face of sudden perturbations (see above). It has
also been proposed that starch turnover is directly or indi-
rectly regulated by metabolic inputs that alter circadian clock
gene expression and clock phase to maintain sugar homeo-
stasis (Feugier and Satake, 2013; Dodd et al., 2014; Seki et al.,
2017; Webb et al., 2019). Proposed metabolic inputs include
SUGAR NON-FERMENTING-RELATED PROTEIN KINASE 1

mediated regulation of BASIC LEUCINE ZIPPER PROTEIN 63
(bZIP63; Frank et al., 2018). Loss-of-function mutants of
bZIP63 show slightly premature exhaustion of starch and
small changes in the phasing and abundance of some tran-
scripts encoding proteins that are involved in starch degrada-
tion (Viana et al., 2021). In addition, phasing of transcripts
for several starch degradation enzymes to the middle of the
24-h cycle may, via “translational coincidence” (i.e. as a con-
sequence of higher translation rates during the day than at
night), increase the capacity of the entire starch degradation
pathway in long days when higher rates of starch degrada-
tion will be required (Seaton et al., 2018). It can be envisaged
that C-limited plants require a complex and flexible multi-
layered network with partly redundant components in order
both to pace starch degradation to dawn robustly across a
wide range of growth conditions and to facilitate rapid
adjustment of the rate of starch degradation in response to
day-to-day fluctuations in conditions.

In conditions in which the C supply exceeds the capacity
for growth, starch is not fully utilized during the night
(Cheng et al., 1998; Grimmer et al., 1999; Hädrich et al.,
2012; Stitt and Zeeman, 2012; Sulpice et al., 2014; Pilkington
et al., 2015; Figueroa et al., 2016). This raises the possibility
that sugar signaling resulting from a build-up of assimilates
might act to slow starch degradation and prevent complete
use of starch during the night. Whilst there is no clear
evidence that the sugar-signal trehalose 6-phosphate (Tre6P)
is involved in the regulation of starch synthesis (Lunn et al.,
2014; Figueroa et al., 2016; Figueroa and Lunn, 2016), two in-
dependent approaches provide evidence for its involvement
in the regulation of starch degradation. First, using
inducible overexpression of otsA, a bacterial TREHALOSE-6-
PHOSPHATE SYNTHASE, Martins et al. (2013) showed that
an induced increase in Tre6P rapidly inhibits starch degrada-
tion, resulting in a decrease in the level of sucrose and other
sugars compared to control plants. Second, the sweet11;12
mutant, which is defective in sucrose efflux proteins that ex-
port sucrose from mesophyll cells (Chen et al., 2012; Chen,
2014), has elevated levels of sucrose and Tre6P and only par-
tially mobilizes its starch at night (dos Anjos et al., 2018).
Meta-analysis of the relationship between Tre6P and starch
degradation in lines inducibly overexpressing otsA and in
the sweet11;12 mutant indicated that Tre6P slows degrada-
tion below the rate that would be required to exhaust
starch at dawn (dos Anjos et al., 2018). Furthermore, the re-
lationship between Tre6P levels and the proportion of starch
degraded during the night was similar after a sudden in-
duced increase in Tre6P and in response to a constitutive
increase of Tre6P in the sweet11;12 mutant, even though
sucrose and other sugars fall in the former and rise in the
latter. These observations point to a major role for Tre6P
in feedback regulation of starch degradation in the dark in
C-replete conditions.

To further study the phenomenon of starch degradation
in the light, we first examined whether the timing of the on-
set of degradation in the light is related to dawn or to dusk.
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We also explored in depth our earlier observation that
reductions in light intensity trigger starch degradation in a
time-of-day-dependent manner (Fernandez et al., 2017); in
particular, we investigated if Tre6P inhibits starch degrada-
tion in the light. Using these data, we asked whether and
which aspects of starch degradation in the light can be pre-
dicted from a skeletal version of the arithmetic division
equation, which was developed previously to describe the
observed patterns of starch degradation at night (Scialdone
et al., 2013). We then tested whether starch degradation in
the light indeed allows C availability and growth to be main-
tained as the rate of photosynthesis declines toward dusk
and as photosynthesis increases gradually after dawn.

Results

Kinetics of starch accumulation in short and long
photoperiods
To investigate whether the onset of starch degradation in
the light is related to the timing of dawn or dusk, we first
compared the patterns of starch accumulation in a long
light period in plants that had previously experienced either
very long-day lengths or very short-day lengths. We rea-
soned that if anticipated time of dusk determined the tim-
ing of onset of degradation in the light, this timing would
differ in the two sets of plants, whereas if the onset of deg-
radation in the light were set by time elapsed since dawn,
the timing of onset of degradation would be the same in
the two sets of plants. To achieve this comparison, we grew
one set of plants in 6-h photoperiod days and a second set
in 18-h photoperiod days, both at 160mmol m–2 s–1. The
long-day plants were transferred to 80mmol m–2 s–1 for
5 days before the experiment to ensure that they had low
starch levels at the start of the experiment. On the day of
the experiment, the short-day plants were transferred to
continuous light at 90mmol m–2 s–1. This was done to pre-
vent accumulation of large amounts of starch during the
subjective night. The long-day plants were illuminated at
50mmol m–2 s–1.

In short-day plants after transfer to continuous light,
starch accumulated in a near-linear manner until about
ZT10 (10 h after dawn, 4 h after subjective dusk; “subjective”
refers to when dusk occurred in the growth regime) before
slowing and plateauing from about ZT14 onwards
(Figure 1A; Supplemental Data Set 1, see Supplemental
Table S1 for a list of all experiments, experimental design
and accompanying datasets presented in this manuscript).
Although as expected (Mengin et al., 2017), the absolute
rate of starch accumulation was much lower in the long-day
plants (Figure 1B; Supplemental Data Set 2), the pattern of
change in starch content from ZT12 on was almost identical
to that in short-day plants. These data are consistent with
the onset of rapid starch degradation around ZT12, regard-
less of the length of light period previously experienced by
the plants or the absolute rate of accumulation of starch.
The robustness and reproducibility of these observations
were confirmed by the similarities of patterns of starch

accumulation in plants previously grown in 6-h or 12-h days
(Fernandez et al., 2017) before transfer to continuous light,
or in 18-h days (Supplemental Figure S1; Supplemental Data
Set 3). These data support the idea that the onset of starch
degradation is related to time elapsed since dawn, and is
largely independent of the anticipated time of dusk.

Response of starch accumulation to a decrease in
irradiance
To examine further whether the onset of starch degradation
is a function of time after dawn rather than anticipated
time of dusk, we measured the impact of decreases in irradi-
ance imposed at different times on the accumulation of
starch. We showed previously for plants grown in 12-h days
that the effect of a decrease in irradiance depended on
when the decrease was imposed. A decrease at midday
(ZT6) resulted in a reduced starch accumulation rate com-
mensurate with the reduction in photosynthesis, whereas
the same decrease after ZT9 resulted in a plateauing or even
a decline in starch levels (Fernandez et al., 2017). These pub-
lished data, while consistent with the triggering of starch
degradation by decreases in irradiance late in the day, did
not reveal whether this was related to the length of time
elapsed since dawn, or to the anticipated timing of dusk.

To provide this information, we used short-day and long-
day plants, grown as described in the previous section to en-
sure that starch levels were low at dawn on the day of the
experiment. If the timing of onset of degradation is a func-
tion of time after dawn, a decrease in irradiance will trigger
degradation beyond the same point after dawn regardless of
the day length at which the plants were grown. If the onset
of degradation is a function of the anticipated time of dusk,
short-day and long-day plants will differ by several hours in
the time beyond which a decrease in irradiance triggers deg-
radation. During the day of the experiment, irradiance was
decreased at various times from 160 to 90mmol m–2 s–1 for
short-day plants and from 80 to 50mmol m–2 s–1 for long-
day plants. These decreases, which were previously shown to
cause a decline in the rate of photosynthesis of about 60%
(Mengin et al., 2017), were imposed for 2–4 h, starting at
times that were 2 or 4 h before anticipated dusk (ZT4 for
short-day plants, ZT14 for long-day plants). Additionally,
decreases were imposed about one-third of the way through
the day for long-day plants (ZT6).

The effect of these decreases in irradiance on starch accu-
mulation depended on the time at which they occurred rel-
ative to dawn (ZT0), but not relative to subjective dusk.
After irradiance decreases at ZT4 in short-day plants
(Figure 2A; Supplemental Data Set 4) and at ZT6 in long-
day plants (Figure 2B; Supplemental Data Set 5), starch ac-
cumulation slowed down to an extent that was roughly
commensurate with the reduced rate of photosynthesis.
After an irradiance decrease at ZT14 in long-day plants,
starch content declined (Figure 2B). These data are consis-
tent with the response of starch degradation to decreased
light being weak at early times in the 24-h cycle and
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becoming stronger beyond ZT10. They do not support the
notion that the onset of degradation is related to the timing
of dusk; if this were the case, the responses of starch con-
tent to decreases in irradiance at ZT4 in short-day plants
and ZT14 in long-day plants should be the same since both
are shortly before an anticipated dusk.

Labeling of starch during 13CO2 pulses at different
times in the 24-h cycle
As an independent means of detecting starch degradation
in long-day and short-day plants, we imposed decreases in
irradiance as described above and simultaneously supplied a
2–4 h pulse of 13CO2. The total amount of starch that accu-
mulated during the pulse was compared with the amount of
13C that accumulated in starch. Similar increases in 13C-starch
and total starch (i.e. 13C- plus 12C-starch) during the pulse

would be consistent with the idea that preexisting starch is
not being degraded. A larger increase in 13C-starch than in
total starch (i.e. a decrease in the amount of 12C starch)
would show that some of the preexisting starch is being de-
graded. This is plausible given the recent demonstration that
Arabidopsis leaf starch granules grow anisotropically (Bürgy
et al., 2021), such that parts of the granule surface could be
elaborated with newly fixed C, while other parts of the gran-
ule surface are degraded, releasing preexisting starch.
Nevertheless, the results of these experiments must be inter-
preted with caution because cycling of 13C out of nascent
glucans or newly synthesized starch would lead to under-
estimation of the rates of both synthesis and degradation
(see Fernandez et al., 2017 for more extensive discussion)

When 13CO2 was supplied to short-day plants at the same
time as a decrease in irradiance at ZT4, or to long-day
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plants at the same time as a decrease in irradiance at ZT6,
13C-starch and total starch increased to similar extents over
the next 2 h (Figure 3A; Supplemental Figure S2). However,
when 13CO2 was supplied to long-day plants at the same
time as a decrease in irradiance at ZT14, the changes in
13C starch and 12C starch over the next 4 h were very differ-
ent from each other. Whereas little or no 13C starch accu-
mulated, the total amount of starch actually declined
(Figure 3B; Supplemental Figure S3A; Supplemental Data Set 6).
These data are consistent with substantial degradation of
preexisting starch after a decrease in irradiance at ZT14 in
long-day plants, but not at ZT4 or ZT6 in short- and long-
day plants, respectively.

Maltose content
Maltose is the first major product of leaf starch degradation
(Stitt and Zeeman, 2012), and maltose levels are usually pos-
itively related to the rate of starch degradation (Lu et al.,
2005). Maltose acts as a buffer between the irreversible

reactions of its production from starch and its use via the
equilibrium reactions catalyzed in the cytosol by
DISPROPORTIONATING ENZYME 2 (DPE2) and ALPHA-
GLUCAN PHOSPHORYLASE 2 (Ruzanski et al., 2013). Whilst
maltose content does not provide quantitative information
about the rate of starch degradation, it does provide useful
qualitative information that is independent of measure-
ments of starch content per se.

Irrespective of the photoperiod in which plants had been
grown, after transfer to continuous light maltose levels
started to rise markedly from about 12 h after dawn
(Figures 1, C, D and 2, D; Supplemental Figure S1B). When a
sudden decrease in irradiance was imposed at ZT4 in short-
day and ZT6 in long-day plants maltose rose only slightly
(Figure 2, C and D). In contrast, maltose rose sharply when
a sudden decrease in irradiance was imposed at ZT14
in long-day plants (Figure 2D). These changes in maltose
content provide qualitative support for the two main con-
clusions drawn from changes in starch content; that starch
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degradation rate in the light increases with time after dawn
and that a sudden decrease in irradiance leads to only a
slight stimulation of starch degradation when imposed early
in the 24-h cycle but a large stimulation when it is imposed
later in the 24-h cycle. Furthermore, maltose levels were
highest in the 6-h-day grown plants and lower in the 12-h
and especially the 18-h grown plants (Supplemental Figure
S1B), mirroring the absolute amount of starch accumulated
in these conditions (Supplemental Figure S1A). It might also
be noted that, relative to levels in the rest of the 24-h cycle,
maltose levels are low at dawn in short-day plants
(Figure 1C; Supplemental Figure 1B) but quite high in long-
day plants (Figures 1, D and 2, D) (see below for more data
and discussion).

A skeletal arithmetic division equation largely
predicts the pattern of starch degradation in the
light
The arithmetic division model (Scialdone et al., 2013) was
formulated to explain the regulation of starch degradation
at night, and is centered on the idea that the rate of degra-
dation, Rd, is a function of the amount of starch (S) divided
by the remaining time to dawn (T). The finding that the

onset of rapid starch degradation in the light depends on
time relative to dawn, rather than dusk, prompted us to ask
if a skeletal form of the arithmetic division equation can
also be used to predict changes in starch content after
transfer to continuous light. The following data analysis is
independent of the molecular models developed by
Scialdone et al. (2013) to explore how such an arithmetic
division might be performed; it simply asks if the skeletal
formula Rd = S/T that describes the observed responses at
night can also be used to predict temporal changes in starch
content in the light. With time in the light, starch content
rises, while the time until the next dawn decreases. This
should give rise to an increasing rate of starch degradation
with time, if the model holds in these conditions. Assuming
that the rate of starch synthesis is constant in the light (see
below for data supporting this assumption), an increasing
rate of degradation with time could result in a progressive
shift from net starch accumulation to net starch mobiliza-
tion. These expectations are in line with our measurements
of starch and maltose, which point to a gradual rise in the
starch degradation rate with time in the light (decreasing
time until the next dawn) and are thus qualitatively consis-
tent with the response predicted by the arithmetic division
equation.

To provide a more rigorous test of the ability of the skele-
tal arithmetic division equation to predict the observed
changes in starch content in the light, we collated data on
starch content from many experiments in which plants
were transferred at dawn to continuous light at either 160
or 90mmol m–2 s–1. We collated data because there is
experiment-to-experiment variation in the response of
starch content in continuous light; this may be due partly
to biological noise and to differences in the metabolic status
of the plants between experiments. One such experiment
with Arabidopsis accessions Col-0 and Ws-2 is shown in the
left-hand display of Figure 4A (data from Fernandez et al.,
2017). In this experiment, net starch accumulation slowed
down as the subjective night progressed and by about ZT18
starch content had almost plateaued in continuous high
light and was declining in continuous low light. We analyzed
the two experiments of Figure 4A together with a further 11
experiments in which plants were transferred to continuous
high light and 11 experiments in which plants were trans-
ferred to continuous low light (Supplemental Calculation S1;
data from Fernandez et al. (2017) and this study). In contin-
uous high light, the rate of accumulation in the subjective
night slowed to 26% ± 22% (mean± SD) of that in the subjec-
tive day, whereas in continuous low light the rate slowed to
–15% ± 22% of that during the subjective day (i.e. on aver-
age, net starch mobilization). The difference between the
two responses was significant (t test, P5 0.0001, two-tailed
t test with equal variance) (see Supplemental Calculation S1
for the time intervals used for the calculations).

A simulation using the skeletal arithmetic division equa-
tion (Rd = S/T) (Supplemental Calculation S2, Model 1) pre-
dicted the observed gradual slowing down of net starch
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Figure 3 13CO2 labeling of starch during a decrease in irradiance at dif-
ferent times in the light period. Labeling was carried out as follows: (A)
Before dusk in short day-grown plants. Plants were grown in a 6-h light/
18-h dark cycle for 38 days with light intensity of 160mmol m–2 s–1. On
the 39th day, plants were illuminated at 160mmol m–2 s–1 until ZT4
then transferred to 90mmol m–2 s–1 from ZT 4 to ZT6 (starch level is
shown in Figure 2A). 13CO2 was supplied between ZT4 and ZT6. B, In
the middle of the light period and before dusk in long-day-
grown plants. Plants were grown in an 18-h light, 6-h dark cycle at
160mmol m–2 s–1 for 15 days followed by 5 days at 80mmol m–2 s–1,
and on the 21st day were supplied with 13CO2 between ZT7 and ZT10
or between ZT14 and ZT18. Starch was isolated from plants harvested
at the start and end of each labeling interval. It was hydrolyzed to glu-
cose and analyzed by GC–MS to determine the amounts of 13C-labeled
starch and 12C-labeled starch. The displays show the estimated rates of
accumulation of total starch (12C plus 13C; gray bars) and 13C starch
(white bars). The results are given as mean values (for (A), n = 8 for
ZT4 and n = 6 for ZT6; for (B), n = 4–5). Error bars were calculated us-
ing the standard error of the mean for Gaussian error propagation.
Underlying data are provided in Supplemental Data Sets 4 and 6.
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Figure 4 Observed and simulated response of the net rate of starch accumulation or mobilization with increasing duration of the light period, or
in response to a sudden decrease in light intensity. The simulations are described in “Materials and methods” and Supplemental calculation S2).
Briefly, two models are used to estimate the rate of starch degradation. In Model 1, the rate of starch degradation Rd = S/T, where S is the amount
of starch and T is the remaining time to dawn. In Model 2, the rate of starch degradation Rd* = (S/T)(1-A) where A is a nominal term for a rate of
photosynthesis-dependent inhibition of starch degradation, and is assumed in molecular terms to represent inhibition by Tre6P. The rate of starch
synthesis, Rs, is assumed to be constant. Units are relative. Rs was set as 1 and 0.5 relative units h–1, respectively, in growth irradiance and under a
lower irradiance that led �50% inhibition of photosynthesis. Rates of starch degradation and change in net starch content are given as a fraction
of Rs in growth irradiance. A, Observed response of net starch accumulation after transferring plants previously grown in a 12-h light/12-h dark cy-
cle at dawn to continuous light at growth irradiance or continuous low light. The left-hand display shows the time course of starch accumulation
in one experiment after transferring wild-type Col-0 (circles) or Ws-2 (triangles) from a 12-light (150 mmol m–2 s–1)/12-h dark cycle to continuous
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accumulation with time in the light (Figure 4B, left-hand
display). There was, however, a clear discrepancy between the
simulated and observed values. The simulation predicted faster
net starch mobilization in the later part of the subjective night
in high light than in low light (Figure 4B); this prediction is a
consequence of the faster starch accumulation and hence
higher starch content at any given time in high light than in
low light. This prediction differs from the observed responses,
in which starch accumulation usually only slows down or pla-
teaus in high light, whereas it reverses in low light (Figure 4A).

As already mentioned, a decrease in light intensity early in
the 24-h cycle leads to a slowing of starch accumulation in
line with the decrease in the rate of photosynthesis, whereas
a decrease in light intensity later in the cycle leads to net
starch mobilization (see Figure 4C for a typical response
taken from Fernandez et al., 2017, also Figure 2 and below).
The skeletal arithmetic division equation correctly predicted
this time-of-day-dependent response to a decrease in light
intensity (Figure 4D, left-hand display).

The arithmetic division equation further predicts that the
response of starch accumulation to a decrease in light intensity
early in the day will depend upon the amount of starch
remaining at dawn. If starch is almost entirely depleted by
dawn, starch content in the first part of the day will be low
and so the rate of degradation following a decrease in light in-
tensity will be low. If night-time starch degradation is incom-
plete, starch content in the first part of the day will be
relatively high, resulting in a relatively high rate of degradation
following a decrease in light intensity. To test this prediction,
we grew plants in an 18-h photoperiod at 160-mmol m–2 s–1

irradiance, conditions in which substantial starch remained at
dawn (Figure 4E; see also Sulpice et al., 2014). After 6 h in the
light, some plants were subjected to a decrease in light inten-
sity to 90mmol m–2 s–1. The decrease resulted in the cessation

of starch accumulation (Figure 4E, Supplemental Data Set 7),
in marked contrast to the continued net accumulation of
starch when a decrease in light intensity was imposed at ZT6
on plants with low starch contents at dawn (Figures 2 and 4C,
see also below and Fernandez et al., 2017). There was a good
qualitative match between these experimentally observed
responses and those simulated using the skeletal arithmetic di-
vision equation (compare Figure 4, E with Figure 4, F).

Taken together, the skeletal arithmetic division equation
can reproduce many features of starch degradation in the
light. However, it overestimates the rate of starch degrada-
tion in high light.

Starch degradation in the light is influenced by
metabolic signals rather than signals related to
light intensity
We considered two possible factors that might cause the
discrepancy between the observed changes in the net starch
accumulation with time in high light and those predicted by
the arithmetic division equation. First, the rate of starch deg-
radation might be under gated control by light signaling,
and second it might be influenced by changes in leaf metab-
olism in the light that are related directly or indirectly to
photosynthetic C fixation.

To investigate whether the response of starch degradation to
a decrease in light intensity is due to the change in light inten-
sity per se or the resultant decrease in the rate of photosynthe-
sis, we compared the impact of a decrease in light intensity
with that of a decrease in CO2 concentration that caused the
same decrease in the rate of photosynthesis (Supplemental
Figure S4; Supplemental Data Set 8). Plants were subjected to
decreases in either light intensity or CO2 concentration for 3 h
from ZT6–ZT9 to from ZT10–ZT13. As expected, the decreases
in light intensity resulted in a much greater reduction in starch

light at growth irradiance (150 mmol m–2 s–1) or a lower irradiance (90 mmol m–2 s–1) that would approximately half the rate of photosynthesis.
Results are plotted as mean ± SD of measurements on two pots, each of which contained five individual plants (see Fernandez et al., 2017). The in-
sert display is a combined analysis of this and 11 further experiments. It shows (as a fraction of the rate in the subjective day) the rate of starch ac-
cumulation in the subjective night after transfer to continuous light at an intensity similar to or higher than growth irradiance or continuous low
light. The experiments and time intervals used for the calculation are listed in Supplemental calculation S1. A negative value indicates net mobili-
zation. The result is plotted as mean ± SD (n = 13 separate experiments). The response was significantly different between growth light and low
light (P5 0.0001, two-tailed t test with equal variance). B, Simulated net rate of starch accumulation at successive 2-h intervals through the light
period after transferring plants grown in a 12-h light/12-h dark cycle to continuous light at growth irradiance or a lower light intensity that halves
the rate of photosynthesis. Negative values indicate net mobilization. The simulations use either Model 1 (left-hand display) or Model 2 (right-
hand display). Starch content at dawn was assumed to be negligible (see Figure 4A). C, Observed response of starch content to a 3-h light drop
from 150mmol m–2 s–1 to 90 mmol m–2 s–1 at different times in the light period. The data (mean ± SD of measurements on six rosettes) are taken
from Fernandez et al. (2017), see also Figure 2, A and C and Supplemental Figure S4, A and C. D, Simulated response of starch content with time
in growth irradiance (yellow) and the change in starch content following a 50% decrease in light intensity for 2 h (green) at different times during
the light period. The simulations use either Model 1 (left-hand display) or Model 2 (right-hand display). Starch content at dawn was set as negligi-
ble (see Figure 4A). E, Observed change in starch content after illumination of plants grown in an 18-h light (160 mmol m–2 s–1)/6-h dark cycle at
growth irradiance and after decreasing irradiance to 90 mmol m–2 s–1 between ZT6–ZT10, or between ZT14–ZT18 ( (mean ± 95% confidence lim-
its, n = 4). Note that the plants started the day with a high dawn starch content because they were grown in a long photoperiod at high light until
the day of the experiment. Underlying data are provided in Supplemental Data Set 8. F, Simulated change in starch content with time in an 18-h
photoperiod and following a 50% decrease in light intensity for 2 h at different times during the light period. The simulation uses Model 1 and is
for plants grown in an 18-h photoperiod. A dawn starch content was selected with which the simulation generated an approximately three-fold
higher value at the peak at ZT14, resembling the relation in the empirical data set in (E).

Figure 4 (Continued)
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accumulation at ZT10–ZT13 than at ZT6–ZT9. The same was
true of the decreases in [CO2]; starch accumulation changed
much more following a decrease at ZT10–ZT13 than at ZT6–
ZT9 (Figure 5; Supplemental Figure S7). These data suggest
strongly that the kinetics of starch accumulation with time are
influenced by metabolic changes related to photosynthesis
rather than by light signaling.

Impact of an induced increase in Tre6P on starch
degradation in the light
A possible candidate for a metabolic signal generated by
changes in the rate of photosynthesis would be a change in

levels of sucrose and the associated sucrose-signaling mole-
cule Tre6P. Both sucrose levels and Tre6P levels increase
with the rate of photosynthesis (Mengin et al., 2017) and
with time in the light (Martins et al., 2013; Sulpice et al.,
2014; Figueroa et al., 2016, Annunziata et al., 2017; Flis et al.,
2019; see also Supplemental Figure S5 and below). It is al-
ready known that Tre6P inhibits starch degradation at night
(Martins et al., 2013; dos Anjos et al., 2018). We previously
used transgenic lines carrying a bacterial trehalose-6-phos-
phate synthase (TPS) gene under the control of the ethanol-
inducible ALCOHOL DEHYDROGENASE REGULATOR
(AlcR) promoter to show that elevation of Tre6P during the
night results in a reduced rate of starch degradation
(Martins et al., 2013). We used one of these transgenic lines
(TPS29.2) to test whether elevation of Tre6P also inhibits
starch degradation in the light. As a control we used AlcR
lines that express the AlcR ethanol-binding transcription fac-
tor but do not carry the bacterial tps gene (Figure 6).

Plants were grown in a 12-h photoperiod at 160mmol
m–2 s–1 and transferred to continuous low light (90 mmol
m–2 s–1) at ZT0, then sprayed with ethanol at ZT10 to in-
duce AlcR protein and (in the case of TPS29.2) Tre6P pro-
duction. Levels of Tre6P were significantly higher in
TPS29.2 than AlcR by ZT12, and up to 2.5-fold higher be-
tween ZT15 and ZT24 (Figure 6A; Supplemental Data
Set 9). The magnitude of the induced increase in Tre6P re-
sembled that seen in previous studies in which TPS was in-
duced at the beginning of the light period (Figueroa et al.,
2016) or the beginning of the night (Martins et al., 2013).
Whereas the starch content in AlcR showed very little in-
crease or even declined slightly after ZT15, the starch con-
tent of TPS29.2 continued to rise (Figure 6B). This
elevation of starch plus a reduced sucrose content in the
TPS29.2 line from ZT18 onwards (Figure 6C) resulted in
starch:sucrose ratios that were almost twice as high in
TPS29.2 as in AlcR (Figure 6D). The different rates of starch
accumulation were unlikely to be caused by differences in
the rate of starch synthesis; the level of the dedicated
starch synthesis substrate ADP-glucose was the same in
TPS29.2 and AlcR (Figure 6E). The 1.5- to 2-fold lower malt-
ose content in TPS29.2 compared to AlcR between ZT18
and ZT21 (Figure 6F) pointed to slower starch degradation
in TPS29.2 as the main reason for the difference in starch
content. Together, these results are consistent with the
idea that elevated Tre6P promotes starch accumulation by
reducing the rate of starch degradation in the light.

13CO2 labeling experiments were used to provide further
information about the impact of Tre6P on starch degrada-
tion in the light (Figure 7; Supplemental Figure S6;
Supplemental Data Set 10). TPS29.2 and AlcR plants were
moved to continuous low light as above, and 13CO2 was
supplied for 6 h either between ZT2 and ZT8 (before induc-
tion with ethanol) or between ZT14 and ZT20 (after induc-
tion with ethanol). Between ZT2 and ZT8, total starch and
13C-starch accumulated in similar amounts in both lines
(Figure 7A). Between ZT14 and ZT20, results for the two
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thesis are provided in Supplemental Figure S4.
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lines were very different. AlcR showed no incorporation of
13C into starch, and there was substantial loss of total starch
(see also Figures 1 and 3; Supplemental Figures S2 and S3
and Fernandez et al., 2017). In contrast, TPS29.2 showed in-
corporation of 13C into starch and further net accumulation
of starch, although at rates lower than those seen between
ZT2 and ZT8. These data are consistent with the expected
occurrence of substantial starch degradation in the light
during the latter part of the day but not early in the day,
and also with inhibition by Tre6P of starch degradation in
the light.

Further information consistent with starch degradation in
the light and its inhibition by elevation of Tre6P in the
transgenic line was obtained by examining 13C enrichment
in Tre6P and intermediates of sucrose synthesis. During pho-
tosynthesis in 13CO2, enrichment rises rapidly to 85%–90%
in Calvin–Benson cycle intermediates and to slightly lower

levels in intermediates of sucrose synthesis like glucose 6-
phosphate (Glc6P) and UDP-glucose (UDPGlc; Szecowka
et al., 2013). Enrichment in Tre6P, Glc6P, and UDPGlc was
high (74%–80%) at the end of the ZT2–ZT8 pulse in both
TPS29.2 and AlcR (Figure 7B) as expected if these metabo-
lites are largely synthesized from newly assimilated C.
Enrichment in these metabolites was much lower at the end
of the ZT14–ZT20 pulse in AlcR (48%–53%), as expected if
the C in these metabolites were derived in part from degra-
dation of preformed (and hence, unlabeled) starch (for de-
tailed studies of the reasons for incomplete enrichment of
these intermediates, see Xu et al., 2021; Wieloch et al., 2022).
This decline in enrichment between the early and the late
pulse was much less in TPS29.2, consistent with the idea
that elevation of Tre6P restricted starch degradation in
TPS29.2 relative to AlcR. Taken together, these changes in
enrichment indicate that the rate of starch degradation
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Figure 6 Impact of an induced increase in Tre6P on starch content and metabolite levels in the light. TPS29.2 and AlcR plants (solid symbols,
TPS29.2; open symbols, AlcR) were grown in a 12-h light/12-h dark cycle at a light intensity of 160mmol m–2 s–1 for 21 days and then transferred
to continuous light at 90mmol m–2 s–1. The plants were sprayed with 2% v/v ethanol at ZT10 and samples were harvested at 3-h intervals, starting
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Underlying data are provided in Supplemental Data Set 9. Incidentally, the near-constant level of ADPGlc for up to 24 h in continuous light pro-
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High or even slightly rising ADPGlc levels were also reported between ZT12 and ZT18 in earlier studies of plants growing in long-day conditions
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between ZT14 and ZT20 in AlcR and TPS29.2 is about 60%
and 20%, respectively, of the rate of C fixation.

It was recently reported that long-term induction of the
AlcR protein can lead to growth defects in Arabidopsis
(Randall, 2021). It is very unlikely that the outcomes of our
experiments were affected by this problem. Our experimen-
tal design involved very short-term induction by ethanol,
and a comparison of control plants in which the AlcR pro-
tein was induced on its own with plants in which AlcR in-
duced a TPS gene. Further, the responses of starch and
other metabolites in the control induced AlcR plants
(Figure 6, B–F) were essentially the same as in wild-type
plants in similar conditions (Figures 1–3; Figueroa et al.,
2016; Fünfgeld et al., 2021; see also below).

Modification of the arithmetic division equation to
include inhibition of starch degradation by Tre6P
We modified the skeletal arithmetic division equation
(Model 1) to include a term that links the capacity for
starch degradation to the rate of photosynthesis, such that

starch degradation is inhibited during photosynthesis but is
progressively activated as photosynthesis rate (A) falls, that
is (Rd* = (S/T)(1-A), Supplemental Calculation S2, Model 2).
Based on the results in Figures 6 and 7; Supplemental Figure
S5, we nominally ascribed this inhibition to Tre6P. We pa-
rameterized the model such that a 50% decrease in the rate
of photosynthesis led, via a decline in sucrose and hence
Tre6P levels, to a two-fold stimulation of starch degradation
(see above, Figure 7B; Supplemental Figure S5). This modifi-
cation of the equation reduced the discrepancy between the
simulated and measured rates of starch mobilization during
a subjective night. In particular, the modified equation cor-
rectly predicted that the rate of starch accumulation at high
light would fall to a low positive value whereas the fall at
low light would result in net starch loss (Figure 4C, right-
hand display). This is because Tre6P is higher and therefore
restricts starch degradation more strongly in high light than
in low light. Like the unmodified equation, the modified
equation correctly predicted the time-of-day dependent re-
sponse to a decrease in light intensity (Figure 4D, right-hand
display).
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Starch degradation maintains C availability as
photosynthesis declines toward dusk in long-day
conditions
Fernandez et al. (2017) proposed that a rising rate of starch
degradation before dusk might buffer C availability and
growth against the gradual decrease in the rate of photosyn-
thesis at twilight, when irradiance and the rate of photosyn-
thesis falls in natural light regimes. This idea was supported
by the observation that sucrose levels are maintained at
dusk in sinusoidal light regimes and in plants grown in natu-
ral light regimes (Annunziata et al., 2017). However, the
most direct way to test this idea would be to investigate the
rate of growth at twilight. In principle, buffering might be
expected to occur in both short and long photoperiods. We
explored the idea first using plants grown in long days, since
starch degradation clearly increases in the light in the latter
part of these long photoperiods.

We first used a whole plant C balance model (Sulpice
et al., 2014) to simulate how C availability responds to a
gradual decrease in photosynthesis at dusk (Supplemental
Figure S7; Supplemental Calculation S3). We assumed that
starch was not fully exhausted at dawn, as is indeed often
the case in long-day conditions (see “Introduction,” also
Figure 4E and below for more data). The model was applied
to plants growing in an 18-h photoperiod, assuming that
33% of fixed C is allocated to starch (see Sulpice et al., 2014;
Mengin et al., 2017) and that this value is not strongly af-
fected by light intensity (see Mengin et al., 2017). When the
model parameters were specified such that starch degrada-
tion occurred only in the dark, there was a transient drop in
C availability during both the dawn and the dusk twilight
(Supplemental Calculation S3, Model 0). This simulation also
predicted that C availability in an 18-h photoperiod would
be higher at night than in the daytime. When parameters
were specified such that starch was degraded at a rate set
by the skeletal arithmetic division equation, the transient
trough in C availability during the dawn and dusk twilight
was abolished, indeed, there was a transient overshoot
(Supplemental Calculation S3, Model 1). When the skeletal
equation was modified to include a photosynthesis-
dependent restriction of starch degradation, predicted C
availability changed smoothly during twilight (Supplemental
Calculation S3, Model 2).

We next used an experimental approach developed in
Ishihara et al. (2015, 2017) to test the prediction that starch
degradation buffers growth against a decrease in photosyn-
thesis at the dusk twilight (Figure 8; Supplemental Figure
S8). In this method, plants are supplied continuously from
dawn onwards with 13CO2. As starch levels are relatively low
at dawn, the 13C enrichment in starch is similar to that in
the supplied 13CO2. Growth rates are determined as: (1) the
rate of accumulation of 13C in glucose in the cell wall frac-
tion, representing synthesis of cellulose and the backbone of
hemicellulose and (2) the rate of accumulation of 13C in
protein. Most free amino acids show slow and incomplete
labeling, which complicates or prevents their use for

estimation of protein synthesis rates (see Ishihara et al., 2015
for details). Free Ala and Ser show a rapid rise to high en-
richment and retain high enrichment during the night, so
we monitored incorporation of 13C into these amino acids
in protein, and corrected these values for the incomplete
enrichment in free Ala and Ser to calculate the rate of pro-
tein synthesis (Ishihara et al., 2015).

Plants were grown in an 18-h photoperiod in a conven-
tional step (light-on, light-off) light regime at 142mmol m–2

s–1, or in a simulated twilight regime with 14 h at 160mmol
m–2 s–1 followed by 4 h at 90mmol m–2 s–1 (Supplemental
Figure 8A; Supplemental Data Set 11). This decrease in irra-
diance at twilight approximately halved the rate of photo-
synthesis (see also above). The total photon flux per 24-h
cycle (daily light integral; DLI) was similar in the two
regimes. A switch to a sustained low light intensity was used
rather than a sinusoidal decline in light intensity because
this provided a simpler experimental system in which to an-
alyze labeling patterns and flux. On the harvest day, plants
supplied continuously with 13CO2 from dawn were har-
vested at ZT6, ZT10, ZT14, ZT18, and ZT24. They were ana-
lyzed for starch, sucrose, and reducing sugars, and by gas
chromatography-mass spectrometry (GC–MS) to determine
13C enrichment in glucose in the cell wall polysaccharides, in
free Ala and Ser, and in Ala and Ser in protein.

As already seen, starch accumulation continued until dusk
in the step light regime, although with falling rates, whereas
starch content declined between ZT14 and ZT18 in simu-
lated twilight (Supplemental Figure 8B). Sucrose levels were
similar or higher in simulated twilight than the step light re-
gime (Supplemental Figure 8C). Maltose levels started to rise
perceptibly between ZT8 and ZT12 in the step regime and
rose more strongly in simulated twilight (Supplemental
Figure 8D). Enrichment in free Ala and free Ser was high
(475%) except for Ser at the end of the night
(Supplemental Figure 8, E–F). 13C enrichment in cell wall
glucose (Supplemental Figure 8G) and in Ala and Ser in pro-
tein (Supplemental Figure 8, H–I) rose steadily during the
light period and more slowly at night, as seen previously
(Ishihara et al., 2015). Crucially, rates of enrichment in cell
wall and protein in the last 4 h of the light period were the
same, irrespective of whether plants were in constant light
or subjected to simulated twilight (Figure 8, A–C). A similar
result was obtained in a separate experiment (Supplemental
Figure S9). These experiments show that cell wall and pro-
tein synthesis are unaffected by a drop in light level at the
end of the day. The data are consistent with increased pro-
vision of C from starch degradation at the end of the light
period so that growth is maintained as the contribution
from photosynthesis declines.

Starch degradation maintains C availability as
photosynthesis declines toward dusk in short days
We next asked whether starch degradation can also buffer
growth in the evening twilight in short-day conditions. In
short days, dusk occurs at a time in the 24-h cycle when
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there is little starch degradation in the light (see
Figures 1–3; Fernandez et al., 2017), and decreases in light
intensity before dusk in short-day plants do not reduce
starch accumulation by much more than expected from the
reduction in the rate of photosynthesis (see Figures 2, A and
3, A). Nevertheless, three considerations led us to suspect
that even low rates of starch degradation might buffer C
availability during the dusk twilight in short-day conditions.
The first was that a larger proportion of the fixed C accu-
mulates as starch in short photoperiods and daytime growth
is slower than in long photoperiods. In short photoperiods
starch accounts for up to 65% of the fixed C (Mengin et al.,
2017), thus, the rate of daytime growth is lower and even a
small decrease in net starch accumulation might lead to a
substantial increase in the availability of C for growth. The
second was that larger allocation to starch will lead to
starch content rising more quickly in short-day than in
long-day plants. Assuming that the rate of degradation, Rd,

rises with starch content, S, this will result in higher rates of
starch degradation early in the light period in short-day
plants than in long-day plants. The third was that the rate
of starch degradation at night is much lower in plants

growing in a short photoperiod than in a long photoperiod
(see e.g. Sulpice et al., 2014; Mengin et al., 2017), thus even
low rates of degradation during the dusk twilight might suf-
fice to prevent a transient drop in growth.

We first explored these ideas by modeling the impact of a
light drop on photosynthesis, starch synthesis, starch degra-
dation, and the availability of C for growth in a 6-h photo-
period (Supplemental Figure S10; Supplemental Calculation
S4), using a similar approach to that described above for
long days (Supplemental Figure S7) except that we parame-
terized the model such that 65% of fixed C is allocated to
starch, based on empirical data for Arabidopsis in short-day
conditions (Sulpice et al., 2014; Mengin et al., 2017). Dusk
twilight was simulated using decreases in light intensity at
ZT4 that led to a 50% or 75% decrease in the rate of photo-
synthesis. The model predicted that in the absence of starch
degradation these treatments would lead to a strong fall in
the availability of C for growth. Permitting starch degrada-
tion in the light almost completely reversed the fall after a
50% decrease in photosynthesis, and partly reversed the ef-
fect of a 75% decrease in photosynthesis (Supplemental
Figure 10A). These simulations predict that starch
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degradation could indeed buffer growth during the evening
twilight in short-day plants. The high allocation of fixed C
into starch in short days is essential for the buffering mecha-
nism. In a simulation in which only 35% of fixed C was accu-
mulated as starch in short days the predicted rate of starch
degradation between ZT4 and ZT6 did little to buffer
growth in the dusk twilight (Supplemental Figure 10B).

These ideas were experimentally tested by performing
13CO2 labeling experiments. Plants were grown in a 6-h pho-
toperiod with a simulated twilight (4 h of 160mmol m–2 s–1

followed by 2 h at 90mmol m–2 s–1) or, as a control, in a 6-h
photoperiod at 160mmol m–2 s–1 (Figure 9A; Supplemental
Figure S11A; Supplemental Data Set 12). Irradiance was not
adjusted to provide the same DLI in both treatments. Plants
supplied with 13CO2 from dawn were harvested at ZT0,
ZT4, ZT6, and ZT24. After the decrease in light intensity at
ZT4, starch accumulation was slowed slightly (Supplemental
Figure S11B), sucrose remained high (Supplemental Figure
S11C) and, as observed in Figure 2, there was a small in-
crease in maltose (Supplemental Figure S11D). 13C incorpo-
ration into free Ala and Ser (Supplemental Figure S11, E–F),
glucose in the cell wall (Supplemental Figure S11G), and Ala
and Ser in protein (Supplemental Figure S11, H–I) revealed
that cell wall and protein synthesis were three- to four-fold
slower at night than in the daytime in these short-day con-
ditions. Crucially, cell wall synthesis was maintained at the

same rate in the simulated twilight as in high light
(Figure 9B) and protein synthesis might even have increased
in the simulated twilight (Figure 9, C and D). Thus, as in
long days, starch degradation at the end of the day in short
days provides C to permit maintenance of growth as C from
photosynthesis falls.

Starch degradation continues in the first part of the
light period in long-day conditions
We next investigated the contribution of starch degradation
to events after illumination at dawn. Plants growing in long
days at moderate or high irradiance contain substantial
amounts of starch at dawn and, after reillumination, there is
typically a 2- to 3-h delay before net starch accumulation
starts (Hädrich et al., 2012; Sulpice et al., 2014; Figueroa
et al., 2016; Fünfgeld et al., 2021). This lag is unlikely to be
due to a slow onset of starch synthesis, because ADPGlc lev-
els rise rapidly after dawn (Figueroa et al., 2016; Fünfgeld
et al., 2021). We carried out two experiments to discover
whether the lag is due to continued degradation of starch
in the first part of the light period.

In the first experiment, plants were grown in 18-h photo-
periods at 160mmol m–2 s–1 and either left at this light in-
tensity (control plants) or transferred at dawn to 90mmol
m–2 s–1 (Figure 10A; Supplemental Data Set 13). In control
plants, changes in starch levels up to ZT2 were not
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statistically significant, after which levels started to rise as
seen in previous studies. In plants transferred to a lower
light intensity at dawn, there were statistically significant
falls in starch levels at ZT2 or ZT4, after which levels started
to rise. This decrease in starch content demonstrates that
starch degradation can continue in the first part of the light
period. In the second experiment, plants were grown in an
18-h photoperiod at 160mmol m–2 s–1 and supplied with
13CO2 between ZT0.25 and ZT1.25, between ZT0.25 and
ZT2.25 and, as a control treatment, between ZT7 and ZT9
(Figure 10B; Supplemental Data Set 14). As previously seen,
during the ZT7 to ZT9 pulse the rate of 13C-starch accumu-
lation resembled the rate of total starch accumulation and
there was no loss of 12C-starch. These data are consistent
with the absence of starch degradation during this period.
In contrast, during pulses early in the light period, 13C-starch
accumulated twice as fast as total starch and 12C-starch
showed a significant decline. A replicate experiment gave a
similar result (Supplemental Figure S12) Together, these
results show that starch degradation can continue for up to
4 h into the light period when plants are growing in long-
day conditions. Possible mechanisms underlying this phe-
nomenon are proposed in the “Discussion.”

There is no starch degradation in the early part of
the light period in short-day conditions
We also investigated if starch degradation continues in the
early part of the light period in short day-grown plants. In a
first experiment, we provided a pulse of 13CO2 in the first
2.25 h after dawn (Supplemental Figure S13; Supplemental
Data Set 15). After illumination, total starch accumulated

linearly with time (Supplemental Figure S13A), as typically
seen in short-day plants (Gibon et al., 2009; Sulpice et al.,
2014; Mengin et al., 2017). Crucially, the rate of 13C-starch
accumulation resembled the rate of total starch accumula-
tion and there was no loss of 12C-starch (Supplemental
Figure S13, B and C). Wild-type plants have very low levels
of starch at dawn in short photoperiods. We, therefore, re-
peated these experiments using a mutant lacking
DISPROPORTIONATING ENZYME 1, which has similar or
higher starch levels at dawn in short photoperiods to those
found in wild-type plants in long photoperiods, but is still
able to degrade starch at rates close to those in the wild-
type (Critchley et al., 2001). The dpe1 mutant was grown in
a 6-h photoperiod and pulsed with 13CO2 between ZT0.25
and 2.25. After illumination, total starch accumulated line-
arly with time (Supplemental Figure S13D and Supplemental
Data Set 16), the rate of 13C-starch accumulation resembled
the rate of total starch accumulation and there was no loss
of 12C-starch (Supplemental Figure S13, E and F). These
results showed that there is little or no degradation of
starch at the start of the light period in short-day plants,
even if they still contain substantial amounts of starch at
dawn.

Starch degradation slows down after subjective
dawn in extended continuous light
In addition to investigating whether starch degradation con-
tinues for some time after dawn in a light-dark cycle, we in-
vestigated the response after subjective dawn in continuous
light conditions. Although starch content plateaued or even
declined from about ZT14 onwards it did not show a clear
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which were used to calculate these rates, are provided in Supplemental Figure S12 and Supplemental Data Set 14. Error bars were calculated using
the SE of the mean (n = 3–4) for Gaussian error propagation. Comparable experiments with short-day-grown plants are provided in Supplemental
Figure S11 and Supplemental Data Sets 15 and 16.
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increase after subjective dawn (see e.g. Figure 4A). Assuming
constant rates of starch synthesis, the skeletal equation
Rd = S/T would predict an increase in starch content after
subjective dawn because time to the next anticipated dawn
(i.e. T) suddenly increases. This apparent discrepancy was in-
vestigated in material from an experiment in Fernandez
et al. (2017) in which plants growing in a 12-h light/12-h
dark cycle at 160mmol m–2 s–1 were transferred to continu-
ous low light (90mmol m–2 s–1) and sampled until ZT33
(9 h after the first subjective dawn). As reported in
Fernandez et al. (2017), A and ADPGlc content remained
high throughout the continuous light treatment, starch con-
tent plateaued by ZT15, showed a slight decline between
ZT15–ZT24 followed by a slight rise between ZT24–ZT33
(the slopes in these time intervals were marginally different,
P = 0.051), and sucrose, glucose, and Glc6P levels rose in the
subjective night and declined after ZT24 (Supplemental
Figure S14). These responses are consistent with a lower rate
of starch degradation after subjective dawn. As in many
other experiments, maltose content rose steeply from ZT12
onwards to reach high levels at the end of the subjective
night. After the subjective dawn, maltose content declined
by about 2-fold at ZT27 and almost 10-fold at ZT33. The
levels at ZT27 and ZT33 were much higher than at ZT3 and
ZT9 (Supplemental Figure S14). These maltose measure-
ments provide qualitative evidence that in continuous light
conditions starch degradation is gradually inhibited after
subjective dawn, although rates may remain higher than at
a corresponding time in a light dark cycle. This may explain
why starch content does not rise strongly after ZT24. It
might be noted that starch content was much higher after
subjective dawn in continuous light than after dawn in a
light/dark cycle. Accordingly, the skeletal arithmetic division
equation would predict a high degradation rate after subjec-
tive dawn than after dawn in a light/dark cycle.

Discussion
We have investigated whether the regulation of starch deg-
radation in the light may be similar to regulation of starch
degradation in the dark. We have also investigated whether
starch degradation in the light contributes to maintenance
of C availability during the dusk twilight and optimization of
C allocation to starch in different photoperiods

Starch degradation in the light increases with time
after dawn in a manner largely predicted by the
skeletal arithmetic division equation
In the dark, the circadian clock paces degradation such that
starch is almost but not completely exhausted at dawn
(Graf et al., 2010; Scialdone et al., 2013; Flis et al., 2019;
Smith and Zeeman, 2020). Fernandez et al. (2017) reported
that the rate of degradation in the light speeds up with
time after dawn, leading by about ZT14 to a slowing down
or reversal of net starch accumulation. The timing of this ef-
fect was advanced in the short period lhy cca1 clock mutant
and delayed in the long period prr7 prr9 clock mutant.

These observations were consistent with the idea that the
clock also regulates starch degradation in the light.

The Arabidopsis clock is largely dawn dominant (Edwards
et al., 2010; Flis et al., 2015, 2016). If the circadian clock regu-
lates starch degradation in the light, the time at which deg-
radation speeds up should therefore depend on the timing
of dawn rather than dusk. Comparison of Arabidopsis grow-
ing in a 6-h and an 18-h photoperiod provided three lines
of evidence that temporal kinetics of degradation indeed de-
pend on the time that has elapsed since dawn, and are
largely independent of the timing of dusk. First, irrespective
of whether plants were grown in a short photoperiod or a
long photoperiod before transferring them into continuous
light, net starch accumulation plateaued by 14–16 h after
dawn (Figure 1, A–B; Supplemental Figure S1A). Second,
when plants were grown in a 6-h photoperiod, a decrease in
photosynthesis due to a decrease in light intensity 2 h before
dusk led to a commensurate slowing of starch accumulation
(Figure 2A). In contrast, when plants were grown in an 18-h
photoperiod, a decrease in photosynthesis due to an identi-
cal decrease in light intensity 3 h before dusk led to net loss
of starch (Figure 2B). Third, 13CO2 labeling studies revealed
that starch degradation was slow in the last 2 h of a 6-h
photoperiod in short day-grown plants, and was slow in the
middle of the light period but fast in the last 4 h of the light
period in long day-grown plants (Figure 3). These results
provide strong evidence that the propensity for starch deg-
radation rises with time after dawn, and that this response
is largely independent of the timing of dusk. Our measure-
ments of maltose content, a qualitative proxy for starch deg-
radation, provided independent evidence that the rate of
starch degradation increases with time after dawn, and also
indicated that the rate depends on the current starch level
(Figures 1, C, D, 2, C and D; Supplemental Figure S1). Our
results do not exclude a slight dependence on photoperiod
duration. This might even be expected because, in
Arabidopsis, clock phase is delayed by 2–3 h relative to
dawn in an 18-h compared to a 6-h photoperiod (see below
for more discussion).

These observations led us to ask whether the pattern of
starch degradation in the light could be explained by con-
cepts that were developed to explain starch degradation
during the night. Various models have been proposed to ex-
plain the pattern of starch degradation in leaves in the
night, including the sugar homeostasis models (Seki et al.,
2017; Webb et al., 2019) and the arithmetic division model
(Scialdone et al., 2013). The former indeed predicted that a
higher rate of starch degradation late in the light period
would be required to maintain sugar homeostasis in long
days. For quantitative analysis of our data, however, we
chose to use the skeletal equation of the arithmetic division
model. This equation allowed us to quantitatively predict
starch degradation rate and starch content, based on explicit
variables that were measured in our study. According to the
skeletal equation of the arithmetic division model (Scialdone
et al., 2013), the rate of starch degradation, Rd, = S/T where
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S is the amount of starch and T is time to dawn. This model
predicts the observed kinetics of starch degradation in the
dark in a wide range of conditions (see “Introduction”). We
used this equation to simulate the kinetics of starch accu-
mulation after transfer to continuous light (Figure 4B). Our
simulation assumed that the rate of starch synthesis is con-
stant with time; evidence for this assumption is provided by
the near-constant rate of photosynthesis (Supplemental
Figure S4; Fernandez et al., 2017) and level of ADPGlc in
continuous light (Figure 6E, see also Figueroa et al., 2016;
Fünfgeld et al., 2021). ADPGlc is the dedicated precursor for
starch synthesis and the product of ADP-glucose pyrophos-
phorylase, which exercises strong control over the rate of
starch synthesis (Ballicora et al., 2004; Stitt et al., 2010;
Hädrich et al., 2011). The skeletal arithmetic division equa-
tion predicted a progressive rise in the rate of degradation
with time after dawn, as starch content rises and time to
the next dawn decreases (Figure 4B). It predicted that the
response to a decrease in light intensity would be a slowing
of starch accumulation when the decrease is imposed early
in the 24-h cycle, and net starch degradation when the de-
crease is imposed later in the 24-h cycle (Figure 4D). It also
predicted that a decrease imposed early in the 24-h cycle
would lead to a net decline in starch if plants enter the light
period with a high starch content (Figure 4F). However, al-
though the skeletal equation successfully simulated the ob-
served changes in starch content in most circumstances,
this was not universally the case. In particular, in continuous
high irradiance, the equation predicted rapid net loss of
starch by ZT18, whereas the observed response was usually
a slowing down of accumulation or plateauing of the starch
content (compare Figure 4, A and B, left hand display). This
discrepancy indicated that some further factor restricts
starch degradation in the light, especially in high light.

The sucrose signal Tre6P can restrict starch
degradation in the light
We considered whether the rate of starch degradation in
the light might be restricted by gated responses to light lev-
els. However, a decrease in CO2 concentration affected
starch accumulation in a manner similar to a decrease in
light intensity (Figure 5). This led us to suspect that starch
degradation may be restricted by changes in metabolism
that occur as a result of rapid C fixation.

Increasing rates of photosynthesis typically lead to an in-
crease in sucrose content (Servaites et al., 1989; Annunziata
et al., 2017; Mengin et al., 2017) and an increase in the level
of Tre6P, which signals sucrose availability (Supplemental
Figure S5, see also Annunziata et al., 2017). Indeed, Tre6P
levels correlate with sucrose content across many conditions
(Lunn et al., 2006, 2014; Yadav et al., 2014; Figueroa and
Lunn, 2016; dos Anjos et al., 2018; Fichtner et al., 2020). We
earlier used transgenic lines in which Tre6P levels can be
inducibly elevated to show that Tre6P inhibits starch degra-
dation in the dark (Martins et al., 2013; dos Anjos et al.,
2018). We used the same lines to investigate whether Tre6P

restricts starch degradation in the light (Figures 6 and 7), by
inducing a rise in Tre6P at a time at which starch degrada-
tion in the light was rising in control plants. In the induced
plants a circa 2.5-fold increase in Tre6P reduced the rate of
starch degradation and reduced maltose levels relative to
those in control plants, and starch continued to accumulate.
The level of ADPGlc was unaltered indicating that starch
synthesis was unaffected (see also Figueroa et al., 2016).
Whilst it is challenging to quantify precisely the rate of
starch degradation in the light, analysis of 13C-labeling
patterns indicated that a change in Tre6P leads to a roughly
inversely proportional change in the rate of starch degrada-
tion (Figure 7B). This resembles the relationship between
Tre6P levels and the rate of starch degradation in the dark
(Martins et al., 2013; dos Anjos et al., 2018).

Whilst our results show that Tre6P plays a major role,
they do not exclude the possibility that further factors also
exert feedback regulation on starch degradation in the light.
For example, changes in light intensity might potentially af-
fect starch metabolism via redox signaling (Glaring et al.,
2012; Thormählen et al., 2013; Krasensky et al., 2014), or
changes in energy supply or levels of phosphorylated inter-
mediates (Stitt et al., 1982, 1983; Badger et al., 1984; Dietz
and Heber, 1984; Stitt et al., 2010; Borghi et al., 2019).
However, we suspect that any such effects are minor, be-
cause starch accumulation responds in a qualitatively similar
manner to a decrease in light intensity and a decrease in
CO2 concentration that have opposing effects on energy
supply (Figure 5). Another potential complication is that
starch is sometimes degraded in the light via different path-
ways to those that operate in the dark. At night BAM3 is
the major amylolytic activity (Fulton et al., 2008; Kötting
et al., 2010; Stitt and Zeeman, 2012). Under drought stress
in the light, starch is degraded via the amylolytic enzymes
AMY3 and BAM1 (Valerio et al., 2010; Seung et al., 2013;
Thalmann et al., 2016; Zanella et al., 2016). This pathway is
enhanced by ABA-dependent transcriptional activation of
BAM1 and AMY3. It is unlikely to be involved in the stimu-
lation of starch degradation when irradiance is decreased be-
cause a decrease in irradiance will lead to a decrease in
stomatal aperture (Kölling et al., 2015) and an increase
rather than a decrease in leaf water potential. It is also un-
likely to explain the gradual increase in the rate of starch
degradation with time in the light in well-watered plants.
When photorespiration is rapid, starch may be degraded by
phosphorylase to maintain levels of Calvin–Benson cycle
intermediates (Weise et al., 2006, 2011; reviewed in Stitt
et al., 2021). However, this is unlikely to contribute to the
stimulation of starch degradation in response to moderate
decreases in irradiance, as these lead to only small changes
in the levels of phosphorylated intermediates (Stitt et al.,
1983, 2021; Badger et al., 1984; Dietz and Heber, 1984;
Borghi et al., 2019).

At night, Tre6P acts as a feedback inhibitor of starch deg-
radation (Martins et al., 2013), lowering the rate below that
required to exhaust starch at dawn (dos Anjos et al., 2018).

1992 | PLANT PHYSIOLOGY 2022: 189; 1976–2000 Ishihara et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data


Tre6P likely exerts an analogous influence in the light. A
modified form of the skeletal arithmetic division equation,
Rd* = (S/T)(1-A) that included a term for feedback inhibi-
tion by Tre6P simulated the response of starch accumula-
tion after transfer to continuous high or low irradiance
(compare Figure 4, A and B, right-hand display). In both the
dark (Martins et al., 2013) and the light (Figure 6), starch
degradation is rapidly inhibited after an induced increase of
Tre6P, indicating Tre6P acts rather directly to slow down
starch degradation. In both cases, there is a marked decrease
in maltose, revealing that Tre6P inhibits an early step up-
stream of maltose formation in the pathway of starch degra-
dation. The precise target and mechanism are unknown
(Martins et al., 2013). Formally, the inhibitory action of
Tre6P may be analogous to the response in several mutants
with partial lesions in the starch degradation pathway. Many
of these mutants show incomplete mobilization of starch at
night, with the proportion of the dusk content that remains
at dawn being fixed for a given mutant (Scialdone et al.,
2013). Indeed, this response was seen in the dark in the
sweet11;sweet12 mutant, which has impaired sucrose export
and elevated levels of both sucrose and Tre6P (dos Anjos
et al., 2018). It might be noted that the modified equation
will simplify to R = S/T in wild-type plants in the dark in
conditions where sucrose and Tre6P are low.

Starch degradation continues after dawn in long
photoperiod-grown plants
When plants are grown in long photoperiods, there is typi-
cally a two- to 3-h delay after illumination until rapid starch
accumulation starts (Sulpice et al., 2014; Figueroa et al.,
2016; Fünfgeld et al., 2021, see also Figure 10A). Whilst there
may be a short delay until full rates of photosynthesis are
attained and starch synthesis starts, this cannot explain the
long delay before starch accumulation starts because high
levels of ADPGlc are established soon after illumination
(Figueroa et al., 2016; Fünfgeld et al., 2021). Our results show
that the major reason for the delay is that starch degrada-
tion continues for at least 2 h after dawn in long
photoperiod-grown plants with high starch contents at
dawn (Figure 10, A and B; Supplemental Figure S12).

Continuation of starch degradation after dawn is at first
sight inconsistent with the arithmetic division model, in
which T is proposed to approach zero at dawn. A possible
explanation is that after dawn there may be a delay until T
is reset. Analysis of maltose and other metabolite levels in
long photoperiod-grown plants transferred to continuous
light showed that starch degradation can continue for some
hours after subjective dawn, although at a falling rate
(Supplemental Figure S14). Furthermore, there is a 2- to 3-h
delay in clock phase in long photoperiods compared to
short photoperiods (see Fowler et al., 1999; Matsushika
et al., 2000; Edwards et al., 2010; Flis et al., 2015, 2016). This
leads to the dawn LHY and CCA1 transcripts peaking 1 to
2 h after dawn, and a corresponding delay in the timing of
clock outputs (Millar and Kay, 1996; Seaton et al., 2015; Flis

et al., 2016). It is possible that the dynamics of T are simi-
larly delayed in long-day conditions. The observation that
there is no detectable starch degradation after dawn in a
6-h photoperiod (Supplemental Figure S13) is consistent
with this explanation.

Alternatively, viewed in terms of the sugar homeostasis
models, it is possible that the presence of substantial
amounts of starch and sugars at dawn in long-day plants
modifies sugar inputs to the core circadian clock (Haydon
et al., 2013; Seki et al., 2017; Frank et al., 2018; Webb et al.,
2019) and associated pathways (e.g. including bZIP63; Viana
et al., 2021) that are proposed to regulate starch degrada-
tion, and that this leads to continued degradation of starch
for the first hours of the light period. Using a model that
explores the consequences of a pattern of starch degrada-
tion that is optimized to maintain constant levels of sucrose,
Seki et al. (2017) predicted high rates of starch degradation
for a time after dawn in long-day conditions, as is seen in
our experimental data. Whilst this might be the conse-
quence of a mechanism like that envisaged in sugar homeo-
stasis models, it could also be generated by the arithmetic
division model in combination with the observed shift in
clock phase in long days.

Starch degradation will buffer growth and signaling
against falling rates of photosynthesis at twilight in
natural light regimes
In the field, irradiance increases gradually in the morning,
and decreases gradually in the evening. It is a reasonable as-
sumption that the complex networks that regulate metabo-
lism and growth have evolved to optimize growth in such
conditions (Annunziata et al, 2017, 2018), rather than in re-
sponse to the sudden switches between light and darkness
that are typically used in experiments in controlled condi-
tions. These considerations led us earlier to propose that
starch degradation might buffer C availability and growth
against a falling rate of photosynthesis as the light intensity
declines during the twilight (Servaites et al., 1989; Fernandez
et al., 2017, see also Fondy et al., 1989).

We used a whole plant C balance model to explore how
starch degradation might modify the response of growth to
low light intensities during the morning and evening twilight
in long day-grown plants (Supplemental Figure S7). The
model predicted that if there is no starch degradation in the
light, there would be large transient inhibitions of growth
during the morning and evening twilight (Model 0), and
that starch degradation in the light would buffer against
these transient inhibitions (Model 1). In the dusk twilight,
for example, the falling supply of C from photosynthesis as
irradiance declines is buffered by a rising supply of C from
starch degradation. The smoothest transition was obtained
using a modified model (Model 2) that included inhibition
of starch degradation by Tre6P. Using 13CO2 labeling, we ex-
perimentally confirmed that cell wall and protein synthesis
is maintained in the face of a simulated dusk twilight
(Figure 8; Supplemental Figures S8 and S9). It is likely that
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starch degradation plays an analogous role during the dawn
twilight, although this prediction was not experimentally
validated.

A buffering effect of starch degradation on growth during
the evening twilight was also predicted (Supplemental
Figure S10) and observed (Figure 9; Supplemental Figure
S11) in short day-grown plants. This occurs despite starch
degradation being relatively slow at the point in the 24-h cy-
cle at which dusk occurs in short day-grown plants. The
ability of starch degradation to buffer growth during twilight
in short-day plants reflects the higher proportion of the
fixed C that is allocated to starch and the lower proportion
that is allocated to growth in the light. As a result, starch
content rises faster in short-day than in long-day plants,
which promotes starch degradation earlier in the 24-h cycle,
albeit at a slow rate. Since the growth rate in the light pe-
riod is slow in short-day plants, even a low rate of starch
degradation during twilight suffices to buffer growth against
a decline in photosynthetically fixed C.

Starch degradation in the light may serve a further meta-
bolic function in long-day conditions. In these conditions,
there is a relatively low requirement for fixed C to be accu-
mulated as starch to support growth and maintenance at
night, because the night is short. Previous work has shown
that the percentage of fixed C accumulated as starch during
the day falls from 60% in a 6-h or 8-h photoperiod, to 33%–
40% in a 12-h photoperiod, and to as little as 25% in an
18-h photoperiod (Sulpice et al., 2014; Mengin et al., 2017).
The low value in an 18-h photoperiod was largely due to a
delay before starch accumulation started, and a slowing
down toward the end of the light period. The rate of accu-
mulation in the middle of the light period resembled that in
a 12-h photoperiod.

In addition, by maintaining sugar levels, starch degradation
may reinforce signaling events during a natural twilight.
Circadian-based measurement of photoperiod modulates
many responses, including flowering via the CONSTANS/
FLOWERING TIME pathway (Turck et al., 2008; Song et al.,
2015). This pathway is positively modulated by Tre6P (Wahl
et al., 2013) and might be promoted by maintaining high
levels of sucrose and Tre6P during the dusk twilight.
Furthermore, it was recently proposed that some environ-
mental responses are controlled by a separate metabolism-
based daylength measuring system (Liu et al., 2020; Gendron
et al., 2021). By maintaining sugar levels high during a natu-
ral twilight, starch degradation will stabilize and even rein-
force photoperiod responses that involve an interaction
between photoperiod-sensing and sugar-signaling. More gen-
erally, starch degradation during twilight will buffer against a
transient drop in sugar and energy levels and any resulting
inhibition of growth and activation of C-starvation signaling
as plants transition from the light to the dark in field condi-
tions (Pal et al., 2013; Annunziata et al., 2017)

In conclusion, starch degradation can occur simulta-
neously with starch synthesis and has a major impact on
the temporal kinetics of starch accumulation in the light.

The pattern of starch degradation in the light can be pre-
dicted using concepts developed to explain the response of
starch degradation in the dark, and can be simulated by a
slightly modified version of the skeletal arithmetic division
equation (Scialdone et al., 2013) in which degradation is ad-
ditionally restricted by Tre6P (Martins et al., 2013; dos Anjos
et al., 2018). Starch degradation in the light is of particular
importance in buffering growth and signaling against low
light during the twilight in natural light regimes. It can also
help to minimize accumulation of excess starch in long
photoperiods.

Materials and methods

Plant material
Arabidopsis (Arabidopsis thaliana) [L.] Heynh. Col-0 was
grown on soil in controlled environment rooms as in
Mengin et al. (2017) and Fernandez et al. (2017) in a 6-, 12-,
or 18-h photoperiod (22�C, 160mmol quanta m–2 s–1, 75%
relative humidity). A list of all experiments with the experi-
mental design, which data displays was generated from
them and the location of the accompanying data sets is pro-
vided in Supplemental Table S1). Changes in the light re-
gime before or on harvest day are described in the Figure
legends and inserts in the Figure panels.

Metabolite analysis
Rosettes were harvested under ambient light conditions and
frozen immediately in liquid nitrogen. Sugars and starch
were extracted and measured enzymatically (Stitt et al.,
1989). Tre6P and ADPGlc were extracted and measured us-
ing high-performance anion exchange chromatography cou-
pled to tandem mass spectrometry (Lunn et al., 2006,
modified as in Figueroa et al., 2016). Maltose was extracted
from 30-mg homogenized material with ice-cold 100% (v/v)
methanol containing 1.31-mM ribitol as an internal stan-
dard, followed by phase separation using chloroform-water
(Heise et al, 2014). The upper polar phase was used for
methoxysilylation of metabolites with N-methyl-N-trimethyl-
silyltrifluoroacetamide followed by gas chromatography
time-of-flight mass spectrometry (GC–TOF–MS) analysis
using conditions and settings as in Lisec et al. (2006).
Chromatography peaks were extracted and normalized using
the ribitol peak area as in Szecowka et al. (2013). Maltose
was quantified using a standard curve (three concentrations
of maltose standard).

Photosynthesis
Gas exchange was measured using a LI-6400XT Portable
Photosynthesis System fitted with the 6400-17 Whole Plant
Arabidopsis Chamber (Li-Cor Biosciences GmbH, D-61352
Bad Homburg, Germany; similar to Pyl et al., 2012; Sulpice
et al., 2014). Plants were grown from seed in 6.5-cm-diame-
ter pots specially designed to fit the measurement chamber.
One plant was grown per pot. To avoid effects from soil res-
piration, the soil surface was covered with a black plastic
film, and a slight overpressure was applied in the chamber,
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by restricting the exhaust air flow, to prevent movement of
CO2 from the soil into the chamber air space.

13CO2 labeling
Starch synthesis and degradation were investigated using
2- to 6-h pulses (for details see figure legends and
Supplemental Figure S1) of 99% 13CO2 as in Fernandez et al.
(2017). The starch in the sample was enzymatically digested
with a-amylase and amyloglucosidase. The glucose from the
starch digestion was incubated with ATP and hexokinase to
generate G6P that was analyzed by LC–MS/MS for estima-
tion of 13C enrichment (Fernandez et al., 2017). Rates of cell
wall and protein synthesis were investigated by providing
13CO2 continuously from dawn onwards, and plant material
was analyzed and calculations performed precisely as in
Ishihara et al. (2015, 2017). After methanol-chloroform-water
phase extraction, polar phase was analyzed by GC–TOF–MS
and the pellet was kept for protein and cell wall analysis
(Ishihara et al., 2015). Protein was extracted from the pellet
using 6-M urea/2M thiourea solution, hydrolyzed, and ana-
lyzed by GC–TOF–MS (Ishihara et al., 2015). The pellet resi-
due after protein extraction was used for determination of
13C enrichment in cell wall. After removing starch (three se-
quential 16-h digestions with 30-U mL–1 a-amylase and
16.8-U mL–1 amyloglucosidase) and testing that no starch
remained, the pellet was chemically digested and the re-
leased glucose determined by GC–TOF–MS as described
(Ishihara et al., 2015, 2017).

Imposition of a decrease in [CO2]
Plants were grown in a 12-h photoperiod at 150-lmol
quanta m–2 s–1, 20�C for 24 days. At the start of the day of
the experiment, plants were transferred to light of 105-lmol
quanta m–2 s–1. For experiments in which [CO2] was de-
creased, individual plants were placed in a multi-chamber,
computer-controlled, infrared gas analyzer-coupled system
for the continuous measurement of gas exchange in whole-
plant shoots or rosettes (ETH Gas Exchange System-2;
Kölling et al., 2015; George et al., 2018), and rates of photo-
synthesis were continuously monitored. Control plants were
placed beside the chambers, in the same environmental
conditions. [CO2] inside the chambers was reduced from
380 to 195 ppm at ZT6 or ZT10, and plants from the cham-
bers together with control plants that remained at 380 ppm
CO2 were harvested 3 h after the [CO2] decreases were im-
posed (i.e. ZT10 and ZT13). The same procedure was fol-
lowed for imposition of a decrease in light intensity at ZT6
and ZT10, from 105 to 65 lmol quanta m–2 s–1.

Calculations
The change in starch content with time in the light was pre-
dicted as in the legend of Figure 4 and Supplemental
Calculation S2. The predicted changes were compared with
observed responses show in panels A, C, and E (see
Fernandez et al., 2017; Supplemental Calculation S1 for a
compilation of data for panel A; 2017) and Figure 2, A and
C; Supplemental Figure S4, A and C for panel C;

Supplemental Data Set S7 for panel E). Decreasing light in-
tensity from 160 to 90 lmol quanta m–2 s–1 leads to a
�50% inhibition of photosynthesis. The rate of starch syn-
thesis, Rs, was assumed to be constant with time in the light
(as supported by the near constant levels of ADPGlc
through an 18-h photoperiod (Figueroa et al., 2016; Fünfgeld
et al., 2021), or after transfer to continuous light (Figure 6E).
Rs was set as 1 relative units h–1 in growth irradiance and
0.5 relative units h–1 under lower irradiance that led an
�50% inhibition of photosynthesis (the rate of starch syn-
thesis is almost linear with irradiance (Mengin et al., 2017).
Starch content at dawn was assumed to be negligible (see
Figure 4A) in the simulations of Figure 4, B and D and about
33% of the value at ZT14 in the simulation of Figure 4F
(similar to the relationship in the data sets that were simu-
lated, Figure 4, A, C, and E, respectively). The rate of starch
degradation was simulated using two different equations. In
Equation (1), the rate of starch degradation, Rd, = S/T, where
S is the amount of starch and T is the remaining time to
dawn. In Equation (2), the rate of starch degradation, Rd*, =
(S/T)(1-A) where A is a nominal term for a rate-of-
photosynthesis-dependent inhibition of starch degradation.
Based on Figures 6 and 7, this mainly represents inhibition
by Tre6P. A is set as 0.5 at standard growth light and 0.25 at
light allowing 50% of photosynthesis in growth light; this
parameterization is based on the �50% decrease in Tre6P
when photosynthesis is halved (Supplemental Figure S5;
Sulpice et al., 2014) and the response of the rate of starch
degradation (�50% decrease) to an approximately two-fold
increase in Tre6P (Figure 6, see also Martins et al., 2013 for a
similar dependence in the dark). Calculations were per-
formed reiteratively at 2-h intervals. The amount of starch
at the start of a time interval was corrected for (1) the
amount of starch synthesized in the time interval and (2)
the amount of starch that was degraded during the time in-
terval to provide the initial value for S in the following time
interval. The rate of net starch accumulation in a given time
interval is calculated as Rs – Rd (Model 1) or Rs – Rd*
(Model 2). In panels D, H, and F where the response to a
halving of light intensity was simulated, the rates of photo-
synthesis and starch synthesis were assumed to decrease in
proportion with light intensity.

The impact of starch degradation in the light on the avail-
ability of C for growth and maintenance in a simulated
twilight with or without starch degradation was modeled as
in the legend of Supplemental Figures S7 and S10;
Supplemental Calculations S3 and S4. Briefly, the rate of
photosynthesis was set as proportional to momentary light
intensity, the rate of starch synthesis was set as 33% (in
short days) and 65% (in long days) of the rate of photosyn-
thesis (Mengin et al., 2017). Starch content was summed cu-
mulatively. Starch degradation rate in the dark was modeled
as Rd = S/T where S is the amount of starch and T is the
time until anticipated dawn (Scialdone et al., 2013). Starch
degradation rate in the light is modeled in three ways:
Model 0 (no starch degradation in the light), Model 1
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(Rd = S/T), Model 2: Rd* = (S/T)(1-A), where A is a nominal
term for a rate of photosynthesis-dependent inhibition of
starch degradation, set as proportional to light intensity, L.
The calculations were applied iteratively over 1-h intervals.
In Models 1 and 2, starch degradation in the light was
allowed between ZT15 and ZT18 and between ZT0 and ZT3
(starch degradation outside this time interval was ignored as
low compared to the rate of starch synthesis in high light).
In Models 1 and 2, starch content in the light was corrected
for starch lost by degradation. In all calculations, it was as-
sumed that the clock is entrained to 3 h after first light, as is
seen in plants growing in long days (Flis et al., 2016). The
amount of C available for maintenance and growth was cal-
culated by summing C directly available from photosynthesis
(= photosynthesis – starch synthesis) and C provided by
starch degradation.

Statistical analyses
All statistical analysis were performed using Microsoft Excel
(for details see Figure legends and Supplemental Data files).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Comparison of net starch accu-
mulation and maltose levels after transferring plants
entrained in a 6- or 12-h photoperiod after transfer to low
continuous light, or in plants growing in an 18-h photope-
riod in low light (supplemental to Figure 1).

Supplemental Figure S2. Content of 12C and 13C starch
during pulse labeling between ZT4 and ZT6 in plants grow-
ing in a 6-h photoperiod (supplemental to Figure 3A).

Supplemental Figure S3. Content of 12C and 13C starch
during pulse labeling at different times in plants grown in
an 18-h photoperiod and labeled with 13CO2 whilst leaving
the plants at growth irradiance or after a sudden decrease
in irradiance (supplemental to Figure 3B).

Supplemental Figure S4. Rate of photosynthesis after de-
creasing the light intensity from 105 to 65mmol m–2 s–1 or
decreasing the CO2 concentration from 380 to 95 ppm CO2

between ZT6 and ZT9, or between ZT10 and ZT13 (supple-
mental to Figure 5).

Supplemental Figure S5. Changes of sucrose and Tre6P
after a decrease in light intensity (supplemental to Figure 4
and Supplemental Calculation S2; data are from the experi-
ments shown in Figure 2).

Supplemental Figure S6. Content of 12C and 13C starch
during pulse labeling before and after an induced increase in
Tre6P (supplemental to Figure 7).

Supplemental Figure S7. Simulation of the impact of
starch degradation in the light on the supply of C for
growth in a simulated twilight without starch degradation
in the light or with starch degradation occurring in the light
(supplemental to Figure 8, Supplemental Figures S8 and S9,
which experimentally test the simulations).

Supplemental Figure S8. Changes of starch, sucrose, and
maltose and labeling patterns of Ala and Ser, glucose resi-
dues in the cell wall and Ala and Ser residues protein in a
simulated dusk twilight in plants growing in long-day condi-
tions (supplemental to Figure 8).

Supplemental Figure S9. Rates of cell wall and protein
synthesis in a simulated dusk twilight in long-day conditions
(this experiment is essentially a replicate of the one in
Figure 8 and Supplemental Figure S8).

Supplemental Figure S10. Simulation of the response to
a light drop between ZT4 and ZT6 in short-day-grown
plants on C availability for growth in the dusk twilight (sup-
plemental to Figure 9, which experimentally tests the
simulation).

Supplemental Figure 11. Changes of starch, sucrose, and
maltose and labeling patterns of Ala and Ser, glucose resi-
dues in the cell wall and Ala and Ser residues protein in a
simulated dusk twilight in plants growing in short-day con-
ditions (supplemental to Figure 9).

Supplemental Figure S12. 13CO2 labeling of starch in the
first hours of the light period in long-day conditions (supple-
mental to Figure 10B).

Supplemental Figure S13. Starch degradation is negligible
in the first hours of the light period in short-day conditions
(supplemental to text in section “Starch degradation is negligible
in the first hours of the light period in short day conditions”).

Supplemental Figure S14. Maltose, starch, ADPGlc, su-
crose, glucose, and Glc6P content and A, after transferring
plants to continuous light (all data except maltose are
replotted from Fernandez et al., 2017).

Supplemental Table S1. List of experiments, design, and
data sets.

Supplemental Data Set 1. Starch and metabolite levels
after transfer of short day-grown plants to continuous low
light (underlies Figure 1, A and C).

Supplemental Data Set 2. Starch and metabolite levels
after transfer of long day-grown plants to continuous low
light (underlies Figure 1, B and D).

Supplemental Data Set 3. Starch and maltose after trans-
fer of short, neutral, and long day-grown plants to continu-
ous low light—data compilation from this study and
Fernandez et al. (2017) (underlies Supplemental Figure S1).

Supplemental Data Set 4. Starch and maltose levels and
13C labeling after subjecting short-day-grown plants to a
light drop at ZT4–ZT6 (underlies Figures 2, A and 3, A;
Supplemental Figures S2 and S4).

Supplemental Data Set 5. Starch and maltose levels after
subjecting long-day-grown plants to a light drop at ZT4–
ZT6 (underlies Figures 2, B and 3, B; Supplemental Figures
S3, A, S5, C and D).

Supplemental Data Set 6. Starch labeling after a decrease
in irradiance between ZT7–9 and ZT15–18 in long-day-
grown plants left at growth light intensity (underlies
Supplemental Figure S3B).

Supplemental Data Set 7. Response of starch content to
a light drop between ZT6 and ZT12 in long-day-grown
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plants that were left at growth irradiance in the preceding
days to ensure a substantial starch content at dawn, and
then subjected to light drops at ZT6–ZT12 or ZT14–ZT20
(underlies Figure 4E).

Supplemental Data Set 8. Response of photosynthetic
rate to a drop in light intensity or CO2 concentration after
different times in the light (underlies Figure 5 and
Supplemental Figure S4).

Supplemental Data Set 9. Levels of starch, maltose, and
other metabolites in TPS29.2 and AlcR control lines grown
in a 12-h photoperiod and then transferred to continuous
low light, induced with ethanol at ZT10 and harvested for
analysis during the subjective night (ZT12–ZT24) (underlies
Figure 6 and Supplemental Figures S5 and S6).

Supplemental Data Set 10. 13C labeling of starch, maltose
and other metabolites in TPS29.2 and AlcR control lines
grown in a 12-h photoperiod and then transferred to con-
tinuous low light, induced with ethanol at ZT10; plants were
pulsed with 13CO2 between ZT2 and ZT8, or between ZT14
and ZT20 (underlies Figure 7 and Supplemental Figure S7).

Supplemental Data Set 11. Rates of growth measured by
13CO2 enrichment in cell wall during a simulated twilight in
long-day-grown plants (two separate experiments, underly-
ing Figure 8 and Supplemental Figures S8 and S9).

Supplemental Data Set 12. Rates of growth measured by
13CO2 enrichment in cell wall during a simulated twilight in
short-day-grown plants (underlies Figure 9 and
Supplemental Figure S11).

Supplemental Data Set 13. Levels of starch and sugars in
long day-grown plants maintained at growth irradiance until
the day of the experiment, and then either left at growth ir-
radiance or transferred at dawn to low irradiance: plants
were harvested at dawn and at 2-h intervals in the first part
of the light period (underlies Figure 10A).

Supplemental Data Set 14. Total starch content and 13C
enrichment in starch in long day-grown plants maintained
at growth irradiance throughout their growth and on the
day of the experiment, and pulsed with 13CO2 for short peri-
ods in the first hours after dawn (two separate experiments
are shown, that underlie Figure 10B and Supplemental
Figure S12).

Supplemental Data Set 15. Total starch content and 13C
enrichment in starch in wild-type Col-O and plants express-
ing a constitutively active form of ADP glucose pyrophos-
phorylase, grown in short-day conditions and pulsed with
13CO2 and harvested in the first hours after dawn (underlies
Supplemental Figure S13, A–C).

Supplemental Data Set 16. Total starch content and 13C
enrichment in starch wild-type Col-O and dpe1 mutants
(defective in DISPROPORTIONATING ENZYME1 and there-
fore showing a starch excess phenotype at dawn even in
short-day conditions) grown in short-day conditions and
pulsed with 13CO2 and harvested in the first hours after
dawn (underlies Supplemental Figure S13, D–F).

Supplemental Data Set 17. Maltose content in continu-
ous light after transferring plants from a 12-h light/12-h

dark cycle to continuous light (underlies Supplemental
Figure S14).

Supplemental Calculation S1. Compiled changes in
starch content in the first subjective night after transfer to
continuous light (underlies Figure 4A).

Supplemental Calculation S2. Simulation of net starch
content after transfer to continuous light or after light drops
(underlies Figure 4).

Supplemental Calculation S3. Simulation of response of
C availability for maintenance and growth during twilight in
long-day-grown plants—comparison of three scenarios with
no starch degradation in the light and with starch degrada-
tion simulated by the arithmetic division model and a modi-
fied arithmetic division model including feedback inhibition
by Tre6P (underlies Figure S7).

Supplemental Calculation S4. Simulation of the impact
of a sudden decrease in irradiance on C availability for main-
tenance and growth during twilight in short-day-grown
plants (background to Figure 9 and Supplemental Figure
S10).

Acknowledgments
We thank the John Innes Center Horticultural Services staff
and Manuela Günther (MPIMP) for assistance with plant
growth. We are grateful to Martin Howard (John Innes
Centre, Norwich Research Park, UK) for reading the
manuscript.

Funding
This work was supported by European Commission FP7 col-
laborative project TiMet (contract 245143) (S.Z., A.M.S., and
M.S.), by a BBSRC Institute Strategic Program Grant BB/
J004561/1 and a BBSRC grant BB/N001389/1 to the John
Innes Centre (P.P. and A.M.S.), by ETH Zurich (G.M.G. and
S.C.Z.), by the European Union Project PlantaSyst (SGA-CSA
664621 and 739582 under FPA 664620) to S.A. and A.R.F.,
and by the Max-Planck Society, Germany (H.I., R.F., P.N., S.A.,
A.R.F., J.E.L., and M.S.)

Conflict of interest statement. None declared.

References

Annunziata MG, Apelt F, Carillo P, Krause U, Feil R, Koehl K,
Lunn JE, Stitt M (2018) Response of Arabidopsis primary metabo-
lism and circadian clock to low night temperature in a natural
light environment. J Exp Bot 69: 4881–4895

Annunziata MG, Apelt F, Carillo P, Krause U, Feil R, Mengin V,
Lauxmann MA, Kohl K, Nikoloski Z, Stitt M, et al. (2017)
Getting back to nature: a reality check for experiments in con-
trolled environments. J Exp Bot 68: 4463–4477

Badger MR, Sharkey TD, von Caemmerer S (1984) The relationship
between steady-state gas exchange of bean leaves and the levels of
carbon-reduction-cycle intermediates. Planta 160: 305–313

Ballicora MA, Iglesias AA, Preiss J (2004) ADP-Glucose pyrophos-
phorylase: a regulatory enzyme for plant starch synthesis.
Photosynth Res 79: 1–24

Borghi GL, Moraes TA, Günther M, Feil R, Mengin V, Lunn JE,
Stitt M, Arrivault S (2019) Relationship between irradiance and

Leaf starch degradation in the light PLANT PHYSIOLOGY 2022: 189; 1976–2000 | 1997

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac162#supplementary-data


levels of Calvin–Benson cycle and other intermediates in the
model eudicot Arabidopsis and the model monocot rice. J Exp Bot
70: 5809–5825

Bürgy L, Eicke S, Kopp C, Jenny C, Lu KJ, Escrig S, Meiborn A,
Zeeman SC (2021) Coalescence and directed anisotropic growth
of starch granule initials in subdomains of Arabidopsis thaliana
chloroplasts. Nat Commun 12: 6944

Chen LQ (2014) SWEET sugar transporters for phloem transport and
pathogen nutrition. New Phytol 201: 1150–1155

Chen LQ, Qu XQ, Hou BH, Sosso D, Osorio S, Fernie AR,
Frommer WB (2012) Sucrose efflux mediated by SWEET proteins
as a key step for phloem transport. Science 335: 207–211

Cheng SH, Moore BD, Seemann JR (1998) Effects of short- and
long-term elevated CO2 on the expression of
ribulose-1,5-bisphosphate carboxylase/oxygenase genes and carbo-
hydrate accumulation in leaves of Arabidopsis thaliana (L.) Heynh.
Plant Physiol 116: 715–723

Critchley JH, Zeeman SC, Takahara T, Smith AM, Smith SM
(2001) A critical role for disproportionating enzyme in starch
breakdown is revealed by a knock-out mutation in Arabidopsis.
Plant J 26: 89–100

Dietz KJ, Heber U (1984) Rate-limiting factors in leaf photosynthesis.
I. Carbon fluxes in the Calvin cycle. Biochim Biophys Acta -
Bioenerget 767: 432–443

Dodd AN, Dalchau N, Gardner MJ, Baek S-J, Webb AAR (2014)
The circadian clock has transient plasticity of period and is re-
quired for timing of nocturnal processes in Arabidopsis. New
Phytol 201: 168–179

dos Anjos L, Pandey PK, Moraes TA, Feil R, Lunn JE, Stitt M
(2018) Feedback regulation by trehalose 6-phosphate slows down
starch mobilization below the rate that would exhaust starch
reserves at dawn in Arabidopsis leaves. Plant Direct 2: e00078

Edwards KD, Akman OE, Knox K, Lumsden PJ, Thomson AW,
Brown PE, Pokhilko A, Kozma-Bognar L, Nagy F, et al. (2010)
Quantitative analysis of regulatory flexibility under changing envi-
ronmental conditions. Mol Syst Biol 6: 424

Feike D, Seung D, Graf A, Bischof S, Ellick T, Coiro M, Soyk S,
Eicke S, Mettler-Altmann T, Lu KJ, et al. (2016) The starch
granule-associated protein EARLY STARVATION1 is required for
the control of starch degradation in Arabidopsis thaliana leaves.
Plant Cell 28: 1472–1489

Fernandez O, Ishihara H, George GM, Mengin V, Flis A, Sumner
D, Arrivault S, Feil R, Lunn JE, Zeeman SC, et al. (2017) Leaf
starch turnover occurs in long days and in falling light at the end
of the day. Plant Physiol 174: 2199–2212

Feugier F, Satake A (2013) Dynamical feedback between circadian
clock and sucrose availability explains adaptive response of starch
metabolism to various photoperiods. Front Plant Sci 3: 305

Fichtner F, Olas JJ, Feil R, Watanabe M, Krause U, Stitt M, Lunn
JE (2020) Functional features of TREHALOSE-6-PHOSPHATE
SYNTHASE1 – an essential enzyme in Arabidopsis thaliana. Plant
Cell 32: 1949–1972

Figueroa CM, Feil R, Ishihara H, Watanabe M, Kölling K, Krause
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Kölling K, George GM, Künzli, R, Flütsch P, Zeeman SC (2015) A
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