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Abstract

The carbon allocation in source leaves between sucrose and starch is an important mechanism that affects plant productiv-
ity. We previously found that strawberry plants accumulate starch in response to excess carbon supply from photosynthesis
compared with translocation and sucrose storage capacity in source leaves. However, because these data were acquired
from three separate cultivation seasons in field conditions, seasonal impacts could not be ruled out. Therefore, herein, we
aimed to investigate the role of starch in carbon allocation in strawberry leaves and to explore whether the relationship
between sucrose and starch reported in our previous study is an inherent characteristic that is independent of seasonal
variations. To prevent seasonal influences, carbohydrate dynamics in strawberry leaves were studied under controlled
environmental conditions with high (High) and low (Low) photosynthetic activity. During the day, both sucrose and starch
concentrations increased in the High treatment, but starch concentration increased only marginally in the Low treatment.
Furthermore, starch production was enhanced in the High treatment when sucrose concentration exceeded 150 mmol C
m~2. Consistent with previous findings, the current findings indicated that photosynthetically fixed carbon is initially allo-
cated to sucrose; however, when photosynthetic activity increases and leaf sucrose concentration exceeds its storage capac-
ity, the excess carbon is then allocated to starch. This study provides strong evidence that, regardless of season, starch
serves as an overflow product with sucrose storage capacity as a threshold during carbon allocation in strawberry leaves.

Keywords Overflow hypothesis - Carbohydrate metabolism - Fragaria X ananassa - Sucrose storage capacity -
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Introduction

Carbon allocation, a process that significantly affects crop
productivity, is the distribution of photosynthetically fixed
carbon into multiple metabolic pathways and the synthesis
>4 Daisuke Yasutake of various forms of carbohydrates (Taiz et al. 2018). Sucrose
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leaves during the day and subsequently degraded to sucrose
and remobilized at nighttime for translocation, growth, and
maintenance. Because starch accumulation competes with
sucrose synthesis for translocation, the carbon allocation
between sucrose and starch in leaves determines plant pro-
ductivity (MacNeill et al. 2017). Although carbon alloca-
tion is an important process in sink organs, in this study, we
focused on the carbon allocation in leaves as the fundamen-
tal process of plant growth.

Regarding the regulation of carbon allocation between
sucrose and starch in leaves, two hypotheses have been
proposed (Stitt et al. 2010; Mengin et al. 2017). The first
hypothesis (overflow hypothesis) (Cseke et al. 1984; Stitt
1990) proposes that starch is synthesized as an overflow
product when the photosynthetic rate exceeds the translo-
cation rate and sucrose storage capacity in source leaves.
The second hypothesis proposes that starch accumulates in
leaves to maintain a consistent supply of sucrose and avoid
carbon starvation at night. The second hypothesis has been
emphasized in numerous studies on Arabidopsis (Smith
and Stitt 2007; Gibon et al. 2009; Graf and Smith 2011;
Sulpice et al. 2014). These studies demonstrated that even
under conditions of low photosynthetic activity, Arabidop-
sis accumulated a portion of photosynthetically fixed carbon
as starch, and the starch reserve was almost, but not entirely,
depleted by circadian regulation at the next dawn. Although
various biochemical reactions related to the regulation of
sucrose and starch synthesis are known (Stitt et al. 2010;
Taiz et al. 2018), the mechanisms by which carbon alloca-
tion between sucrose and starch is regulated in both hypoth-
eses are not entirely clear.

Furthermore, the role of sucrose and starch in carbon
allocation differs substantially across species (Streb and
Zeeman 2012; Smith and Zeeman 2020). As previously
mentioned, Arabidopsis predominantly accumulates starch
in source leaves but rarely any sucrose (Annunziata et al.
2018). In contrast, cereal crops such as rice, wheat, and bar-
ley predominantly accumulate and use sucrose as a night-
time resource instead of starch (Gordon et al. 1980; Rdsti
et al. 2007). The ratio of starch to sucrose in source leaves
reflects the differences in their roles and is closely related
to the regulation of carbon allocation (Dong and Beckles
2019).

Strawberry (Fragaria X ananassa Duch.) is one of the
world’s most important horticultural crops. The amount of
carbohydrates, which are translocated from source leaves
to fruits, influences yield and fruit quality. As a result, the
carbon allocation in leaves, which determines the available
carbon for translocation, is an important phase in strawberry
production. We previously found that strawberry accumu-
lated sucrose and starch throughout the day and used both at
night and that the synthesis of starch was remarkable when

@ Springer

the sucrose concentration per unit leaf area was greater
than 150 mmol C m~2 (Nakai et al. 2022), and these results
were consistent with the hypothesis that starch is an over-
flow product (Cseke et al. 1984; Stitt 1990). However, these
results were obtained from three cultivation periods with dif-
ferent day lengths in the field. It has been proposed that the
carbon allocation to starch in some species, like Arabidop-
sis, varies with day length (Stitt and Zeeman 2012; Mengin
et al. 2017). Therefore, it is possible that the environmental
response of the carbohydrate metabolism of sampled straw-
berry plants varies according to season; consequently, our
previous study (Nakai et al. 2022) was insufficient to con-
firm how sucrose and starch dynamics are related to photo-
synthetic activity.

Herein, we aimed to determine whether the relationships
between sucrose and starch dynamics in leaves suggested
in the previous study (Nakai et al. 2022) were an inher-
ent characteristic in strawberry plants and whether starch
served as an overflow product in the regulation of carbon
allocation. To avoid seasonal effects, experiments were
conducted under controlled environmental conditions using
strawberry plants grown within the same cultivation period.
The concentrations of the most abundant carbohydrates in
strawberry leaves— sucrose, glucose, fructose, and starch
(Nishizawa 1994)— were measured in conditions of high
or low photosynthetic activity, and the relationship between
sucrose and starch dynamics was investigated.

Materials and methods
Plant materials and growth conditions

Strawberry plants (Fragaria X ananassa Duch. ‘Fukuoka
S6”) were grown under natural light conditions in a green-
house (20 m long X 8 m wide X 4 m high) located at the
Ito Plant Experiment Field & Facilities, Faculty of Agricul-
ture, Kyushu University, Japan. The initial temperature of
greenhouse ventilation was set to 22 °C, and a heater was
operated to maintain it above 8 °C. The nursery plants were
transplanted into plastic pots (28.0 cm long X 14.5 cm wide
X 11.8 cm high) filled with M-1 substrate (Kaneya Co.,
Ltd., Aichi, Japan) on September 24, 2021; 16 plants were
planted (2 in each pot) and then placed on cultivation beds
(1.2 m high). The plants were supplied with the nutrient
solution (OK-F-1, OAT Agrio Co., Ltd., Tokyo, Japan; an
electrical conductivity=0.6 dS m~!; N:P:K =75:40:85 mg
L~ at a rate of 200 mL d~!/plant. Each plant had eight
fully expanded leaves and a seven fruits or flowers during
the experiments.
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Experimental conditions and treatments

The experiments were conducted on December 15 and 23,
2021, in a plant growth chamber (HNM-S11, Koito Electric
Industries, Ltd., Shizuoka, Japan; growth area: 60.0 cm long
X 90.0 cm wide X 90.0 cm high) that can control air tem-
perature and relative humidity. Nine dimmable LED flood-
lights (HMFD45EW1SV12H-RM (40Y), Kyoritsu Densho
Co., Ltd., Miyazaki, Japan) were used as the light source
(Online Resource Fig. S1).

The light condition was controlled to provide two treat-
ments: one with high photosynthetic activity treatment
(High) that replicated the greenhouse light condition on
a clear day in December and another with low photosyn-
thetic activity treatment (Low) that replicated a rainy day in
December. The maximum photosynthetic photon flux den-
sity (PPFD) was set to approximately 970 and 300 pumol
m~2 s~! for the High and Low treatments, respectively, by
manually operating the dimmers in a stepwise manner from
dawn to dusk. Both treatments had the same dawn/dusk
times of 7:15/17:15, air temperature of 20 °C during the day
(7:15-17:15) and 12 °C at night (17:15-7:15 the following
day), and relative humidity of 70% during the entire day.

Measurement of environmental conditions and leaf
temperature

PPFD was measured using a light quantum meter (PAR-
02D, Prede Co., Ltd., Tokyo, Japan) placed at a canopy
height of 35.0 cm from the growth area floor of the cham-
ber. Air relative humidity and ambient air CO, concentra-
tion were measured using a temperature-humidity sensor
(HMP60, Vaisala, Finland) installed in a forced ventilation
shelter (RSVHO01A1203, SCE, Inc., Hokkaido, Japan) and
a CO, sensor (GMP252, Vaisala, Finland), respectively,
which were placed at a height of 50 cm (above the canopy).
Leaf temperature was measured using a T-type thermo-
couple (0.1-mm diameter) fixed to an arbitrary leaf sur-
face. Data were logged at 5-s intervals using a data-logger
(CR1000X, Campbell Scientific, USA) and 5-min means
were automatically stored in it.

Estimation of photosynthetic activity

To ensure that the treatments were appropriately set, the
photosynthetic rate in a single leaf was used as an indicator
of photosynthetic activity. We used our previously reported
estimation model of single-leaf photosynthesis under sun-
light (Nakai et al. 2022) with some modifications. The
model was based on the biochemical photosynthesis model
(Farquhar et al. 1980) and the stomatal model (Medlyn et al.
2011). Regarding the modification from our previous study,

the actual measured leaf temperature was used instead of
the estimated value using the energy balance equation of
the leaf, as LED produces less heat than sunlight. The esti-
mation was performed using the R package “plantecophys”
(version 1.4.4, Duursma 2015) in R version 4.2.2 (R Core
Team 2022). The photosynthetic model parameters used
for estimation were obtained using a portable open gas-
exchange system (LI-6400XT, LI-COR, USA) as described
by Kimura et al. (2020) and Nakai et al. (2022) and are
shown in Online Resource Table S1.

Leaf sample processing and analysis of
carbohydrate concentrations

Each treatment experiment was conducted on eight plants
that had been transferred to the plant growth chamber the
night before the experiment. A total of 48 fully expanded
leaves were selected from the 8 plants, and 1 leaf disk
(6-mm diameter, 28.3 mm?) of every selected leaf was sam-
pled from the intercostal regions (i.c., the lamina between
major veins) throughout the day. Sampling was performed
10 times within 24 h at 2-h intervals during the day (7:15,
dawn; 9:15; 11:15; 13:15; 15:15) and at 2- or 4-h intervals
during the night (17:15, dusk; 19:15; 23:15; 3:15; 7:15). To
ensure that sufficient amounts of carbohydrates were avail-
able for analysis, the 48 leaf disks collected at each sam-
pling time were grouped into sets of 12, i.e., 4 biological
replicates were obtained in each treatment. All samples
were stored at — 80 °C until further analysis.

The concentrations of soluble sugars (sucrose, glucose,
and fructose) and starch were quantified using freeze-dried
powder of the leaf disks. Soluble sugars were assayed as
described by Nakai et al. (2022). Briefly, freeze-dried sam-
ples were ground, and then extracted three times using 80%
(vol/vol) ethanol at 82 °C as described by Nishizawa (1994).
The supernatants were combined, and the ethanol was evap-
orated under vacuum. Soluble extracts were resuspended in
distilled water, filtered (0.45 um), and then used for high-
performance liquid chromatography analysis as described
by Nakai et al. (2022). Starch concentration was determined
enzymatically using the Total Starch Assay kit (K-TSTA,
Megazyme, Ireland) following the manufacturer’s protocol
with minor modifications according to the sample size. Fol-
lowing ethanol extraction, the pellets were resuspended in
2 mL of sodium acetate (100 mM, pH 5.0), and the starch
was then converted to glucose by adding of 25 pL each of
a-amylase (2500 U mL~!) and amyloglucosidase (3300
U mL™}Y). Glucose concentrations were determined using
a spectrophotometer (UV-1800, Shimadzu Corp., Japan)
set to 510 nm and the Megazyme GOPOD reagent. Starch
concentrations were calculated based on a glucose standard
curve.
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Fig. 2 Diurnal changes in leaf carbohydrate concentrations from dawn
in two treatments: high photosynthetic activity treatment (High; closed
circles) and low photosynthetic activity treatment (Low; opened
circles). Shaded regions represent the nighttime. Error bars repre-

Statistical analyses

Statistical analyses were performed using R version 4.2.2
(R Core Team 2022). The carbohydrate concentration
data were statistically expressed as means =+ standard error
(n=4) and subjected to Student’s r-test to identify signifi-
cant differences between two treatments at each sampling
time point.

Results and discussion
Light conditions and leaf temperature

To assess how photosynthetic activity affects leaf carbohy-
drate dynamics, we conducted sampling experiments in two
treatments with different light conditions. Figure 1 shows
the diurnal changes in PPFD (A) and leaf temperature (B)
in the two treatments. The daily maximum PPFD for the
High and Low treatments was approximately 970 and 300
pmol m~2 s, respectively; however the PPFD was gener-
ally higher in the High treatment than the Low treatment.
The leaf temperature mainly varied depending on the air

@ Springer

sent the standard error of the mean values (n=4). Significant differ-
ences between treatments are indicated by asterisks (Student’s z-test):

*P<0.05, "P<0.01 and ""P<0.001

temperature set (day: 20 °C; night: 12 °C). In the High treat-
ment, PPFD had a minimal effect on leaf temperature when
its value exceeded 750 pmol m~2 s~ !. The local fluctuations
in leaf temperature observed throughout the day, such as 4
and 12 h after dawn, were probably caused by the opening
and closing of the chamber’s door for sampling.

Single-leaf photosynthetic rate

The estimated photosynthetic rate changed mainly depend-
ing on PPFD (Oneline Resource Fig. S2). The photosyn-
thetic rate remained generally higher in the High treatment
than in the Low treatment throughout the day, indicating
that the treatments were set properly.

Leaf carbohydrate concentrations

The diurnal changes in leaf carbohydrate concentrations in
the two treatments reflected a difference in photosynthetic
activity (Fig. 2). The sucrose concentration in the High
treatment was approximately 75 mmol C m~2 at dawn.
It immediately increased at dawn, peaked at 170 mmol C
m~2 4 h before dusk, and then decreased in a linear manner
to 95 mmol C m~2 until the following dawn. The sucrose
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concentration in the Low treatment was slightly higher
immediately after dawn than that in the High treatment,
but it was significantly lower from 4 h after dawn to the
following dawn. It peaked at 130 mmol C m~2 and then
decreased to 70 mmol C m™2. The glucose concentration in
the High treatment was significantly higher than that in the
Low treatment at some time points; however, it remained
almost constant throughout the day at approximately 25
mmol C m~2 in both treatments. The fructose concentration
remained nearly constant throughout the day (at approxi-
mately 80 mmol C m~2) in both treatments and did not
differ significantly between the treatments. The starch con-
centration in the High treatment started to increase a little
behind the increase in sucrose concentration. It increased
from approximately 25 mmol C m™2 to 135 mmol C m™2,
peaked at dusk, and then decreased in a linear manner to
approximately 50 mmol C m~2 until the following dawn.
Although the starch concentration in the Low treatment was
slightly higher immediately after dawn than that in the High
treatment, similar to sucrose, it was significantly lower than
that in the High treatment from 6 h after dawn to the fol-
lowing dawn, with the daily maximum being only about 40
mmol C m~2, less than a third of that in the High treatment.

We previously found similarities in the dynamics of car-
bohydrates during three different cultivation periods under
field conditions (Nakai et al. 2022). Specifically, sucrose
concentration began to increase at dawn and peaked 2—4 h
before dusk, glucose and fructose concentrations both
remained constant throughout the day, and starch concen-
tration increased significantly after sucrose concentration
did and peaked at dusk. These current findings are con-
sistent with our previously reported findings (Nakai et al.
2022), except for the trends in starch concentrations in the
Low treatment. The concentration of total carbohydrates
(sucrose, glucose, fructose, and starch) in the High treat-
ment was markedly higher than that in the Low treatment,

Fig. 3 Relationships between
sucrose and starch concentra-

Day

which proves that photosynthesis occurred more actively
in the High treatment than in the Low treatment. Thus, the
present study results suggest that photosynthetically fixed
carbon was allocated to both sucrose and starch under high
photosynthetic activity conditions, whereas it was preferen-
tially allocated to sucrose than starch under low photosyn-
thetic activity conditions. Conversely, glucose and fructose
showed stable dynamics throughout the day, suggesting that
their roles as osmolytes may be maintained even if photo-
synthetic activity fluctuates.

Relationships between sucrose and starch
concentrations

We investigated the relationships between sucrose and
starch concentrations in the daytime and nighttime (Fig. 3)
based on the diurnal changes in leaf carbohydrate concen-
trations (Fig. 2). The phased increase in starch concentration
in the High treatment depended on the sucrose concentra-
tion during the day; it increased gradually from approxi-
mately 25 to 50 mmol C m~2 until the sucrose concentration
reached about 150 mmol C m~2, then increased rapidly to
approximately 135 mmol C m~2 until 2 h before dusk. In
the Low treatment, sucrose concentration did not reach 150
mmol C m~2, and the starch concentration increased gradu-
ally from approximately 25 to 50 mmol C m~2, following a
similar pattern to that in the High treatment. The starch con-
centration in the nighttime decreased linearly with sucrose
concentration in both treatments. These results are consis-
tent with our previously reported results (Nakai et al. 2022)
that suggested a biphasic increase in starch concentration
during the daytime and the effects of sucrose concentration
on the carbon allocation in strawberry leaves. However, as
mentioned above, our previously reported findings were
obtained under field conditions over three different cultiva-
tion periods; therefore, the previous study could not exclude
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the possibility that other seasonal factors, in addition to
photosynthetic activity, may have affected the relationship
between sucrose and starch concentrations when consider-
ing the regulation of carbon allocation. In the present study,
the difference in photosynthetic activity during the same
cultivation period confirmed the dynamics of sucrose and
starch. The current findings provide additional evidence that
photosynthetically fixed carbon is allocated preferentially to
sucrose than starch when leaf sucrose concentration is less
than the storage capacity of 150 mmol C m~2, whereas it is
allocated to starch as an overflow product when photosyn-
thesis is active and sucrose concentration exceeds the stor-
age capacity.

As previously mentioned, the mechanisms underlying the
regulation of carbon allocation are not fully clarified. Car-
bon allocation between sucrose and starch is directly linked
to the distribution of triose phosphate between the chloro-
plasts and cytosol. Triose phosphates and their precursor,
3-phosphoglycerate (3-PGA), are transported from the chlo-
roplast into the cytosol in exchange of inorganic phosphates
(Pi) in the cytosol via the triose phosphate/phosphate trans-
locator (TPT). Regarding the overflow hypothesis, starch
synthesis is activated through the following mechanisms:
when photosynthetic activity is high and sucrose and/or
its intermediates accumulate in the cytosol, sucrose phos-
phate synthase (SPS) or fructose-1,6-bisphosphatase (key
enzymes in the sucrose synthesis pathway in the cytosol) is
inactivated (Stitt 1990; Huber and Huber 1996). This results
in the inhibition of the entire pathway of sucrose synthesis
and a decrease in the release of Pi in the cytosol. As the
transport activity of TPT depends on the availability of Pi in
the cytosol, the exchange of triose phosphates/3-PGA and
Pi is inhibited, leading to the starvation of Pi and accumu-
lation of triose phosphates and 3-PGA in the chloroplast.
Because ADP-glucose pyrophosphorylase, the first enzyme
in the starch synthesis pathway, is activated by 3-PGA and
inhibited by Pi (Ballicora et al. 2004), starch synthesis is
consequently activated. These mechanisms can explain the
results of the present study that starch concentration rapidly
increased when sucrose accumulated under conditions of
high photosynthetic activity. However, the feedback regula-
tion of sucrose described above does not fully explain the
mechanism of carbon allocation (Smith and Stitt 2007), and
other mechanisms such as circadian control can contribute
to the regulation of carbon allocation (Graf et al. 2010; Graf
and Smith 2011; Sulpice et al. 2014). This study aimed to
investigate carbon allocation based on carbohydrate dynam-
ics. However, the analysis of enzyme activity and the con-
centrations of intermediates involved in these mechanisms
would be useful to further elucidate the regulation of carbon
allocation in strawberry leaves.
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Conclusions

In summary, we investigated the relationships between
sucrose and starch dynamics in strawberry leaves under a
controlled environment with high and low photosynthetic
activity. Our findings strongly suggest that in the regulation
of carbon allocation in source leaves, starch serves as an
overflow product at a sucrose concentration of 150 mmol
C m~2 established as a threshold. Although the relationship
between sucrose and starch likely varies depending on the
strawberry variety and/or cultivation conditions, the fact
that both experiments—one in the field environment with
different day lengths according to the season and the other
in a controlled environment with same day lengths but with
two different photosynthetic activities—showed consistent
results strongly suggests that the relationship is an inherent
characteristic of strawberry plants.

Further research is required to understand the molecular
mechanism of carbon allocation; however, we believe that
the present study encourages the translation of fundamen-
tal research on model plants to that on agricultural crops
and contributes to a better understanding of strawberry
productivity.
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