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Abstract 
Background and Aims Leaf senescence is acceler-
ated by soil moisture stress during reproductive growth 
in rainfed paddy rice under drought and in irrigated 
paddy rice under intermittent irrigation for saving water 
or mitigating methane emissions. Leaf senescence 
decreases leaf photosynthetic rate (An) and grain yield. 
We aimed to elucidate the mechanisms underlying the 
An decrease under soil moisture stress.

Methods An, leaf content of ribulose-1,5-bispho-
sphate carboxylase/oxygenase (Rubisco), synthesis 
and degradation of Rubisco and cytokinin flux from 
roots were compared between plants grown in mois-
ture-deficient soil (DR-plants) and flooded or wet soil 
(FL- or WE-plants, respectively) during senescence 
in pot-grown rice (Oryza sativa L.).
Results The decreases in An and Rubisco content 
were larger in the DR-plants than in the FL-plants. 
An was closely correlated with Rubisco content dur-
ing moisture stress treatment. The larger decrease of 
Rubisco content in the DR-plants was from increased 
Rubisco degradation rather than decreased synthesis. 
The amount of cytokinins transported from roots to 
shoots was smaller in the DR-plants. The application 
of 6-benzylaminopurine to leaves of the DR-plants 
suppressed Rubisco degradation. In a wilty mutant 
with impaired leaf hydraulic conductance, leaf senes-
cence was significantly higher in the DR-plants than 
in the FL-plants, although leaf water potential of both 
groups decreased similarly under sunny conditions.
Conclusion The main cause of an An decrease with 
senescence in rice under soil moisture stress was the 
decrease of cytokinin flux from roots to shoots and 
enhanced Rubisco degradation.
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Introduction

Rice is one of the most important food crops in the 
world. Since rice is much more susceptible to drought 
than many upland crops (Angus et al. 1983; Hirasawa 
1999; Win et  al. 2022), drought is the largest con-
straint to rice production in rainfed systems (Fukai 
et al. 1998; Sign et al. 2021; Venuprasad et al. 2007). 
Rainfed rice occupies approximately half of the world 
rice cultivation area (McLean et  al. 2002; Salmon 
et  al. 2015) but contributes only a quarter of world-
wide rice production (McLean et al. 2002). Because 
of the scarcity of water resources under global warm-
ing (IPCC 2021), improving growth and yield of 
rainfed rice is a great challenge to meet the grow-
ing demand for rice (Long et al. 2015; MAFF 2019; 
Singh et al. 2021).

Paddy field flooding requires large amounts of irri-
gation water, but water availability for agriculture is 
decreasing (Carrijo et  al. 2017; Tuong et  al. 2005). 
Rice paddies are a major source (approximately 9% 
of all anthropogenic emissions) of the atmospheric 
greenhouse gas methane  (CH4) (IPCC 2021). Inter-
mittent irrigation (alternating wetting and drying, 
AWD) is being considered for saving irrigation water 
(Sign et al. 2021; Tuong et al. 2005) and decreasing 
 CH4 emissions from irrigated paddy fields (Carrijo 
et al. 2017; Itoh et al. 2011). However, this irrigation 
management may lead to mild to severe water stress 
and decrease grain yield (Carrijo et  al. 2017; Itoh 
et al. 2011; Tuong et al. 2005).

Water stress markedly decreases shoot growth and 
leaf photosynthesis by the decrease of water potential 
and by the acceleration of leaf senescence (Kramer and 
Boyer 1995; Munns and Millar 2023; Sade et al. 2018; 
Tardieu et al. 2018). Inhibition of leaf growth by water 
stress decreases the interception of solar radiation by 
the canopy, and this decreases canopy photosynthesis 
(Hirasawa 2014; Tardieu et al. 2018). The suppression 
of leaf expansion limits yield in the aerobic rice sys-
tems of upland fields (Kato and Katsura 2014). Accel-
eration of leaf senescence by water stress decrease 
canopy photosynthesis by decrease of individual leaf 
photosynthesis and leaf area of the canopy (Brevedan 
and Egli 2003; Chen et al. 2015; De Souza et al. 1997; 
Hirasawa 1999; Kramer and Boyer 1995; Zhang and 
Zhou 2013; Zhao et al. 2022). Drought develops dur-
ing the ripening stage of rainfed paddy rice in many 
regions of Southeast Asia (Fukai et al. 1998; Miyagawa 

et al. 2006; Salmon et al. 2015). AWD is widely used 
in irrigated paddy rice during reproductive growth 
after almost all leaves have expanded (Carrijo et  al. 
2017). Leaf senescence during reproductive growth 
was accelerated in rice when the soil water potential 
at 5 cm depth was controlled in the range of 0 to − 20 
or − 30  kPa, and this reduced dry matter production 
during reproductive growth and grain yield by 10% 
to 20% (Lu et  al. 2000). These data indicate that the 
accelerated senescence is a major cause of yield reduc-
tion in rainfed and irrigated paddy rice under soil mois-
ture stress. However, physiological and genetic traits 
that render paddy rice resilient to senescence under soil 
moisture stress have not been fully elucidated.

Much data have been accumulated on the physiol-
ogy of leaf senescence (Lee and Masclaux-Daubresse 
2021; Lim et  al. 2007; Woo et  al. 2019; Zhao et  al. 
2022). Leaf senescence is characterized as nutrient 
relocation from leaves to other organs. Abscisic acid, 
jasmonic acid, ethylene, salicylic acid and strigolac-
tone promote leaf senescence, whereas gibberellic 
acid, cytokinins and auxin delay it (Guo et al. 2021). 
Cytokinins have been studied intensively as plant hor-
mones delaying leaf senescence (Noodén et al. 1997; 
Sade et al. 2018). Cytokinin flux from roots to shoots 
is larger in stay-green cultivars than in normally 
senescing cultivars (He et  al. 2005; Soejima et  al. 
1992, 1995). Exogenous application of cytokinins 
and expression of genes for cytokinin synthesis in 
transgenic plants delay leaf senescence and maintain 
high leaf photosynthesis in plants not only under wet 
conditions (Gan and Amasino 1995; Ookawa et  al. 
2004) but also under drought conditions (Peleg et al. 
2011; Raineri et al. 2015; Reguera et al. 2013; Rivero 
et  al. 2007; Sade et  al. 2018). However, the mecha-
nism underlying the accelerated decrease in leaf pho-
tosynthesis with senescence under water stress has 
not been fully understood.

Based on above findings, we hypothesize that 
cytokinins are involved in the accelerated decrease 
of leaf photosynthesis with senescence under water 
stress in rice, and here, we aimed to understand the 
mechanisms by which soil moisture stress accelerates 
leaf senescence and decreases leaf photosynthesis in 
rice. We analyzed (1) the effects of a decrease in leaf 
water potential and soil moisture on leaf senescence 
(Exp. 1), (2) the cause of a stronger decrease in leaf 
photosynthetic rate with senescence in plants grown 
in moisture-deficient soil than in plants grown in wet 
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soil (Exp. 2), (3) the effects of soil moisture decrease 
on the inflow and outflow of nitrogen, synthesis and 
degradation of ribulose 1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) and the expression of rbcS 
and rbcL in leaves (Exp. 3), (4) the effects of soil 
moisture decrease on cytokinin flux from roots to the 
shoot (Exp. 4) and (5) the effects of exogenous cyto-
kinin on the inflow and outflow of nitrogen and the 
synthesis and degradation of Rubisco in leaves under 
soil moisture stress (Exp. 5). The results of this study 
would provide insight into breeding drought-tolerant 
rice varieties in the rainfed field and in the AWD sys-
tem using molecular breeding.

Materials and methods

Plant materials

Rice (Oryza sativa L.) cv. Nipponbare, cv. Kinmaze 
and CM2088 mutant were used. CM2088 was derived 
from Kinmaze by mutagenesis of fertilized egg cells 
with N-metyl-N-nitroso urea (NMU) at Kyushu Uni-
versity (Sato et al. 2010); its wilty phenotype, CM2088 
is caused by dramatically impaired hydraulic conduct-
ance in the nodes and leaf sheaths and blades but not in 
the roots or stems (Koizumi et al. 2007).

Cultivation and moisture treatment

Exp. 1

Nipponbare, Kinmaze and CM2088 were grown in 
13.5 L plastic pots (24  cm diameter, 30  cm height) 
filled with a 1:1 (v/v) mixture of paddy field soil 
(alluvial soil from the Tama River) and upland field 
soil (Kanto diluvial soil) at a density of four or five 
plants per hill, with three hills per pot. They were 
sown in early April or late June and were grown 
outdoors in the University Farm at Fuchu, Tokyo, 
Japan (35˚41’N, 139˚12’E). Each pot was individu-
ally flooded with water so that the soil surface was 
always below the water surface. Fertilizer was applied 
at 1.0 g N, 0.44 g P and 0.83 g K per pot as a basal 
dressing, and 1.0 g N per pot as a topdressing at the 
tillering or panicle formation stage. Soil moisture 
treatments were conducted in a naturally ventilated 
greenhouse: irrigation was withheld from some plants 
(DR-plants), and the other plants were grown under 

flooded conditions (FL-plants). Each pot individu-
ally weighed every morning with  a 0.5  g precision 
balance. After daily evapotranspiration of the DR-
plants, estimated from the decrease of pot weight, had 
decreased to approximately 50% to 60% of that of the 
FL-plants, the DR-plants were irrigated daily with the 
reduced amount of pot weight to keep soil moisture 
content at the same level (Fig. 1a). The experiments 
were arranged in a completely randomized design 
with three to four replications with one pot per repli-
cate unless otherwise noted.

Exps. 2–5

Nipponbare was grown in 3.8 L plastic pots (16 cm 
diameter, 19 cm height) filled with vermiculite (Fuku-
shima Vermiculite Co., Fukushima, Japan) sieved 
through a 2-mm mesh at a density of five or six plants 
per hill, with four hills per pot in a growth chamber 
(KG-50HLA; Koito Manufacturing Co., Ltd., Tokyo, 
Japan; 12/12  h light/dark cycle, air temperature 
28/23 °C, relative humidity 60% to 80%, ~ 1000 μmol 
photons  m−2   s−1 photosynthetically active radiation 
at the top of the canopy). Vermiculite in pots was 
flooded with Kimura B solution, which contained 
0.36  mM  (NH4)2SO4, 0.09  mM  K2SO4, 0.55  mM 
 MgSO4, 0.18  mM  KNO3, 0.37  mM Ca(NO3)2, 
0.18 mM  KH2PO4 and 0.04 mM Fe-EDTA. Approxi-
mately 1 month before heading, the concentration of 
the solution was doubled. The solution was replen-
ished daily with the solution. Every 6 days, the solu-
tion was completely drained from the bottom of the 
pot and replaced with fresh solution.

Soil moisture treatment was started at full head-
ing stage for 7  days (Exp. 2) or 12  days (Exps. 3 
to 5). The solution was drained from the bottom 
of the pots overnight, and the plants together with 
vermiculite were transferred into 13.5 L plastic 
pots containing vermiculite with a water content 
of 170% on the dry weight basis (water poten-
tial, − 0.04 MPa; WE-plants) or of 25% (− 0.4 MPa; 
DR-plants). The water potential of the vermiculite 
was determined with an isopiestic psychrometer 
(Boyer 1995). Each pot individually weighed every 
morning before the light was turned on with a 0.1 g 
precision balance. Deionized water was added daily 
with the reduced amount of pot weight in the WE-
plants to compensate for the decrease in pot weight. 
After daily evapotranspiration of the DR-plants had 
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decreased to approximately 40% to 50% of that of 
the WE-plants, the DR-plants were irrigated daily 
to compensate for a further decrease in pot weight. 
The experiments were arranged in a completely ran-
domized design with four or five replications with 
one pot per replicate.

Water potential

Leaf water potential (Ψleaf) was measured during the 
middle of the day with a thermocouple psychrom-
eter by the dew-point method (HR33T microvoltme-
ter and C-51 or C-52 sample chamber, Wescor Inc., 
Logan, UT, USA) according to Koizumi et al. (2007). 
In brief, a leaf disc of 0.28  cm2, excluding the mid-
rib, was excised with a leaf punch and installed in a 
sample chamber. The chamber was placed in a box 
of foam polystyrene for 3 h in a room at 25 °C, and 
water potential was measured.

Leaf xylem water potential (Ψxylem) was deter-
mined at the end of night with a pressure chamber 
instrument (model 3005, Soil Moisture Equipment 
Inc., Santa Barbara, CA, USA). A leaf was covered 
with a moistened plastic bag, quickly excised from the 
plant and installed in the pressure chamber. The inner 
wall of the pressure chamber was covered with wet 
filter paper. The chamber was pressurized with com-
pressed air at a rate of approximately 0.003 MPa  s−1. 
Ψleaf and Ψxylem values of one or two leaves per repli-
cate were measured.

SPAD value, photosynthetic rate, stomatal 
conductance and chlorophyll, Rubisco and nitrogen 
contents of a leaf (Exps. 1 and 2)

Relative values of leaf chlorophyll content were 
measured with a chlorophyll meter (SPAD-502, Kon-
ica Minolta, Osaka, Japan) and expressed as SPAD 
value. Measurements were taken at the central part of 
four to six leaves per replicate, not including the mid-
rib, and used the mean as the measured value.

Net photosynthetic rate (An) and stomatal con-
ductance (gs) in a leaf attached on the main stem 
were measured with a portable photosynthetic sys-
tem (LI-6400; LI-COR Inc., Lincoln, NE, USA) and 
LED light source (LI-6400-02B; LI-COR Inc.) dur-
ing the day. Leaf temperature in the leaf chamber 
was maintained at 30  °C unless otherwise noted, 
and the photosynthetically active radiation at the 
leaf surface was maintained at 2000 μmol photons 
 m−2   s−1 (at which photosynthesis is sufficiently 
light-saturated). Ambient  CO2 concentration in the 
assimilation chamber (Ca) was 350 ± 1 μmol   mol−1 
and the leaf-to-air vapor pressure difference was 
1.2–1.5 kPa. Measurements for the plants grown in 
the growth chamber were started 1 h after light was 
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Fig. 1  Changes of (a) pot weight and (b–e) SPAD values of 
(b) the flag leaf and (c)  2nd, (d)  3rd and (e)  4th leaves from the 
flag leaf in cv. Nipponbare plants grown in field soil under 
flooded (FL) or moisture-deficient (DR) conditions (Exp. 
1). The treatment started at full heading. Inserted table in (a) 
shows soil water content (dry weight basis) and xylem water 
potential of the  3rd leaf at predawn (PD Ψxylem) (n = 3). DAT: 
days after the start of treatment. RW: DR plants re-flooded at 
17 DAT. Values are means ± SE (n = 3). The same letters in a 
graph represent no significant difference at the 5% level (Stu-
dent’s t-test at 10 and 17 DAT or Tukey HSD test at 31 DAT)
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turned on in the day. Each measurement was taken 
after the leaf gas exchange rate reached a steady 
state in the assimilation chamber (usually within 
30  min after installing a leaf in the chamber). We 
measured An and gs of two leaves with an averaged 
SPAD value per replicate and used the mean as the 
measured value.

After An and gs measurements, the leaves were 
collected on ice, frozen in a − 80 °C freezer as quick 
as possible after the fresh weight and area of each 
leaf were measured, and stored at − 80  °C prior to 
chlorophyll, Rubisco and nitrogen analysis. Leaves 
were homogenized on ice with a mortar and pestle 
in a solution containing 50 mM Tris–HCl (pH 7.5), 
1  mM EDTA, 10  mM β-mercaptoethanol and 10% 
(w/w) insoluble polyvinylpyrrolidone (Polyclar VT; 
Wako Chemical Industries, Tokyo, Japan). Chloro-
phyll was extracted from the homogenate with 96% 
ethanol and the concentration of chlorophyll a + b 
was calculated from the absorbance of the extract 
at 649  nm and 665  nm measured with a spectro-
photometer (U-3210, Hitachi Co., Tokyo, Japan) 
according to Wintermans and De Mots (1965).

The homogenate was centrifuged at 10,000 × g 
for 10 min at 4 °C; Rubisco was quantitated in the 
supernatant by the single radial immunodiffusion 
method of Sugiyama and Hirayama (1983) with 
rabbit polyclonal antibodies raised against purified 
rice Rubisco. In brief, 2 μl of purified rice Rubisco 
standard solutions with serial concentration or leaf 
extracts was placed in wells in agar gel plates and 
incubated at 25 ℃ for 48 h to allow radial diffusion. 
After removing the soluble protein, the gels were 
stained with Coomassie Brilliant Blue R-250 and 
the areas of the precipitin rings were measured.

Leaf nitrogen was quantified with a carbon and 
nitrogen analyzer (MT-600, Yanaco Inc., Kyoto, 
Japan) in leaves that had been oven-dried at 90 °C 
for 3 days.

Dry mass and nitrogen content of a plant (Exps. 2 
and 5)

Plants were separated into leaf blades, leaf sheaths 
plus stems, panicles, roots and dead parts and dried in 
a ventilated oven at 90 °C for at least 3 days. Nitrogen 
content of each sample was calculated as the product 
of dry weight and nitrogen concentration determined 
with the MT-600 carbon and nitrogen analyzer. We 

measured dry mass and nitrogen content of all plants 
in a pot per replicate and used the mean as measured 
value.

Root exudate collection and cytokinin bioassay 
(Exps. 1 and 4)

The procedures were conducted according to Soejima 
et al. (1992, 1995) and San-oh et al. (2005). We selected a 
hill with an average number of stems in a pot per replicate 
in the exudate collection. Stems were cut 10  cm above 
the soil surface; an absorbent cotton was placed on the 
cut end and covered with a polyethylene bag. Exudates 
were collected for 12 h during night in the dark at 25 °C 
unless noted otherwise. Cottons with the exudates were 
stored at –80 °C until cytokinin determination. Exudates 
in the cotton were extracted in 80% methanol and each 
extract was evaporated under vacuum to an aqueous resi-
due. The residue was dissolved in water and loaded onto a 
Sep-pak C18 cartridge (Waters, Milford, MA, USA). The 
cartridge was eluted with 40% methanol. The eluate was 
evaporated to dryness and dissolved in 1.0 mL of water 
for the bioassay. Cytokinin activities of xylem exudates 
were determined using a betacyanin bioassay (Bidding-
ton and Thomas 1973) using hypocotyls plus cotyledons 
of Amaranthus tricolor. Concentrations of cytokinin-
induced betacyanins extracted from the explants were 
determined as the difference between the absorbance 
values at 542 nm and 620 nm measured with the U-3210 
spectrophotometer. The cytokinin activity (concentration) 
was estimated by comparing a standard curve made by a 
serial dilution of a solution of 6-benzylaminopurine (BA), 
and the results were expressed as “6-benzylaminopurine 
(BA) equivalent quantities” by multiplying the estimated 
concentration by the exudation rate.

Mass spectrometric analysis of cytokinins in xylem 
exudates (Exp. 4)

The main cytokinins in xylem exudates of rice roots—
zeatin (Z), zeatin riboside (ZR), zeatin-O-gluco-
side ((OZ)Z),  N6(Δ2-isopentenyl) adenine (iP) and 
 N6(Δ2-isopentenyl) adenosine (iPA) (Soejima et  al. 
1992, 1995) were determined using deuterium-label 
standards (Hashizume et  al. 1979; Sugiyama and 
Hashizume 1982) according to Soejima et  al. (1992, 
1995). Deuterium-label preparations of Z and ZR con-
sisted of the trans-isomer (92%) and cis-isomer (8%). 
Exudate samples were purified using Sep-pak C18 
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cartridges and were separated by HPLC on a reverse 
phase column (Shim-pack CLC-ODS, 150 × 6.0 mm 
i.d., Shimadzu Co.; detection at 270 nm; flow rate 1.0 
mL  min−1). The mobile phase was 40% methanol, and 
the eluate was separated into six fractions (retention 
time [Rt, min]: fraction A, 0–4; B, 4–9; C, 9–13; D, 
13–18; E, 18–23; F, 23–27). Fraction F was separated 
in 23% acetonitrile as the mobile phase, with each of 
these subsequently fractionated as single peaks of iP 
(Rt: 12–14) and iPA (Rt: 10–12). Fraction B was sepa-
rated in 11% acetonitrile as the mobile phase, and the 
fractions corresponding to Z (Rt: 9–14) and trans- 
and cis-ZR (Rt: 14–18) were collected. The fraction 
containing Z was separated into trans-Z (Rt: 9–11) 
and cis-Z (Rt: 11–14) in 30% methanol as the mobile 
phase.

Fraction A is expected to contain conjugated 
cytokinins (Hashizume et  al. 1979). Samples were 
dissolved in 0.3  mL of β-glucosidase solution 
(1  mg   mL−1; Sigma Co., St. Louis, MO, USA) and 
incubated at 37  °C for 15 h, and the reaction was 
stopped by adding 3 mL of 100% methanol. The mix-
ture was centrifuged (3,000 × g, 20 min), purified 
using Sep-pak C18 cartridges and separated by HPLC 
into a highly polar fraction and the Z fraction. After 
adding 2H-labeled standards, the Z fraction was pro-
cessed as described previously for (OG)Z.

The Z fraction was tert-butyldimethylsilylated with a 
mixture of acetonitrile and tert-butyldimethylsilyl (Tokyo 
Kasei Co., Tokyo, Japan) at 80 °C for 20 min. The ZR and 
iPA fractions were trimethylsilylated with TMS-HT (hex-
amethyldisilazane and trimethylchlorosilane in pyridine; 
Tokyo Kasei Co.) at 120 °C for 1 h. The iP fraction was 
silylated with a mixture of acetonitrile, bis(trimethylsilyl)-
acetamide (Tokyo Kasei Co.) and trimethyl-chlorosilane 
(Tokyo Kasei Co.) at 80 °C for 20 min.

Each cytokinin fraction was injected into a fused 
silica capillary column (DB-1; 15 m × 0.25 mm i.d., 
0.25 μm film thickness; J&W Scientific, Folsom, CA, 
USA) installed in a gas chromatograph (5890 series 
II; Hewlett Packard, Rockville, MD, USA). Helium 
gas with a head pressure set at 100 kPa was used as 
the GC carrier gas. The injection part and the GC–MS 
interface temperatures were 250 °C. The column tem-
perature was maintained isothermally at 70 °C (Z, iP) 
or 100 °C (ZR, iPA) for 2 min, then raised to 280 °C 
at a rate of 30 °C  min−1 and maintained isothermally 
at 280  °C for 4 min. An Automass 50A mass spec-
trometer (JEOL, Tokyo, Japan) was used; ion source 

temperature was 250  °C and ionization energy was 
70 eV. SIM was set up according to Soejima et  al. 
(1992).

Nitrogen (N) inflow and outflow, Rubisco synthesis 
and degradation, and rbcS and rbcL expression 
(Exps. 3 and 5)

15N‑labelling

When the flag leaf had just emerged from the leaf 
sheath of the leaf below 18 days before full heading, 
the nutrient solution was drained from the bottom of 
the pot. The pot was filled with the nutrient solution 
without nitrogen, and the solution was completely 
drained again. This procedure was performed three 
times, and 1 L of double-strength nutrient solution 
containing 2 mM (15NH4)2SO4 (30.3 atom % excess) 
was added to each pot containing nutrient solution 
without nitrogen, and plants were grown for 4 days. 
Then the plants were grown again in a non-labeled 
double-strength Kimura B solution until soil moisture 
treatment at full heading. One flag leaf attached on 
the main stem with average SPAD value was used per 
replicate in the following each analysis. Leaves were 
collected between 1 and 3 h after light was turned on.

Leaf N content and 15N analysis

Dried and milled individual leaves were digested by 
Kjeldahl method. The total leaf N content (LNC) was 
determined by the indophenol method.

15N analysis was carried out according to Mae et al. 
(1983). Nitrogen in the digest was absorbed with 0.1 M 
HCl by the micro-diffusion method (Yoneyama et  al. 
1975). Part of the HCl solution was put into a glass 
micro-capillary tube with 1  mm inner diameter and 
dried in an oven. This 15N-containing tube was trans-
ferred into a glass tube with 2 mm inner diameter, and 
the 15N discharge tube was prepared according to Kano 
et al. (1974). The amount of 15N in total leaf N was deter-
mined by emission spectrography with a 15N-analyzer 
(N-151, JASCO Co., Tokyo, Japan).

Leaf Rubisco content and 15N analysis of isolated 
Rubisco

The collected leaves were frozen and stored 
at − 80  °C until analysis. They were homogenized 
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using a chilled pestle and mortar in 50 mM sodium 
phosphate buffer (pH 7.5) containing 2  mM 
iodoacetic acid, 0.8% (v/v) 2-mercaptoethanol and 
5% glycerol, and Triton X-100 (final concentration 
0.1%; Bio-Rad, Hercules, CA, USA) was added to 
the homogenate (Suzuki et al. 2001b). The mixture 
was centrifuged at 15,000 × g for 10  min at 4  °C. 
The supernatant was separated in polyacrylamide 
gels containing sodium dodecyl sulfate (SDS). The 
gels were stained with Coomassie Brilliant Blue 
R-250, and the bands of Rubisco subunits were 
excised, extracted with formamide, and Rubisco 
content was determined spectrophotometrically 
according to Makino et  al. (1986). Calibration 
curves were obtained by using Rubisco purified 
from rice leaves.

For 15N analysis, Rubisco was isolated according to 
Suzuki et  al. (2001b) with some modifications. An ali-
quot of the supernatant from the centrifuged homogenate 
was mixed with an equal volume of glycerol and stored 
at − 20  °C. This mixture was separated in a polyacryla-
mide minislab gel without SDS (3.0% stacking gel, 5.0% 
separation gel). The part of the gel corresponding to 
Rubisco was cut out and homogenized in 50 mM sodium 
phosphate (pH 7.5). The homogenate was supplemented 
with Triton X-100 (final concentration 0.2%) and shaken 
at 180 times per minute at 37 °C for 14–18 h. The mix-
ture was centrifuged at 15,000 × g at room temperature 
for 5 min, and protein in the supernatant was precipitated 
by the addition of trichloroacetic acid (final concentration 
10%). The precipitate was collected by centrifugation at 
15,000 × g at 4 °C for 15 min, washed with 80% (v/v) eth-
anol and dissolved in 0.1 M NaOH. Aliquots were placed 
in microtubes and the amount of 15N was determined by 
emission spectrography with the N-151 15N-analyzer.

Estimation of N flux and Rubisco synthesis 
and degradation in the leaf blade

The influx and efflux of N during the period (g 
N  m−2 leaf area day.−1) from time  t1 to  t2  (t1,  t2: 
days after start of the soil moisture treatment) 
were calculated according to Mae et  al. (1983). 
Neff luxt1−t2 =

((

15Nt1 −
15Nt2

)

∕15Nt1

)

× Nt1∕
(

t
2
− t

1

)

where 15Nt1 and 15Nt2 are labeled N contents at  t1 and 
 t2, respectively, calculated as follows:

Ninf lowt1−t2 =
(

Nt2 − Nt1 + Neff luxt1−t2

)

∕
(

t
2
− t

1

)

Labeled N = (15N atom% excess of the leaf) / (15N 
atom% excess of  [15NH4]2SO4 fed to the plants) × leaf 
N content.

The amount of Rubisco synthesized  (RubSyn t1-t2) 
and degraded  (RubDeg t1-t2) during the period from  t1 
to  t2 (g Rubisco  m−2 leaf area  day−1) was calculated 
according to Mae et al. (1983).

where 15NRubt1 and 15NRubt2 are labeled Rubisco 
contents at  t1 and  t2, respectively, and  NRubt1, and 
 NRubt2 are the total Rubisco contents at  t1 and  t2, 
respectively.

Levels of rbcS and rbcL mRNAs

The collected leaves were frozen in liquid nitrogen 
immediately then stored at − 80  °C until analysis. 
Total leaf RNA was extracted according to Suzuki 
et  al. (2001a). Part of the total RNA was blotted 
onto a positively charged nylon membrane (Hybond-
N+, Amersham Pharmacia Biotech, Piscataway, NJ, 
USA) with a slot-blot apparatus (Bio-Dot; Bio-Rad) 
according to Suzuki et  al. (2001b). The hybridiza-
tion and washing of the membranes were carried 
out by following the digoxigenin (DIG) system 
user’s guide (Roche Diagnostics, Indianapolis, IN, 
USA). The DIG-labelled DNA probes for rbcS and 
rbcL were prepared from fragments of rice rbcS 
(Matsuoka et al. 1988) and rbcL (Hirai et al. 1985), 
respectively, with the PCR DIG synthesis kit (Roche 
Diagnostics). Signals were detected with a DIG 
luminescent detection kit (Roche Diagnostics). Sig-
nal intensities were determined with a densitometer 
(GS-700, Bio-Rad).

Application of exogenous cytokinin (Exp. 5)

The entire aboveground parts of two hills were 
sprayed every day during the soil moisture treat-
ment with 30  mL of a  10−4  M solution of BA that 
contained 0.05% (v/v) Tween 20 as a surfactant (BA-
plants) or 30 mL of water containing 0.05% Tween 20 
(control); all these plants were growing in the same 

RubDegt1−t2 =
(

15NRubt1 −
15NRubt2

)

∕15NRubt1

× NRubt1∕
(

t
2
− t

1

)

RubSynt1−t2 =
(

NRubt2 − NRubt1 + RubDegt1−t2
)

∕
(

t
2
− t

1

)
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pot. During spraying, to prevent the solution from 
splashing onto adjacent hills, a 95  cm high plastic 
board was placed between the hills and an absorbent 
cotton was placed on the vermiculite to prevent the 
solution from spreading onto the vermiculite.

Statistical analysis

The mean of the measurements of a replicate was 
used as the raw datum for analysis, and differences 
were tested by Student’s t-test or Tukey HSD test, 
as appropriate, in Exps. 1 through 4, and by paired 
t-test in Exp. 5. Pearson’s correlation coefficient was 
calculated to test the significance of the relationship 
between An or LNC and Rubisco contents. All statis-
tical analyses were performed in JMP v.13 software 
(SAS Institute, Cary, NC, USA).

Results

Effects of soil moisture stress on SPAD, An, LNC 
and Ψleaf (Exp. 1)

As a readout for leaf senescence, we compared the 
above parameters in the flag leaf (youngest) and in the 
 2nd,  3rd and  4th (oldest) leaves from the flag leaf using 
Nipponbare (Fig. 1). The SPAD value decreased more 
in the  2nd,  3rd and  4th leaves in the DR-plants than in 
the FL-plants at 10 days after the start of soil moisture 
treatment (DAT), and in all leaves at 17 DAT and 31 
DAT (Figs. 1b–e, S1). Re-flooding of the DR-plants 
at 17 DAT slightly but significantly recovered SPAD 
values at 31 DAT in flag leaves only (Fig. 1b–e). The 
An and LNC values of the  3rd leaf also decreased and 
were significantly lower in the DR-plants than in the 
FL-plants at 20 and 38 DAT (Fig. 2). Re-flooding of 
the DR-plants at 17 DAT tended to partially recover 
LNC but not An at 38 DAT (Fig.  2). We examined 
the effects of different intensities of soil moisture 
stress on SPAD value, An and LNC using Kinmaze 
(Fig.  S2). The SPAD value and An decreased more 
under severe soil moisture stress than under mild soil 
moisture stress.

The Ψleaf values were significantly lower in the DR-
plants than in the FL-plants regardless of cloudiness 
in Kinmaze (Fig. 3a). The same pattern was observed 
under cloudy sky, but the Ψleaf values did not differ 
significantly between the DR- and FL-plants under 

sunny sky in CM2088. Compared with Kinmaze, Ψleaf 
decreased significantly and leaves wilted remark-
ably in CM2088 under sunny sky in the FL plants 
(Figs. 3a, S3). The SPAD value of the  2nd leaves from 
the upper most fully expanded leaf did not differ sig-
nificantly among the samples at 1 DAT (Fig. 3b) and 
12 DAT (Fig. 3c). The SPAD value of the  4th leaf did 
not differ at 1 DAT, but it was significantly lower in 
both Kinmaze and CM2088 in the DR-plants than in 
the FL-plants at 12 DAT (Fig. 3c). Thus, the CM2088 
leaves maintained a high SPAD value similar to that 
of Kinmaze under FL conditions, even though their 
Ψleaf decreased markedly in the sun. The exudation 
rate did not differ significantly between Kinmaze and 
CM2088 FL-plants (Table S1).

Cause of the enhanced An decrease with senescence 
in moisture‑deficient soil (Exp. 2)

Daily evapotranspiration in the DR-plants decreased 
to 40%–50% of that of the WE-plants a few days after 
soil moisture treatment (Fig. S4) and the DR-plants had 
0.2 to 0.6 MPa lower Ψleaf than the WE-plants during 
the day (Fig.  4). Several days after the start of mois-
ture treatment, An decreased with senescence in both 
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started at full heading. DAT: days after the start of treatment. 
RW: re-flooded at 17 DAT. Values are means ± SE (n = 3). The 
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the WE- and DR-plants, but this decrease was larger in 
the DR-plants than in the WE-plants (Fig. 5a). Similar 
decreases were observed in gs (Fig. 5b), LNC (Fig. 5d), 
chlorophyll content (Fig.  5e) and Rubisco content 
(Fig. 5f) except for LNC and chlorophyll content of the 
flag leaf. An/Ci (intercellular  CO2 concentration) was 

lower in the DR-plants than in the WE-plants although 
the difference was significant at 8% level in the flag leaf 
(Fig. 5c), indicating that a larger biochemical limitation 
of photosynthesis was involved in the larger reduction of 
An in the DR-plants than in the WE-plants (Cornic et al. 
1989; Farquhar et al. 1980; Hirasawa 2018; Sage et al. 
2017). Close correlations were found between Rubisco 
content and An (Fig. 6a) or LNC (Fig. 6b).

Nitrogen content and nitrogen partitioning were sig-
nificantly lower in the leaf blade and significantly higher 
in roots of the DR-plants than in those of the WE-plants 
at 7 DAT, with no significant differences in total nitro-
gen content (Table 1). Dry weight and dry matter parti-
tioning was significantly lower in the leaf blade and dry 
matter partitioning to roots was significantly higher in 
the DR-plants than in the WE-plants (Table S2).

Nitrogen inflow and outflow and Rubisco synthesis 
and degradation in the flag leaf in moisture-deficient 
soil (Exp. 3)

During moisture treatment for 12  days, the daily 
evapotranspiration of the DR-plants was approxi-
mately 60% of that of the WE-plants at 4 DAT and 
40% to 50% thereafter, and Ψxylem at the end of night 
decreased to − 0.3 to − 0.4  MPa within a few DAT 
and was maintained between − 0.5 and − 0.8  MPa 
thereafter (Fig. S5). LNC of the flag leaf decreased 
more in the DR-plants than in the WE-plants 
(Fig.  7a). The N inflow was significantly larger 
in the WE- than in the DR-plants at 0–3 DAT and 

0

10

20

30

40

50

2nd 4th

a a a a
a a

b b

0

10

20

30

40

50
aa a

a
a

a a a
(b)

(c)

Leaf position on a stem

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Ψ
le

af
(M

Pa
)

Cloud                     Sun
K-FL K-DR CM-FL CM-DR

a

bb

a a

b
b b

(a)

SP
AD

 v
al

ue

Fig. 3  (a) Leaf water potential (Ψleaf) under cloudy (Cloud) 
and sunny sky (Sun), and (b, c) SPAD values in Kinmaze (K) 
and CM2088 (CM) grown in flooded (FL) or moisture-defi-
cient (DR) soil (Exp. 1). All measurements were performed 
at panicle formation to heading.  2nd and  4th are leaf numbers 
from the upper most fully expanded leaf. The  2nd leaf was 
used to measure Ψleaf. Time points of the measurements: Ψleaf 
(cloud), 12 days after the start of treatment (DAT); Ψleaf (sun), 
16 DAT; SPAD values, (b) 1 DAT and (c) 12 DAT. Values are 
means ± SE (n = 3 for Ψleaf and n = 4 for SPAD value). The 
same letters in a graph represent no significant difference at the 
5% level (Tukey HSD test)

-1.5

-1.2

-0.9

-0.6

-0.3

0.0
0 1 2 3 4 5 6 7

Ψ
le

af
(M

Pa
)

WE
DR

DAT (Day)

Fig. 4  Changes of leaf water potential (Ψleaf) during the day 
in plants grown in sufficiently wet (WE) or moisture-deficient 
(DR) vermiculite (Exp. 2). The  2nd leaves from the flag leaf 
were used. DAT: days after the start of treatment. Values are 
means ± SE (n = 4)



400 Plant Soil (2024) 496:391–411

1 3
Vol:. (1234567890)

decreased in both groups at 3–12 DAT (Fig. 7b). On 
the contrary, the N outflow was significantly larger 
in the DR-plants than in the WE-plants at 0–3 DAT 
(Fig. 7c). At 3–12 DAT, the N outflow decreased in 
both groups and was slightly but significantly larger 
in the WE-plants than in the DR-plants.

Rubisco content of the flag leaf decreased more in 
the DR-plants than in the WE-plants, although the dif-
ference was significant at 3 DAT but not at 12 DAT 
(Fig.  8a). Rubisco synthesis was very low in both 
groups except at 0–3 DAT in the WE-plants (Fig. 8b). 
Rubisco degradation was significantly larger in the 

Fig. 5  (a) Photosynthetic 
rate (An), (b) stomatal 
conductance (gs), (c) 
An/Ci (intercellular  CO2 
concentration), (d) nitrogen 
content (LNC), (e) chlo-
rophyll (Chl) content and 
(f) Rubisco content of the 
flag leaf and the  2nd and  3rd 
leaves from the flag leaf in 
plants grown in sufficiently 
wet (WE) or moisture-
deficient (DR) vermiculite 
(Exp. 2). Leaf temperature 
in the leaf chamber was 
maintained at 25 °C. BT: 
plants before treatment. 
WE, DR: values at 7 days 
after the start of treatment 
(DAT) for the flag leaf, at 6 
DAT for the  2nd leaf, and at 
5 DAT for the  3rd leaf. Val-
ues are means ± SE (n = 4). 
The same letters in a graph 
represent no significant 
difference at the 5% level 
(Tukey HSD test)
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DR-plants than in the WE-plants at 0–3 DAT and did 
not differ between the groups at 3–12 DAT (Fig. 8c). 
At 3 DAT, the level of rbcS mRNA was significantly 
higher in the WE-plants than in DR-plants, with no sig-
nificant difference in the level of rbcL mRNA (Fig. 9).

Cytokinin levels in exudates in moisture-deficient soil 
(Exp. 4)

Since the exudation rate was smaller, the cytokinin 
concentration in the exudates determined by the 

Amaranthus bioassay was higher in the DR-plants 
than in the WE-plants (Table  S3). The cytokinin flux 
to the shoot was smaller in the DR-plants than in the 
WE-plants (Table  2). The concentrations of all cyto-
kinins determined by the mass spectrometric analysis 
of exudates tended to be higher or were significantly 
higher (for (OG)Z and iPA) in the DR-plants than in 
the WE-plants (Table  S3). The total cytokinin flux to 
the shoot and those of t-Z, (OG)Z and iPA were signifi-
cantly smaller in the DR-plants than in the WE-plants 
(Table 2).

Table 1  Plant nitrogen content (mg  hill−1) before treatment (BT) and at 7 days after the start of treatment in sufficiently wet (WE) 
and moisture-deficient (DR) vermiculite (Exp. 2)

Values are means ± SE (n = 3). Values relative to the total (%) are shown in parentheses. Differences between the WE and DR plants: 
significant at the *5%, **1% and ***0.1% α level; ns, not significant at the 5% level (Student’s t-test) (n = 3)

Plot Panicle Leaf blade Stem + leaf sheath Root Dead part Total

BT 15.5 ± 2.5 129.0 ± 18.6 118.2 ± 4.6 14.3 ± 1.6 6.7 ± 1.5 282.7 ± 15.9
(5.4) (45.6) (41.8) (5.0) (2.3) (100)

W 25.1 ± 2.0 130.8 ± 1.0 122.8 ± 6.1 15.4 ± 0.4 8.6 ± 1.1 302.9 ± 7.3
(8.3) (43.2) (40.5) (5.1) (2.9) (100)

D 20.1 ± 2.2 96.4 ± 3.6 126.6 ± 3.3 19.0 ± 0.8 20.8 ± 1.5 282.7 ± 9.1
(7.1) (34.1) (44.8) (6.7) (7.4) (100)

t-test ns *** ns ** ** ns
(ns) (**) (*) (**) (**) (-)

Fig. 7  Changes in (a) 
nitrogen content (LNC), (b) 
nitrogen (N) inflow and (c) 
N outflow in the flag leaf of 
plants grown in sufficiently 
wet (WE) or moisture-
deficient (DR) vermiculite 
(Exp. 3). DAT: days after 
the start of treatment. Val-
ues are means ± SE (n = 4). 
Differences between the 
WE and DR plants: signifi-
cant at the *5%, **1% and 
***0.1% α level (Student’s 
t-test)
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Effects of exogenous cytokinin application on 
nitrogen inflow and outflow and Rubisco synthesis 
and degradation (Exp. 5)

During moisture treatment for 12  days, the LNC 
decrease in the flag leaf was smaller in the BA-plants 
than in the control plants, and the difference was 
significant at 12 DAT (Fig.  10a). The N inflow was 
extremely small, but it was significantly larger in the 

control plants than in the BA-plants (Fig. 10b). The N 
outflow was larger at 0–3 DAT than at 3–12 DAT and 
was significantly smaller in the BA-plants than in the 
control plants at 0–3 DAT (Fig. 10c).

During moisture treatment, the Rubisco content 
of the flag leaf decreased to a smaller extent and 
its values remained higher in the BA-plants than in 
the control plants although they were not signifi-
cant at 12 DAT (Fig. 11a). Rubisco synthesis was 

Fig. 8  Changes in Rubisco 
(a) content, (b) synthesis 
and (c) degradation in the 
flag leaf of plants grown 
in sufficiently wet (WE) 
or moisture-deficient 
(DR) vermiculite (Exp. 3). 
DAT: days after the start 
of treatment. Values are 
means ± SE (n = 4). Differ-
ences between the WE and 
DR plants: significant at the 
*5%, **1% and ***0.1% 
α level; ns, not significant 
at the 5% level (Student’s 
t-test)
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Fig. 9  Relative levels of (a) rbcS mRNA and (b) rbcL mRNA 
in the flag leaf of plants grown in sufficiently wet (WE) or 
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after the start of treatment (DAT) were normalized to the aver-

age value at 0 DAT. Values are means ± SE (n = 5). Differences 
between the WE and DR plants: significant at the *5% α level; 
ns, not significant at the 5% level (Student’s t-test)
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very low in both groups (Fig.  11b). Rubisco deg-
radation was much smaller in the BA-plants than 
in the control plants at 0–3 DAT but did not dif-
fer significantly between the groups at 3–12 DAT 
(Fig. 11c).

Total nitrogen content did not differ, whereas 
the nitrogen content of the leaf blade was higher 
and that of the stem + leaf sheath was lower in 

the BA-plants than in the control plants (Table 3). 
Nitrogen partitioning to the leaf blade was signifi-
cantly larger and that to the panicle and stem + leaf 
sheath was significantly smaller in the BA-plants 
(Table  3). Dry weight of the leaf blade and dry 
matter partitioning to the leaf blade were signifi-
cantly higher in the BA-plants than in the control 
plants (Table S4).

Table 2  Cytokinins in exudates measured by the Amaranthus betacyanin bioassay and mass spectrometric analysis (Exp. 4)

BT: plants before treatment. WE, DR: plants grown in sufficiently wet and moisture-deficient vermiculite, respectively. Exudates 
were collected during the night at 8 days after the start of treatment. SE are given in parentheses (n = 5 for Amaranthus bioassay, 
n = 3 for mass spectrometric analysis). cis-Z and cis-ZR were not detected. Differences between the WE and DR plants: significant at 
the *5% and **1% α level; ns, not significant at the 5% level (Student’s t-test)

Plants Amaranthus 
Bioassay
(pmol BA eq.  hill−1 
12  h−1)

Mass spectrometric analysis (pmol  hill−1 12  h−1)

t-Z t-ZR (OG)Z iP iPA Total

BT 123.5
(16.3)

43.6
(16.9)

33.5
(9.1)

27.6
(6.8)

9.9
(5.9)

20.5
(2.4)

135.2
(35.4)

WE 97.1 
(12.5)

33.1
(7.0)

15.1
(3.3)

7.8
(0.9)

15.7
(8.2)

14.9
(2.7)

86.6
(6.0)

DR 36.2
(3.5)

10.9
(1.8)

15.4
(7.6)

4.4
(0.3)

7.0
(4.0)

5.7
(0.9)

43.4
(13.7)

t-test ** * ns * ns * *

Fig. 10  Changes in (a) 
nitrogen content (LNC), 
(b) nitrogen (N) inflow 
and (c) N outflow in the 
flag leaf of plants supplied 
with solution supplemented 
with 6-benzylaminopurine 
(BA) or containing no BA 
(control) (Exp. 5). DAT: 
days after the start of 
moisture treatment. Values 
are means ± SE (n = 4). 
Differences between the 
control and BA plants: sig-
nificant at the *5%, **1% 
and ***0.1% α level; ns, not 
significant at the 5% level 
(paired t-test)
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Discussion

Decrease in An with senescence is accelerated 
by the decrease in soil moisture rather than by that 
in leaf water potential

Chlorophyll content and An decreased with senescence 
more rapidly in plants grown in moisture-deficient soil 

than in flooded or wet soil (Figs. 1–3, 5, S1), as is com-
monly observed in many crop plants (Brevedan and Egli 
2003; Chen et al. 2015; De Souza et al. 1997; Kramer 
and Boyer 1995; Zhang and Zou 2013). These decreases 
were mostly irreversible (Figs.  1 and 2), as in soybean 
(Brevedan and Egli 2003; De Souza et  al. 1997). Ψleaf 
decrease and leaf senescence progressed similarly in 
CM2088 and Kinmaze grown in moisture-deficient soil 

Fig. 11  Changes in 
Rubisco (a) content, (b) 
synthesis and (c) degra-
dation in the flag leaf of 
the plants supplied with 
solution supplemented with 
6-benzylaminopurine (BA) 
or containing no BA (con-
trol) (Exp. 5). DAT: days 
after the start of treatment. 
Values are means ± SE 
(n = 4). Differences between 
the control and BA plants: 
significant at the *5% and 
***0.1% α level; ns, not 
significant at the 5% level 
(paired t-test)
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Table 3  Effects of 6-benzylaminopurine application (BA) on nitrogen content (mg  hill−1) in plants grown in moisture-deficient ver-
miculite (Exp. 5)

BT: plants before treatment. Control: plants supplied with solution without BA. Values are means ± SE (n = 4). Values relative to the 
total (%) and significance of their differences are shown in parentheses. Measurements were taken in the control and BA plants at 
12 days after the start of treatment. Differences between the control and BA plants: significant at the *5% and **1% α level; ns, not 
significant at the 5% level (paired t-test)

Plot Panicle Leaf blade Stem + leaf sheath Root Dead part Total

BT 16.6 ± 1.5
(9.3)

78.2 ± 3.9
(44.2)

68.5 ± 3.2
(38.7)

10.5 ± 0.5
(6.0)

3.3 ± 0.4
(1.9)

177.1 ± 8.6
(100)

Control 48.0 ± 2.5
(26.4)

63.5 ± 5.0
(34.8)

52.6 ± 3.9
(28.9)

11.5 ± 0.4
(6.4)

6.3 ± 0.3
(3.5)

181.9 ± 11.2
(100)

BA 43.4 ± 3.0
(23.6)

76.3 ± 3.9
(41.4)

46.5 ± 3.8
(25.2)

10.6 ± 0.8
(5.7)

7.6 ± 0.6
(4.2)

184.4 ± 9.0
(100)

t-test ns
(*)

*
(**)

**
(*)

ns
(ns)

*
(*)

ns
(‑)
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(Fig.  3). However, leaf senescence did not progress in 
CM2088 grown in flooded soil even though the Ψleaf 
decrease under sunny sky was similar to that in mois-
ture-deficient soil (Fig. 3). In the flooded soil, the gs of 
CM2088 was similar to that of Kinmaze in the morning, 
but it decreased markedly compared with Kinmaze in the 
midday of a clear day because of the remarkable reduc-
tion of Ψleaf (Koizumi et al. 2007). This suggests that the 
high content of leaf chlorophyll in CM2088 in flooded 
soil is not associated with high gs (and An). The capacity 
for root water uptake does not differ between CM2088 
and Kinmaze in flooded soil (Koizumi et  al. 2007). 
Accordingly, we observed no difference in root exudation 
rate between CM2088 and Kinmaze grown in flooded 
soil (Table S1). Overall, we attribute the accelerated leaf 
senescence in plants grown in moisture-deficient soil 
to the soil moisture decrease per se, but not to the Ψleaf 
decrease.

The decrease in An with senescence under soil 
moisture stress is accelerated more by the enhanced 
degradation of Rubisco

The decrease of  CO2 diffusion (through stomata and in 
mesophyll) is a main cause of the An reduction under 
mild water stress in newly developed leaves or in leaves 
not under the senescence process (Cornic et al. 1989; 
Flexas et al. 2004; Hirasawa et al. 1989). In contrast, 
water stress accelerated nitrogen relocation from leaves 
to other organs in the leaves under senescence (Figs. 7 
and 8, Table  1; Brevendan and Egli 2003), and the 
biochemical limitation of photosynthesis was a major 
cause of the An decrease (Fig.  5). In the biochemi-
cal limitation of photosynthesis, An is limited either 
by RuBP carboxylation or by RuBP regeneration in 
response to  CO2 concentration according to  C3 photo-
synthesis model (Farquhar et al. 1980). In the various 
genotypes of rice, An was limited by the rate of RuBP 
carboxylation at Ci ≦ 350 μmol  mol−1, in which the Ci 
estimated at the present ambient  CO2 concentration 
was well included (Adachi et al. 2013). Rubisco activ-
ity per leaf area decreased with senescence due to the 
decrease in the level of Rubisco protein, not due to the 
decrease of its specific activity (Makino et  al. 1983). 
On the contrary, Rubisco activity per leaf area did not 
decrease under water stress in the leaves not under 
senescence (Brestic et al. 1995). Rubisco content was 
closely correlated with An in all samples in wet and 
moisture-deficient soil (Fig.  6a). Taken together, we 

conclude that the level of Rubisco was a major limit-
ing factor for An in the leaves under senescence in the 
current study.

Rubisco is actively synthesized during leaf expan-
sion, and its degradation starts soon after full leaf 
expansion and continues during senescence (Mae et al. 
1983). The levels of rbcS and rbcL mRNAs during 
the life span of a leaf are coordinated with those in the 
amount of Rubisco synthesized (Suzuki et  al. 2001b). 
We started soil moisture treatment at full heading, i.e. 
approximately 2  weeks after the full expansion of the 
flag leaf. This coincides with the highest content of N 
and Rubisco in the flag leaf (Mae et al. 1983; Makino 
et al. 1983). In the first 3 days of soil moisture treatment, 
N inflow into the flag leaf and Rubisco synthesis were 
lower, and N outflow from the flag leaf and Rubisco 
degradation were higher in the DR-plants than in the 
WE-plants (Figs. 7, 8). Rubisco content decreased more 
because its degradation exceeded synthesis much more 
in the DR-plants than in the WE-plants (Fig. 8). We con-
clude that the main cause of the An decrease with senes-
cence after full heading under soil moisture stress was 
the enhanced Rubisco degradation.

We attributed the decrease in Rubisco synthesis in 
the DR-plants to the decreased level of rbcS mRNA 
(Fig. 9). The level of rbcS mRNA can be affected by 
the N inflow into the leaf (Imai et al. 2008) and by leaf 
water content (Zhang et al. 2013). The decrease in leaf 
water content or Ψleaf could not be attributed to the 
accelerated decrease in SPAD value (or chlorophyll 
content) with senescence (Fig. 3). The decrease in the 
N inflow into the leaf might be the main cause of the 
decreases in the rbcS mRNA level and Rubisco synthe-
sis (Figs.  7, 8, 9). We cannot distinguish whether the 
decrease in the N inflow into the leaf in the DR-plants 
was due to a decrease in root N uptake and assimilation 
(Gonzalez-Dugo et al. 2010; O’Toole and Baldia 1982) 
or to a decrease in N remobilization from other organs 
to the leaf (Zhang et al. 2022) in the current study.

Decrease in cytokinin transport from roots to shoots 
accelerates the An decrease under soil moisture stress

Cytokinin delays leaf senescence in well-watered plants 
(Gan and Amasino 1995; Richmond and Lang 1957; 
Singh et al. 1992) and plants under water stress (Peleg 
et  al. 2011; Reguera et  al. 2013; Rivero et  al. 2007; 
Sade et  al. 2018). Exogenous cytokinin application 
delayed the decrease in Rubisco with senescence in rice 
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plants grown in flooded soil (Ookawa et al. 2004) and 
in moisture-deficient soil (Fig. 11).

Cytokinins are synthesized in leaves and roots and are 
transported to roots or the shoot (Ko et al. 2014; Sakak-
ibara 2006). Here we showed that the accelerated leaf 
senescence under soil moisture stress was caused mainly 
by root water stress, not by leaf water stress (Fig.  3). 
Plants that transport larger cytokinin amounts from roots 
to shoots show delayed leaf senescence (Sato et al. 2007; 
Sitton et al. 1967) and plants with the stay-green pheno-
type transport large amounts of cytokinins from roots to 
shoots (He et al. 2005; Ookawa et al. 2004; Soejima et al. 
1992, 1995). Soil moisture stress decreased cytokinin 
flux from roots to shoots in rice (Table 2), as reported 
previously (Bano et al. 1993; Jogawat et al. 2021; Kudo-
yarova et al. 2007). Decreased cytokinin flux from roots 
would decrease the cytokinin concentration in leaves 
despite the high cytokinin concentration in xylem sap 
(Table S3) (Kudoyarova et al. 2007). Overall, we attrib-
ute the accelerated decease in An with senescence under 
soil moisture stress to the decrease in cytokinin flux from 
roots to shoots.

There are reports showing that Z and ZR are mainly 
synthesized in roots while iP and iPA are dominantly 
synthesized in shoots (Ko et al. 2004; Sakakibara 2006; 
Zhang et  al. 2022). However, the large flux of iP and 
iPA from roots to shoots were measured in rice (Table 2) 
(Soejima et  al. 1992, 1995), and root flux of t-Z and 
(OG)Z as well as iPA decreased significantly and iP 
flux tended to decrease in the moisture-deficient soil 
(Table 2), indicating that not only root flux of Z and ZR 
but also that of iP and iPA are involved in delaying An 
decrease under soil moisture stress.

We did not examine associations of cytokinins with 
other plant hormones on leaf senescence under soil 
moisture stress. Levels of abscisic acid and auxin also 
changed in the transgenic plants for cytokinin produc-
tion (Ghanem et al. 2011; Havlová et al. 2008). Crosstalk 
between cytokinins and other plant hormones is now 
investigated intensively (El-Showk et  al. 2013; Nishiy-
ama et al. 2011; Zubo and Schaller 2020). Their crosstalk 
under soil moisture stress remains in a future study.

Association of the decreased cytokinin flux from 
roots to shoots with Rubisco degradation and 
nitrogen partitioning under soil moisture stress

During senescence, leaf photosynthetic apparatus is 
degraded, An decreases and nutrients are remobilized 

(Hӧrtensteiner and Feller 2002; Sade et al. 2018). In 
the current study, the accelerated An decrease under 
soil moisture stress was caused mainly by Rubisco 
degradation (Figs. 5, 6, 8). The Rubisco degradation 
under soil moisture stress was mitigated by exogenous 
cytokinin application (Fig. 11). A large proportion of 
total leaf nitrogen (approximately 30%) is found in 
Rubisco (Makino et al. 1992), and the decrease in An 
and leaf Rubisco content with senescence was larger 
in the DR-plants than in the WE-plants (Figs. 5, 6). 
As a consequence, nitrogen partitioning to the leaf 
blade was significantly lower in the DR-plants than in 
the WE-plants (Table 1).

Rubisco is degraded via autophagy (Ishida 
et  al. 2014) and autophagy is linked to cytokinins 
(Acheampong et  al. 2020; Gou et  al. 2019). Under 
water stress, cytokinins preserve cell structure and the 
photosynthetic machinery in transgenic plants (Rivero 
et  al. 2009, 2010) or when applied exogenously 
(Chernyad’ev 2005). Taken together, we attribute the 
decreased cytokinin flux from roots to shoots to the 
enhanced degradation of Rubisco and the enhanced 
nitrogen outflow in leaves. The overall mechanism 
by which cytokinins suppress the inhibition of leaf 
photosynthesis under soil moisture stress is a topic for 
a future study.

Towards improving rice productivity in rainfed and 
AWD systems

Decreased leaf water content (or water potential) 
under mild water stress usually recovers fully after 
rewatering, but the decreased An does not (Chaves 
et  al. 2009; Kramer and Boyer 1995). The causes 
of the not-full recovery differ between young and 
senescent leaves. In newly developed young leaves 
or in leaves not under the senescence process, the 
main cause is an incomplete recovery of  CO2 diffu-
sion (stomatal and mesophyll conductance) and the 
biochemical limitation of photosynthesis is not the 
cause (Flexas et  al. 2009). In the senescent leaves, 
the decreased LNC did not recover completely after 
rewatering (Fig.  2; Brevendan and Egli 2002). This 
would be an important cause of the not-full recovery 
of An after rewatering as the biochemical limitation of 
photosynthesis.

Soil drought develops during the ripening stage in 
rainfed paddy rice (Fukai et al. 1998; Miyagawa et al. 
2006). The AWD systems are widely used during 
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reproductive growth (Carrijo et al. 2017). Soil mois-
ture stress accelerates the decrease in An and leaf area 
with senescence in rice after heading (Lu et al. 2000). 
The effects of leaf senescence on dry matter pro-
duction and grain yield should be large because the 
decreased An does not recover fully after re-irrigation 
and new leaves no longer expand after heading. Thus, 
delaying the decrease of An with senescence would be 
important during soil moisture stress in rice in rainfed 
and AWD systems for avoiding a decrease in grain 
yield. Results of the current study suggest that cyto-
kinins are effective in delaying the An decrease with 
senescence in rice under rainfed and AWD systems. 
Cytokinin effects on biomass and grain production in 
rice remain to be examined in the rainfed field and the 
AWD field.

The exogenous cytokinin application may affect 
the carbon–nitrogen ratio of grain and, therefore, 
grain quality because it does not increase the nitrogen 
accumulation in the plants (Table  3; Ookawa et  al. 
2004). Cytokinin effects on grain quality may also need 
to be considered in rice production. If high leaf nitrogen 
content can be achieved before soil moisture decreases, 
the leaves would maintain high An even under soil 
moisture stress (Fig.  S6). Compost application before 
planting and/or nitrogen topdressing before soil moisture 
stress would efficiently increase leaf nitrogen content 
(Sriphirom et  al. 2020). A stay green rice cultivar, 
Akenohoshi shows high roots capacities of cytokinin 
transport and nitrogen uptake during ripening in flooding 
soil (Ookawa et  al.  2003). Improving the capacity of 
root nitrogen uptake as well as the management of 
nitrogen fertilizer application for delaying senescence 
under water stress would also be an important strategy 
of the research. Quantitative trait loci (QTLs) for leaf 
senescence have been detected and a near-isogenic 
line that maintains high leaf chlorophyll and high root 
nitrogen transport during ripening in flooded soil has 
been developed (Yamamoto et  al. 2017). Identification 
of QTLs and genes for maintaining high capacities of 
cytokinin biosynthesis and nitrogen transport in roots 
under soil moisture stress and their effects on dry matter 
production and grain yield and quality are the topic for 
future studies.
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