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Elucidation of morphological
and physiological traits
contributing to high biomass
productivity and consistently
high yield in the high-yielding
rice variety Kitagenki
Atsushi Yagioka1*, Satoshi Hayashi1,2, Kenji Kimiwada1

and Motohiko Kondo3

1Hokkaido Agricultural Research Center, National Agriculture and Food Research Organization
(NARO), Sapporo, Hokkaido, Japan, 2College of Agriculture, Food and Environment Sciences, Rakuno
Gakuen University, Ebetsu, Hokkaido, Japan, 3Department of Plant Production Sciences, Graduate
School of Bioagricultural Sciences, Nagoya University, Nagoya, Aichi, Japan
Introduction: A high-yielding rice variety (HYV), Kitagenki, in the Hokkaido region

has a high yield potential owing to its large sink capacity, high source ability, and

grain-filling ability. However, the detailed mechanisms underlying high biomass

productivity, a major component of source ability, and stable high yields remain

elusive. Thus, we aimed to elucidate the canopymorphological and physiological

traits that improve the biomass productivity of Kitagenki and how they contribute

to a stably high yield.

Methods:We conducted field experiments over 8 years using three rice varieties

(Nanatsuboshi: standard-yielding variety, Kita-aoba, and Kitagenki: HYV) with

three replicates.

Results and discussion: Kitagenki stably produced higher gross hulled grain yield

than Kita-aoba by 4.9–14.9% (8.9% on average) because of higher filled-grain

percentage. During 0–20 days after the full-heading stage (DAH), Kitagenki

revealed a markedly higher crop growth rate by 29.7% than Kita-aoba because of

a higher net assimilation rate while maintaining leaf area index. During these stages,

Kitagenki showed a better canopy architecture, characterized by substantially higher

leaf inclination angles of the upper two leaves and narrower leaf blades, which

facilitated better light interception inside the canopy and higher 13C assimilation of

the third and whole leaves than in Kita-aoba. At the single-leaf level, Kitagenki

showed a higher photosynthetic rate in the third leaf and higher stomatal

conductance. Consequently, adequate carbohydrate supply during the early grain-

filling stages in Kitagenki enabled faster translocation into the inferior spikelet,

resulting in a higher grain-filling ability than that in Kita-aoba. This further

contributed to the higher grain yield per cumulative solar radiation during 0–40
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DAH in Kitagenki than in Kita-aoba under fluctuating air temperature. These findings

indicate that superior canopy architecture, better light interception inside the

canopy, and higher carbon assimilation of lower leaves contribute to high biomass

productivity during the early grain-filling stage, leading to high grain-filling ability and

a stable high yield in Kitagenki compared to Kita-aoba. These results provide key

canopy morphological and physiological traits for breeding future HYV that can

break the yield ceiling in cold regions.
KEYWORDS

biomass productivity, carbon assimilation, canopy architecture, grain-filling ability, light
interception, photosynthesis, stable high yield
1 Introduction

Increasing rice production is necessary because rice is a staple

food that feeds more than half of the world’s population (Khush,

2005). In Japan, in contrast to the reduced demand for rice as a

staple food by approximately 100 thousand t annually, rice

production for animal feed has increased from 109 thousand t in

2013 to 803 thousand t in 2022 (Ministry of Agriculture, Forestry

and Fisheries, 2025). Increasing rice grain yield by breeding high-

yielding rice varieties (HYV) is a promising agronomic strategy to

meet this increasing demand.

In Japan, several HYVs have been released, and high grain

yields have been reported. For instance, indica-type HYVs:

Hokuriku193 (Goto et al., 2009) and Takanari (Imbe et al., 2004)

produced a high gross hulled grain yield of over 11 t ha−1 in the

central and southwestern parts of Japan, where the air temperature

during the rice cultivation period exceeds 20°C (Okamura et al.,

2022; Kobayashi et al., 2014; Nagata et al., 2016). In contrast,

japonica-type HYV: Kitagenki (Ikegaya et al., 2017) showed

extremely high yield potentials of 12 t ha−1 (14.5 t ha−1 of rough

grain yield) in the Hokkaido region, the northernmost part of Japan,

where the air temperature during their rice cultivation period is

<20°C (Yagioka et al., 2022). This yield potential exceeded those of

previous japonica-type HYV in the same region (>10 t ha−1;

Hayashi et al., 2012; Hayashi, 2015) or large grain japonica-type

HYV in the Tohoku region, the north-eastern parts of Japan

(>9 t ha−1; Fukushima et al., 2011; Mae et al., 2006). Despite

extensive research on high-yielding traits and/or plant types of

indica-type HYV in the warmer regions of Japan (Katsura et al.,

2008; Kobayashi et al., 2014; Nagata et al., 2001; Okamura et al.,

2018, 2021, 2022; Saitoh et al., 2002; Takai et al., 2006; Taylaran

et al., 2009; Yoshinaga et al., 2013), relatively little information is

available on japonica-type HYV in the Hokkaido region (Hayashi

et al., 2012; Hayashi, 2015; Yagioka et al., 2021). Anzoua et al.

(2010) elucidated the historical alterations in plant type along with

yield improvement in the Hokkaido region using older rice varieties

released from 1905 to 1988. However, the plant types of recent HYV

in this region have not been assessed.
02
From a global perspective, the Hokkaido region (41°2’–45°3’N

latitude) is one of the northernmost limits of rice cultivation

(Fujino et al., 2019). Similarly, Heilongjiang province in China (43°

26’–53°33’N latitude) is considered the northernmost region of rice

cultivation in the world (Wang et al., 2024). The simulated yield

potentials (rough grain yield) of northeast China including

Heilongjiang province is estimated to be 12.3–13.6 t ha−1 (Wang

et al., 2018). To narrow the yield gap in Heilongjiang province, Jia

et al. (2023) evaluated several cropmanagement practices using single

variety (japonica-type variety DN427) and achieved the maximum

rough grain yield of approximately 11 t ha−1 under 200 kgN ha−1 at

45°52’ N latitude. Shahbaz Farooq et al. (2021) also compared the

growth and grain yield of four japonica rice cultivars in two regions of

Heilongjiang province and reported the maximum rough grain yield

of 13.4 t ha−1 (adjusted to 15% moisture content) using Longdao-18.

However, to date, a rough grain yield exceeding 14 t ha−1 has not been

achieved in the region. Furthermore, although Shahbaz Farooq et al.

(2021) analyzed grain yield response in terms of yield components,

grain-filling traits, and dry matter production, canopy morphological

and physiological traits have not been fully characterized. Therefore,

elucidating the plant types of the japonica-type HYV with high yield

potentials of 12 t ha−1 (14.5 t ha−1 of rough grain yield) in the

Hokkaido region can provide novel insights on breeding future HYV

that can break the yield ceiling in cold regions worldwide.

Sink capacity (total spikelet number × one-grain weight) and

grain-filling ability determine grain yield (Yoshinaga et al., 2013;

Yagioka et al., 2021). Sink-source relationships influence grain-

filling ability (Yagioka et al., 2021). Source can be expressed as

source ability, that is, available carbohydrate, which is calculated as

non-structural carbohydrate (NSC) at full-heading stage (FH) plus

dry matter production (DW) during the grain-filling stages (Morita

and Nakano, 2011). In the Hokkaido region, our previous study

showed that Kitagenki produced 24.6% higher grain yields than the

standard yielding variety (SYV): Nanatsuboshi, because of its larger

sink capacity. Moreover, the grain yield of Kitagenki was higher

than that of the previous HYV: Kita-aoba, owing to the higher

grain-filing ability at a large sink capacity, supported by a higher

source ability per spikelet and spikelet fertility (Yagioka et al., 2021).
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Kitagenki showed higher NSC and DWduring the early grain-filling

stages than Kita-aoba, which can partly explain the high grain-

filling ability. However, the mechanism by which canopy

morphological and physiological traits (e.g., leaf area index [LAI],

canopy architecture, leaf morphological traits, light and leaf N

distribution inside the canopy, and/or photosynthetic rate)

contribute to high biomass productivity in Kitagenki and to a

stable high yield remain elusive.

To bridge these knowledge gaps, this study aimed to elucidate

the morphological and physiological traits that contribute to high

biomass productivity in Kitagenki, and how they contribute to a

stably high yield. We compared two HYV, Kitagenki and Kita-aoba,

which have varying grain-filling abilities at a large sink capacity

(Yagioka et al., 2021). SYV: Nanatsuboshi, a leading rice variety in

the Hokkaido region, was compared as a reference variety with a

smaller sink capacity than Kitagenki (Yagioka et al., 2021). Through

field experiments, we observed a better canopy structure in

Kitagenki, characterized by more erect and narrower upper leaves

and shorter culm lengths than Kita-aoba (Supplementary Figure

S1), which might benefit canopy photosynthesis via better light

interception and higher photosynthetic performance in lower

leaves. From these observations, we hypothesized that the

superior canopy architecture and carbon assimilation of the lower

leaves improve biomass productivity in Kitagenki.
2 Material and methods

2.1 Site description and experimental
design

Eight years (2014–2021) offield experiments were conducted in an

irrigated paddy field at the Hokkaido Agricultural Research Center,

NARO, Sapporo, Hokkaido, Japan (43° 0′ N, 141° 25′ E). A

randomized complete block design was used with three replicates.

Three rice varieties were used: Nanatsuboshi, Kita-aoba, and Kitagenki.

The fertilizer application rate was 105 kg N ha−1 of ammonium sulfate,

80 kg P2O5 ha
−1 of superphosphate, and 80 kg K2O ha−1 of potassium

chloride, which were applied as the basal fertilizer. The plot size was

15.9–63.6 m2. All plots were tilled by chisel plowing, followed by rotary

tillage immediately after basal fertilizer application, at a tillage depth of

approximately 0–15 cm. Following rotary tillage, puddling was

performed several days following submergence.

Rice seeds were sown in nursery pods between April 11 and 22,

and mature seedlings (28–40 d) were transplanted into fields

between May 18 and 22, depending on the year. The planting

density was 20.8–23.1 hills m−2 (row spacing of 33 cm and hill

spacing of 13.1–14.6 cm).
2.2 Measurement of climate conditions

Solar radiation and air temperature were monitored at the

meteorological station of the Hokkaido Agricultural Research

Center, located approximately 1km away from the experimental
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fields. Specifically, air temperature was measured with a platinum

resistance thermometer (Pt100) installed in a ventilated shield.

Solar radiation was measured with a pyranometer (CMP-21F,

Kipp & Zonen, The Netherlands).
2.3 Measurement of lodging score and
culm length

At maturity stage (M), lodging score was measured on a scale

from zero (no lodging) to five (complete lodging) (Yagioka et al.,

2022). At the middle grain-filling stages, the culm length (length

from the ground surface to the panicle base) of the longest culm on

five continuous hills were measured by ruler (Yagioka et al., 2022).
2.4 Measurement of grain yield, sink
capacity, and filled-grain percentage

At M, rice plants in the 3.0 m2 plot were harvested. After total

spikelet number was measured as described in Yagioka et al. (2021),

the rough grain was weight as “rough grain yield”. Thereafter the

rough grain was hulled and weighed as “gross hulled grain yield”.

The sub-samples of hulled grain were screened to 1.8 mm,

thereafter thousand grain weight were calculated using the grain

thicker than 1.8 mm. Sink capacity was calculated using the

following Equation 1 (Akita, 1989; Yoshinaga et al., 2013):

Sink capacity = total spikelet number

� thousand grain weight=1000 (1)

Using the above sample from 3.0 m2 plot, filled-grain

percentage was calculated using the following Equation 2

(Yagioka et al., 2022):

Spikelet number thicker than 1:8 mm

� 100=total spikelet number (2)

GY/R (Nagata et al., 2016) and filled grain percentages/R were

also calculated using the following Equation 3, 4:

GY=R = gross hulled grain yield=

cumulative solar radiation from 0 to 40 DAH

(3)

Filled   grain percentage=R

= filled   grain percentage=

cumulative solar radiation from 0 to 40 DAH

(4)
2.5 Measurement of shoot dry matter,
panicle dry matter, LAI, and specific leaf N
in rice plant

To determine shoot dry matter (SDM), panicle dry weight, LAI,

and specific leaf N in rice plant, eight continuous hills in canopy
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condition were sampled at FH and 20 and 40 DAH. Among the

eight hills, the two representative hills with averaged stem number

were separated into seven parts: panicle, culm plus leaf sheath, leaf

blade at different positions (first, second, third, and fourth plus the

remaining leaves counted from the flag leaf), and dead leaf blade.

The LAI of the leaf blades was measured using a leaf area meter (LI-

3100 C, Meiwa, Tokyo, Japan). At M, rice plants in the 3.0 m2 plot

were harvested as described in sub-section 2.4, thereafter separated

into two parts (rough grains and rice straw). Additionally, the two

representative hills with averaged stem number were also sampled

at M and separated into seven parts in the same manner as reported

above, and LAI was measured. The seven plant parts from the two

hills, whole shoots from the remaining six hills, and two plant parts

(grain and rice straw) separated in M were oven-dried at 80°C for

>48 h, weighed, and summed as the shoot dry matter (Yagioka

et al., 2022).

The N concentrations in the leaf blades were measured using a

CN analyzer (Vario MAX CNS, Elementar, Hanau, Germany). LAI

(Breda, 2003), crop growth rate (CGR; Zhu et al., 2020; Zhang et al.,

2025), net assimilation rate (NAR; Zhu et al., 2020; Zhang et al.,

2025), mean LAI, panicle growth rate (Okamura et al., 2018), and

specific leaf N were calculated using the following Equation 5–10:

LAI = specific leaf area

� leaf blade 0 s dry weight per land area (5)

CGR(t1 – t2) = (SDM2 – SDM1)=(t2 – t1) (6)

NAR(t1 – t2) = (½SDM2 – SDM1�=½t2 – t1�)
� (½lnLAI2 – lnLAI1�=½LAI2 – LAI1�) (7)

Mean − LAI(t1 – t2) = CGR(t1 – t2)=NAR(t1 – t2) (8)

Panicle growth rate(t1 – t2)

= (panicle dry weight2 – panicle dry weight1)=(t2 – t1) (9)

Specific leaf N = leaf N concentration=(specific leaf area � 100 ) (10)

(t1 and t2: the first and second sampling time, SDM1 and SDM2:

SDM at the first and second sampling time, LAI1 and LAI2: LAI at

the first and second sampling time; panicle dry weight1 and panicle

dry weight2: panicle dry weight at the first and second

sampling time).
2.6 Measurement of leaf inclination angle,
leaf blade length, and leaf blade width

The leaf inclination angles of the upper two leaves were assessed

during the early grain-filling stages (0–20 DAH) over 5 years (2016–

2020). Fifteen representative hills with averaged stem number were
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randomly selected, and one representative stem with average leaf

size per hill was chosen. Thereafter, the leaf inclination angles

(defined as angle from the horizon to the tangent line at the center

of the leaf blades) of the first and second leaf blades from flag leaf

were measured using a digital angle meter (Shinwa, Niigata, Japan).

The leaf blade length and width of the upper three leaves were

measured during the middle grain-filling stages over 3 years (2016–

2018). Ten representative leaves per plot with average leaf size were

chosen and leaf blade length and width were measured using a ruler

and the values were averaged.
2.7 Measurement of relative light
interception rate

During the early grain-filling stages, the relative light

interception rate inside the canopy was measured using

solarimeter films (Y-1W, Taisei, Tokyo, Japan) over 3 years

(2016–2018). As this film fades as solar radiation is absorbed

(Kawamura et al., 2005), the relationship between the fading rate

of the film (F) and the cumulative solar radiation were considered in

the preliminary experiment. Totally 130 films were attached to a

wooden board at 10 cm intervals and subsequently placed

horizontally on the soil surface near the meteorological station of

the Hokkaido Agricultural Research Center. During 10-day periods,

each 10 film samples were taken at totally 13 times, and the

absorbance of the films at the initial (D0) and the sampling times

after exposure (D) were measured using a spectrophotometer (D-

Meter, RYO-470, Taisei, Tokyo, Japan), and F was calculated using

the following Equation 11 (Kawamura et al., 2005):

F = 100� D=D0 (11)

Hourly mean solar radiation was also monitored by the method

written in sub-section 2.2, and cumulative intercepted solar

radiation between the initial and sampling times was calculated.

Thereafter, the quadratic relationship between F and the cumulative

intercepted solar radiation were determined and expressed by the

following Equation 12:

Cumulative intercepted solar radiation(MJ m– 2)

= −0:0098� F2 – 0:2351� F + 118:63 (12)

In the main experiment, ten films per plot were attached to a

wooden board at 10 cm intervals and subsequently placed

horizontally on the inter-row space inside the canopy at three

different heights from the ground (60, 35, and 10 cm) for 7–10 days.

Furthermore, 20 films were placed outside the canopy (in an open

space without shading) in the same field.

After D0 and D were measured by the above method, the

cumulative intercepted solar radiation was calculated based on

the Equation 12. The relative light interception rate was

calculated using the following Equation 13:
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Relative light interception rate( % )

= cumulative intercepted solar radiation at 

each height inside the canopy

� 100=cumulative intercepted solar 

radiation outside the canopy

(13)
2.8 Measurement of leaf photosynthetic
rate and stomatal conductance

The leaf photosynthesis rate and stomatal conductance of the

upper three leaves were measured during the early grain-filling

stages (0–20 DAH) over 2 years (2017–2018). Approximately five

leaves of the main stem or equivalent stem, with average leaf color

determined by Soil and Plant Analyzer Development values, were

selected for each leaf position per plot. A LI6400 (Meiwa, Tokyo,

Japan) was used for the measurement during 9:00–12:00 at a

temperature of 25°C inside the chamber, 2000 PAR, CO2

concentrations of 400 ppm, and a VPD of approximately <1.5

kPa. The measurement was conducted under adequate sunlight on

sunny days. Each measurement was conducted when the

photosynthetic rate saturated.
2.9 13C tracer experiment

In 2020, 13C tracer experiment was conducted to compare

varietal differences in the carbon assimilation of leaf blades at

various positions and their translocation into different parts of

rice plants. 13CO2 was supplied at two different stages: early (12

DAH) and middle (27 DAH) grain-filling stages. The 13CO2 was

generated by adding 10 ml of 7.3M H3PO4 to 99 atom% Ba13CO3

inside a canopy frame (60 cm × 30 cm × 105 cm) equipped with a

fan. Rice plants on four continuous hills were enclosed within each

frame per plot. 13C was fed for an hour with gas circulation, based

on Sasaki et al. (2005), who reported that 13C was completely

assimilated after 1 h. At 1 h and 25 h after initiating the 13C feeding,

rice plant on one hill was sampled at each stage and cut into leaf

blades at different positions (first, second, third, and fourth plus the

remaining leaf), dead leaf blade, stem (culm and leaf sheath),

spikelet on different parts of the panicle (primary rachis branch

[PRB] on upper parts [PRB upper], PRB on lower parts [PRB

lower], secondary rachis branch [SRB] on upper parts [SRB upper],

and SRB on lower parts [SRB lower]), as well as the remaining parts

of the panicles. The rice plants were dried at 80°C for >48 h, and

their dry weights were measured. The 13C concentrations were

measured using an ANCA-SL elemental analyzer coupled to a 20–

20 mass spectrometer (Europa Scientific, Crewe, UK), and the C

concentration was measured using an NC analyzer (Vario MAX

CNS, Elementar, Hanau, Germany). The number of spikelets at

each position in the panicle was counted to calculate the 13C

per spikelet.
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2.10 Grain-filling of the spikelet on various
positions in the panicle

To determine the grain-filling pattern of spikelets, the increase

of single grain weight at various positions in the panicles were

assessed during the grain-filling stages over 2 years (2016–2017).

First, panicles whose spikelets on the top flowered at the FH were

tagged. Thereafter, three (2017) to four (2016) panicles per plot

were sampled at FH, 10, 20, 30, and 40 DAH, as well as M. The

panicles were separated into four different parts: (1) PRB upper, (2)

PRB lower, (3) SRB upper, and (4) SRB lower, according to the

method described by Yagioka et al. (2021). After counting the

number of spikelets, they were oven-dried at 80°C for >48 h,

weighed, and the single grain weight was calculated.

To determine the contribution of the grain-filling ability at

various positions in the panicles to the final grain yield, the filled

spikelet number and filled grain weight at M were evaluated over 5

years (2016–2020). The panicle sample at M separated from the two

hills with averaged stem number (the method described in

subsection 2.5) was further separated into four different parts

(PRB upper, PRB lower, SRB upper, and SRB lower), as

mentioned above. The spikelet samples were soaked in tap water

with a specific gravity of 1.0 to separate filled and unfilled spikelets

(Komatsu et al., 1984). After the number of filled spikelets was

counted, they were oven-dried at 80°C for >48 h, weighed, and the

filled grain weight was calculated.
2.11 Statistical analysis

Statistical analysis was conducted using SPSS version 30 (IBM,

New York, USA). After the Shapiro-Wilk test was performed to

validate normality for three varieties separately, parameters that

have non-normal distribution (p < 0.05) for at least one variety were

square root transformed. Thereafter, analysis of variance (ANOVA)

for the randomized complete block design was conducted using a

general linear model. Replication was considered a random factor,

whereas year (Y) and variety (V) were considered fixed factors. All

data except for 13C were analyzed using an ANOVA model, which

included Y, replications within Y, V, and Y × V. Tukey’s multiple

comparison analysis was performed for the three varieties if

significant effects of V were observed in the initial two-way

ANOVA. The data of 13C was analyzed using an ANOVA model,

which included replications and V.
3 Results

3.1 Mean solar radiation and air
temperature

The mean solar radiation and mean air temperature fluctuated

over 8 years (Supplementary Figure S2). Across three varieties used,

the mean solar radiation ranged from 16.9 to 21.0 MJ m−2 during
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transplantation stage (T)–FH, 13.4–19.8 MJ m−2 during 0–40 DAH,

10.0–17.2 MJ m−2 during 40 DAH–M, and 15.6–20.1 MJ m−2

during whole growth stages (T–M). Mean air temperature ranged

from 16.5 to 17.9°C during T–FH, 19.1 to 21.7°C during 0–40 DAH,

15.8 to 18.6°C during 40 DAH–M, and 17.6 to 18.9°C during the

whole growth stages (T–M).
3.2 Growth durations, lodging score, and
culm length

Over the 8 years, the three rice varieties had similar full-heading

dates and days from T to FH. The harvest day and grain-filling

duration of Kitagenki were approximately 5 days later and longer

than Nanatsuboshi and comparable with Kita-aoba, except for

2021, when severe lodging urged early Kita-aoba harvest

(Supplementary Table S1). Lodging score and culm length were

markedly lower in Kitagenki than in Kita-aoba and Nanatsuboshi.
3.3 Grain yield, sink capacity, and filled-
grain percentage

In all years, gross hulled grain yield was consistently higher in

Kitagenki than in Kita-aoba by 4.9–14.9% (8.9% on average) and

Nanatsuboshi by 10.1–36.0% (21.8% on average) (Figure 1). Rough

grain yield was also consistently higher in Kitagenki than in Kita-aoba

by 3.7–11.9% (6.8% on average) and Nanatsuboshi by 12.6–37.9%

(24.0% on average) (Supplementary Table S1). Kitagenki produced

gross hulled grain yield of >10 t ha−1 in three out of 8 years and rough
Frontiers in Plant Science 06
grain yield of >11 t ha−1 in six out of 8 years. For an average of 8 years,

grain yield was the highest in Kitagenki, followed by Kita-aoba, and

was lowest in Nanatsuboshi. The sink capacity of Kitagenki was

comparable to that of Kita-aoba but markedly higher than that of

Nanatsuboshi over the 8 years (Supplementary Figure S3A). The

filled-grain percentage was consistently higher in Kitagenki than in

Kita-aoba over the 8 years (Supplementary Figure S3B).
3.4 CGR, mean-LAI, NAR, panicle growth
rate, LAI, and specific leaf N

Compared with Kita-aoba, Kitagenki exhibited significantly

higher CGR, NAR, and panicle growth rates at 0–20 DAH by

29.7%, 33.8%, and 17.2%, respectively, with comparable mean-LAI,

averaged across 5 years (Figure 2). From 20 to 40 DAH, no

substantial differences in the CGR, mean LAI, NAR, or panicle

growth rates were noted between Kitagenki and Kita-aoba.

Compared to Nanatsuboshi, Kitagenki revealed markedly higher

mean LAI and panicle growth rates at 0–20 and 20–40 DAH,

respectively. Although there exists yearly variation in CGR and

NAR at 0–20 DAH; similar varietal differences were observed in all

5 years, which were stable higher in Kitagenki than in Kita-aoba

(Supplementary Figures S5A, C). In contrast, varietal difference in

mean-LAI fluctuated over 5 years (Supplementary Figure S5B).

The LAI was not significantly different between Kitagenki and

Kita-aoba on any leaf position at FH and 20 DAH (Figures 3A, B).

Specific leaf N was not significantly different between Kitagenki and

Kita-aoba at FH (Figure 3C), whereas Kitagenki revealed markedly

lower specific leaf N in the first leaf than Kita-aoba at 20 DAH
FIGURE 1

Grain yield variation across 8years (2014–2021). Vertical bars indicate standard errors. Different lowercase letters among the three varieties for the
average value across 8 years indicate statistically significant differences (p < 0.05) based on Tukey’s multiple comparison analysis following two-way
analysis of variance (ANOVA). The original grain yield data from 2014 to 2018 were obtained from Yagioka et al. (2021) with a modification of the
grain moisture content (15% in the current study).
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(Figure 3D). Compared with Nanatsuboshi, Kitagenki exhibited a

significantly higher LAI on the fourth leaf at FH and the second and

third leaves at 20 DAH, whereas no substantial differences were

noted in specific leaf N.
3.5 Leaf inclination angle, leaf blade length,
and leaf blade width

The leaf inclination angles of the first and second leaves were

the highest in Kitagenki among the three varieties (Figure 4). The

leaf blade length of Kitagenki was comparable to that of Kita-aoba

and markedly higher than that of Nanatsuboshi at all three leaf

positions (Supplementary Table S2). The upper three leaves of

Kitagenki were significantly narrower than those of Kita-aoba.
3.6 Relative light interception rate

Relative light interception rate was significantly higher in

Kitagenki than in Kita-aoba, by 45.4% at 60 cm and 22.4% at 35

cm, respectively (Figure 5).
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3.7 Leaf photosynthetic rate and stomatal
conductance

During early grain-filling stages, leaf photosynthetic rate of

Kitagenki was markedly higher than that of Kita-aoba by 17.7%

on the third leaf and tended to be higher than that of Kita-aoba by

8.3% and 6.5% in the first and second leaves, respectively

(Figure 6A). Stomatal conductance was markedly higher in

Kitagenki than in Kita-aoba by 46.4% and 32.9% in the first and

second leaves, respectively, and tended to be higher in Kitagenki by

25.4% in the third leaf (p < 0.10, Figure 6B).
3.8 13C distribution

Kitagenki revealed markedly higher 13C distribution by 92%

and 8.1% on the third and whole leaves, respectively, at 1 h

following feeding than Kita-aoba (Figure 7).

As for the 13C distribution in various parts 25 h following

feeding, 13C fed at 12 and 27 DAH was not markedly different

between Kitagenki and Kita-aoba on the leaf blades, dead leaf

blades, stems, and panicles (Figures 8A, C). However, 13C per
FIGURE 2

Crop growth rate (CGR) (A), mean leaf area index (Mean-LAI) (B), net assimilation rate (NAR) (C), and panicle growth rate (D) during the early (0–20
DAH), middle (20–40 DAH), and late (40 DAH-M) grain-filling stages. The data are averaged over 5 years (2016–2020). Vertical bars indicate the
standard error. Different lowercase letters among the three varieties indicate statistically significant differences (p < 0.05) based on Tukey’s multiple
comparison analysis following two-way analysis of variance (ANOVA); ns = not significant by two-way ANOVA. DAH, days after full heading stage; M,
maturity stage.
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spikelet fed at 12 DAH was substantially higher in Kitagenki than in

Kita-aoba, by 21.2% and 35.1% in the SRB upper and lower parts,

respectively, and tended to be higher in Kita-aoba by 22.8% in the

PRB lower parts (Figure 8B). Contrastingly, 13C per spikelet fed at

27 DAH was significantly lower in Kitagenki than in Kita-aoba by

7.9% in the PRB lower parts and tended to be lower in Kitagenki

than in Kita-aoba by 22.5% in the PRB upper parts. Contrastingly, it

was comparable between Kitagenki and Kita-aoba in the SRB upper

and lower parts (Figure 8D).
3.9 Grain-filling of the spikelet on various
positions in the panicle

During the entire grain-filling stage, the weight of single grain

weight in the upper parts of the PRB was not markedly different

between Kitagenki and Kita-aoba (Figure 9A). In contrast,

Kitagenki had markedly heavier single grain weight than Kita-

aoba from 20 DAH to M in the upper parts of the PRB, and upper

and lower parts of the SRB (Figures 9B-D).

At M, filled spikelet number in Kitagenki was markedly lower

by 10.7% in the PRB upper parts and significantly higher by 25.9%
FIGURE 3

Leaf area index (LAI) measured at FH (A) and 20 DAH (B) and specific leaf N measured at FH (C) and 20 DAH (D). The data are averaged over 5 years
(2016–2020). Different lowercase letters among the three varieties at each leaf position indicate statistically significant differences (p < 0.05) based
on Tukey’s multiple comparison analysis following two-way analysis of variance (ANOVA); ns, not significant by two-way ANOVA. DAH, days after the
full-heading stage; FH, full-heading stage.
FIGURE 4

Leaf inclination angles from the horizon of the upper two leaves (1
and 2) of the rice plants were measured during the early grain-filling
stages. Data are averaged over 5 years (2016–2020). Horizontal bars
indicate the standard error. Different lowercase letters among the
three varieties at each leaf position indicate statistically significant
differences (p < 0.05) based on Tukey’s multiple comparison analysis
following two-way analysis of variance (ANOVA).
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in the SRB upper parts than that of Kita-aoba (Supplementary Table

S3). Similarly, filled grain weight of Kitagenki was substantially

lower by 8.4% in the PRB upper parts and markedly higher by

31.7% in the SRB upper parts than that of Kita-aoba

(Supplementary Table S3).
3.10 Relationship between traits

A significant and positive linear relationship was observed

between the leaf inclination angle of the upper two leaves and the

relative light interception rate at 60 and 35 cm (Figures 10A, B),

relative light interception rate at 60 cm, and CGR and NAR at 0–20

DAH (Figures 10C, D). A significant and positive linear relationship

was observed between: CGR at 0–20 DAH and filled grain weight

and filled spikelet number in the SRB upper and lower parts

(Figures 10E, F), filled grain weight and filled spikelet number in

the SRB upper and lower parts and gross hulled grain yield

(Figures 10G, H).

A significant negative linear relationship was observed between

the mean air temperature at 0–40 DAH and GY/R for Kitagenki and

Kita-aoba, and a flat but weak relationship for Nanatsuboshi

(Figure 11). However, GY/R was greater in Kitagenki than in

Kita-aoba and Nanatsuboshi under fluctuated air temperature

(approximately within 19–22°C) in the 8-year field experiments.

GR/R was the highest in Kitagenki, followed by Kita-aoba, and the

lowest in Nanatsuboshi at lower mean air temperature at

approximately 19°C, whereas it was higher in Kitagenki than in

Kita-aoba and Nanatsuboshi at higher mean air temperature of

approximately 22°C.

Additionally, a significant negative linear relationship was

noted between the mean air temperature at 0–40 DAH and the

filled-grain percentage/R for all three varieties (Supplementary

Figure S4). However, filled-grain percentage/R was greater in
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Kitagenki than in Kita-aoba under fluctuated air temperature

(approximately within 19–22°C) in the 8-year field experiments.
4 Discussion

Our findings support the hypothesis that superior canopy

architecture and carbon assimilation of the lower leaves improve

biomass productivity in Kitagenki. Regarding canopy

morphological and physiological traits, our results showed that

the superior canopy architecture of Kitagenki, characterized by

more erect and narrower upper leaves (Figure 4, Supplementary

Table S2), facilitated greater light transmission inside the canopy

than that of Kita-aoba (Figures 10A, B). The shorter culm length in

Kitagenki is a superior canopy structure that could mitigate lodging

(Supplementary Table S1). Therefore, Kitagenki demonstrated

greater light availability in the lower parts of the canopy than

Kita-aoba (Figure 5). This contributed to the increase in NAR and
FIGURE 5

Relative light interception rates among rice plant rows sampled
during the early grain-filling stage. The data are averaged over 3
years (2016–2018). Horizontal bars indicate standard errors.
Different lowercase letters among the three varieties at each height
indicate statistically significant differences (p < 0.05) based on
Tukey’s multiple comparison analysis following two-way analysis of
variance (ANOVA); ns, not significant by two-way ANOVA.
FIGURE 6

Leaf photosynthetic rate (A) and stomatal conductance (B) of rice
plants during the early grain-filling stage. The data are averaged over
2 years (2017–2018). Horizontal bars indicate standard errors.
Different lowercase letters among the three varieties at each leaf
position indicate statistically significant differences (p < 0.05) based
on Tukey’s multiple comparison analysis following two-way analysis
of variance (ANOVA); ns, not significant by two-way ANOVA.
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CGR during the early grain-filling stage (Figures 2A, C, 10C, D).

Our findings are consistent with those of previous studies on the

close relationship between leaf inclination angle and canopy light

distribution (Ouyang et al., 2021) and between relative light
Frontiers in Plant Science 10
intensity and NAR (Murata, 1975). NAR is influenced by the

canopy architecture and light interception characteristics and the

photosynthesis of each leaf in the canopy (San-oh et al., 2004). In

addition to superior canopy architecture and higher light
FIGURE 7
13C distribution at each position of the rice leaf blade sampled 1 h after 13C feeding in 2020. 13C was applied 12 days after the full heading stage
(DAH). Vertical bars indicate standard errors. † and ** in each part indicate statistically significant differences at p < 0.10 and p < 0.01, respectively; ns,
not significant by one-way analysis of variance (ANOVA).
FIGURE 8
13C distribution in each part of rice plants sampled 25 h after feeding in 2020. 13C was applied at 12 (A, B) and 27 DAH (C, D). Vertical bars indicate
standard errors. †, *, and ** in each part at each feeding time indicate significant differences at p < 0.10, p < 0.05, and p < 0.01, respectively; ns, not
significant by one-way analysis of variance (ANOVA). DAH, days after the full-heading stage; PRB, primary rachis branch; SRB, secondary rachis
branch.
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interception, Kitagenki demonstrated a higher photosynthetic

capacity for the third leaf than Kita-aoba (Figure 6A), which

contributed to its high NAR (Figure 2C). Additionally, the

findings of 13C assimilation by leaves (Figure 7) provided direct

evidence that higher carbon assimilation by lower leaves markedly

contributed to increased whole-canopy carbon assimilation in

Kitagenki. Our result of 13C assimilation by leaves is different

those reported by Saitoh et al. (2002) who reported that flag leaf

contributes more to canopy photosynthesis in indica-type HYV

Takanari than standard variety Nipponbare in warmer region in

Japan. One possible cause of the discrepancy is lower LAI observed

in the present study than those reported by Saitoh et al. (2002),

which may have allowed greater light transmission to the lower

parts of the canopy. Similar to our results, Cheng et al. (2024)

revealed that a high-yielding ideal plant type variety exhibited better

light interception within canopy and higher canopy photosynthesis

than conventional variety in the subtropical region of China.

However, the contribution of carbon assimilation of lower leaves

have not been quantitatively evaluated in cold region. Therefore,

our results provided the novel insight on the importance of lower

leaves for canopy photosynthesis in cold region.

Gu et al. (2017) reported that canopy light and N distribution

were closely associated with canopy photosynthesis. In the current

study, Kitagenki and Kita-aoba exhibited no considerable variations
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in specific leaf N at FH (Figure 3C), whereas light distribution was

better in Kitagenki than in Kita-aoba in the lower canopy layers

(Figure 5). Thus, better light distribution inside canopy and not leaf

N distribution is responsible for the high canopy photosynthesis in

Kitagenki during the early grain-filing stages. Leaf photosynthetic

potential is mostly explained by stomatal conductance and leaf N

content (Takai et al., 2010). At the single-leaf level, higher stomatal

conductance (Figure 6B), not leaf N content (Figure 3C) may

contribute to the high carbon assimilation (Figure 7) and

photosynthetic rate of Kitagenki (Figure 6A). Consequently,

Kitagenki showed stably high biomass productivity during the

early grain-fil ling stages by improving the NAR while

maintaining an LAI comparable to that of Kita-aoba (Figures 2A–

C, Supplementary Figure S5). Our results were generally in

accordance with that of Anzoua et al. (2010), who used rice

varieties released during 1905–1988. They stated that modern rice

varieties in the Hokkaido region have improved canopy structure

and light capture while having a high LAI compared with older

varieties, leading to yield improvement. However, our study used

more recent HYV with higher yield potentials (gross hulled grain

yield of 12 t ha−1 in Yagioka et al., 2022 versus 7.5 t ha−1 in Anzoua

et al., 2010). The yield potential (rough grain yield of 14.5 t ha−1 in

Yagioka et al., 2022) were also higher than that of Longdao-18

achieved in the northernmost limit of rice cultivation in
FIGURE 9

Single grain weight in the PRB upper parts (A), PRB lower parts (B), SRB upper parts (C), and SRB lower parts (D) sampled during the grain-filling
stage. The data were averaged over 2 years (2016–2017). Vertical bars indicate the standard error. Different lowercase letters among the three
varieties at each sampling time indicate statistically significant differences (p < 0.05) based on Tukey’s multiple comparison analysis following two-
way analysis of variance (ANOVA); ns, not significant by two-way ANOVA. DAH, days after the full-heading stage; PRB, primary rachis branch; SRB,
secondary rachis branch.
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FIGURE 10

Relationships between the leaf inclination angles of the upper two leaves and the relative light interception rate at 60 cm (A), leaf inclination angle of
the upper two leaves and relative light interception rate at 35 cm (B), relative light interception rate at 60 cm and CGR at 0–20 DAH (C), and relative
light interception rate at 60 cm and NAR at 0–20 DAH (D), CGR at 0–20 DAH and filled grain weight on SRB upper and lower parts (E), CGR at 0–
20 DAH and filled spikelet number on SRB upper and lower parts (F), filled grain weight on SRB upper and lower parts and gross hulled grain yield
(G), and filled spikelet number on SRB upper and lower parts and gross hulled grain yield (H). The leaf inclination angle was the average value of the
two uppermost leaves. The data of 3 years (2016–2018) were used for (A-D), whereas that of 5 years (2016–2020) were used for (E-H). *, **, and
*** indicates significant regression at p < 0.05, p < 0.01, and p < 0.001, respectively. CGR, crop growth rate; DAH, days after the full-heading stage;
NAR, net assimilation rate; PRB, primary rachis branch; SRB, secondary rachis branch.
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Heilongjiang province in China (13.4 t ha−1; Shahbaz Farooq et al.,

2021). Therefore, our study emphasizes the criticality of superior

canopy architecture and light interception with a high LAI for

breeding future HYV to break the yield ceiling in cold region.

An adequate carbohydrate supply during the early grain-filing

stages in Kitagenki (Figure 2A) led to a high grain-filing ability

(Supplementary Figure S3B) and a stably high yield (Figure 1)

compared to Kita-aoba. The 13C distribution results at 25 h after

feeding (Figure 8B) indicated that assimilated carbon during the

early grain-filling stages (12 DAH) was more preferentially

distributed into spikelets on SRB in Kitagenki than in Kita-aoba,

which helped in faster panicle growth (Figure 2D) and grain-filling

of the inferior spikelet from the early grain-filling to maturity stages

(Figure 9, Supplementary Table S3). The results of regression

analysis (Figures 10E–H) also supported this conclusion. Our

results were consistent with those of Shahbaz Farooq et al. (2021)

who reported the importance of grain-filling in inferior spikelet for

achieving high yield in cold environment in Heilongjiang province

in China. In contrast, the less assimilated carbon was distributed

into superior spikelets (PRB) in Kitagenki as compared with Kita-

aoba (Figure 8D, Supplementary Table S3). This suggests that

superior spikelets has completed the grain-filling at the earlier

growth stages in Kitagenki compared to Kita-aoba (Figure 9),

which were primarily caused by adequate carbohydrate supply

during the early grain-filling stages (Figure 2A, Supplementary

Figure S5).

The current study confirmed a consistently higher Kitagenki

yield than HYV: Kita-aoba and SYV: Nanatsuboshi in an 8-year

field experiment (Figure 1, Supplementary Table S1), which is

consistent with our previous findings from the first 5 years of

field experiments (2014–2018; Yagioka et al., 2021). The yield level

in the present study is lower than our previous study (Yagioka et al.,

2022), due to the lower N application rate in the present study (105

kgN ha−1; 105–225 kgN ha−1 in Yagioka et al., 2022). This indicates
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the potential of further increasing yield potential of Kitagenki by

optimizing crop management practices. The maximum grain yield

of Kitagenki in the present study (13.1 t ha−1, Supplementary Table

S1) is comparable with that of Longdao-18 cultivated in

Heilongjiang province in China (13.4 t ha−1; Shahbaz Farooq

et al., 2021). However, grain yield was stably higher in Kitagenki

(9.8–13.1 t ha−1, Supplementary Table S1) than Longdao-18 (7.4–

13.4 t ha−1; Shahbaz Farooq et al., 2021). In the present study,

adding an additional 3 years of field data enabled further analysis of

the grain yield response to different climatic conditions. The

analysis results (Figure 11) suggest that Kitagenki has superior

yield performance and adaptability to fluctuating air temperature

during the grain-filing stages compared to Kita-aoba and

Nanatsuboshi. Similar varietal variations between Kitagenki and

Kita-aoba were noted in the relationship between filled-grain

percentage/R and mean air temperature (Supplementary Figure

S4), suggesting that the higher grain-filling ability of Kitagenki

contributes to a higher yield stability than that of Kita-aoba. As

already discussed, stably superior biomass productivity of Kitagenki

during the early grain-filing stages (Supplementary Figure S5A),

also contributes to stabilize the grain yield by enhancing grain-

filling ability in inferior spikelet (Figures 10E–H). As a results,

Kitagenki showed higher yield performance under higher air

temperature during grain-filing stages than Kita-aoba (Figure 11).

Although this study did not elucidate the detailed mechanisms of

the adaptability, the higher stomatal conductance of Kitagenki

(Figure 6B) may possibly contribute to adaptation to higher air

temperatures by lowering the canopy temperature (Takai

et al., 2010).

Developing HYV with a large sink capacity is the most

important trait to achieve a high grain yield in the Hokkaido

region as breeding strategies for future HYV, whereas improving

grain-filling ability by source improvement is required to satisfy the

enlarged sink capacity (Hayashi et al., 2012; Yagioka et al., 2021).

Between two source components, DW during grain-filling stages is

quantitatively more important than NSC at FH in the Hokkaido

region (Kusutani, 1988; Yagioka et al., 2021) because NSC at FH

was smaller in colder than in warmer regions. The current study

further showed that high source ability during the early grain-filling

stage, supported by superior canopy architecture (e.g., more erect

and narrower upper leaves and shorter culm length), higher light

interception, and carbon assimilation of lower leaves, contributes to

the high grain-filling ability and stable high yield. Furthermore, the

high yield performance under fluctuating air temperatures during

the grain-filling stages is beneficial because increasing the air

temperature negatively influences rice grain yield (Song et al.,

2022). These superior traits of the recent HYV could be used as

indicators for breeding future HYV that can break the yield ceiling

in cold regions.

Our study had certain limitations. First, the sink strength was

not assessed. Given that sink strength is one of the limiting factors

for poor grain filling in HYV (Okamura et al., 2021) and super rice

(Fu et al., 2011), low sink strength might be another cause of the

lower grain-filling ability of Kita-aoba. Slower C translocation to the
FIGURE 11

Relationship between mean air temperature during 0–40 DAH and
grain yield per cumulative solar radiation at 0–40 DAH. * and ** at
each variety indicate significant regression at p < 0.05 and p < 0.01,
respectively; ns = not significant regression. DAH, days after the full-
heading stage; GY, grain yield; KA, Kita-aoba; KG, Kitagenki; NA,
Nanatsuboshi; R, cumulative solar radiation at 0–40 DAH.
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inferior spikelet (Figures 8, 9) suggests this possibility. Second, it is

unknown on the GY/R response of Kitagenki to mean air

temperature outside our experimental range (<19°C and/or

>22°C). Third, the detailed mechanisms of high radiation use

efficiency (e.g., GY/R) and/or higher adaptability to fluctuating air

temperatures in Kitagenki should be elucidated. Further emphasis

should be placed on the adaptability of future HYV to higher air

temperatures, considering that the global surface temperature is

predicted to continue to increase until at least the mid-century

(IPCC, 2021). Cross-locational analysis that compares HYV in the

Hokkaido region and warmer regions, such as the Honsyu region,

the main island of Japan, can further provide the key traits for

developing future HYV that have high yield stability under

increasing air temperatures.
5 Conclusion

The grain yield of Kitagenki was consistently higher than that of

Kita-aoba, owing to its higher percentage of filled grains. Kitagenki

had higher biomass productivity than Kita-aoba during the early

grain-filling stages (0–20 DAH) due to a higher NAR while

maintaining LAI. The superior canopy architecture (e.g., more

erect and narrower upper leaves and shorter culm length), higher

light interception inside the canopy, and higher photosynthetic

performance and carbon assimilation of the lower leaves of

Kitagenki contributed to its higher canopy productivity compared

with Kita-aoba. The elevated carbohydrate supply during the early

grain-filling stages in Kitagenki facilitated its faster translocation

into the inferior spikelet, resulting in a higher grain-filling ability

than that in Kita-aoba. This further contributed to the consistently

higher GY/R of Kitagenki under fluctuating air temperatures during

the grain-filling stages compared with Kita-aoba. These superior

canopy morphological and physiological traits could be used as

indicators for breeding future HYV that could break the yield

ceiling in cold regions.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

AY: Conceptualization, Formal analysis, Investigation,

Methodology, Project administration, Resources, Validation,

Writing – original draft, Writing – review & editing, Visualization.

SH: Conceptualization, Funding acquisition, Methodology,

Supervision, Writing – review & editing. KK: Investigation,

Writing – review & editing. MK: Conceptualization, Supervision,

Writing – review & editing.
Frontiers in Plant Science 14
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. The Project for Bio-

oriented Technology Research Advancement Institution, NARO

(“Special Scheme Project on Advanced Research and Development

for Next-Generation Technology”) supported this study.
Acknowledgments

We are grateful for the support of the staff of the Technical

Support Center of the Hokkaido Region, NARO. We thank the staff

of our laboratory for their technical assistance and the climate

group for supplying the dates of solar radiation and air

temperatures. Furthermore, we appreciate the valuable comments

and advice from Dr. Satoshi Kitaoka regarding data interpretation.

We would like to thank Editage (www.editage.jp) for English

language editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1710830/

full#supplementary-material
frontiersin.org

http://www.editage.jp
https://www.frontiersin.org/articles/10.3389/fpls.2025.1710830/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1710830/full#supplementary-material
https://doi.org/10.3389/fpls.2025.1710830
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yagioka et al. 10.3389/fpls.2025.1710830
References
Akita, S. (1989). “Improving yield potential in tropical rice,” in Progress in Irrigated
Rice Research: Selected Papers and Abstracts from the International Rice Research
Conference, Hangzhou, China. Manila, Philippines, 21–25 September 1987. 41–73
(Manila, PhilippinesInternational Rice Research Institute).

Anzoua, K. G., Junichi, K., Toshihiro, H., Kazuto, I., and Yutaka, J. (2010).
Genetic improvements for high yield and low soil nitrogen tolerance in rice (Oryza
sativa L.) under a cold environment. Field Crops Res. 116, 38–45. doi: 10.1016/
j.fcr.2009.11.006

Breda, N. J. J. (2003). Ground-based measurements of leaf area index: a review of
methods, instruments and current controversies. J. Exp. Bot. 54, 2403–2417.
doi: 10.1093/jxb/erg263

Cheng, Y., Xia, F., Huang, D., Yang, Y., Cheng, W., Jin, S., et al. (2024). High canopy
photosynthesis before anthesis explains the outstanding yield performance of rice
cultivars with ideal plant architecture. Field Crops Res. 306, 109223. doi: 10.1016/
j.fcr.2023.109223

Fu, J., Huang, Z., Wang, Z., Yang, J., and Zhang, J. (2011). Pre-anthesis non-
structural carbohydrate reserve in the stem enhances the sink strength of inferior
spikelets during grain filling of rice. Field Crops Res. 123, 170–182. doi: 10.1016/
j.fcr.2011.05.015

Fujino, K., Obara, M., and Ikegaya, T. (2019). Establishment of adaptability to the
northern-limit of rice production. Mol. Genet. Genomics 294, 729–737. doi: 10.1007/
s00438-019-01542-2

Fukushima, A., Shiratsuchi, H., Yamaguchi, H., and Fukuda, A. (2011). Effects of
nitrogen application and planting density on morphological traits, dry matter
production and yield of large grain type rice variety Bekoaoba and strategies for
super high-yielding rice in the Tohoku region of Japan. Plant Prod. Sci. 14, 56–63.
doi: 10.1626/pps.14.56

Goto, A., Sasahara, H., Shigemune, A., and Miura, K. (2009). Hokuriku 193: A new
high-yielding indica rice cultivar bred in Japan. Jpn. Agric. Res. Q. 43, 13–18.
doi: 10.6090/jarq.43.13

Gu, J., Chen, Y., Zhang, H., Li, Z., Zhou, Q., Yu, C., et al. (2017). Canopy light and
nitrogen distributions are related to grain yield and nitrogen use efficiency in rice. Field
Crops Res. 206, 74–85. doi: 10.1016/j.fcr.2017.02.021

Hayashi, S. (2015). Comparison of two high-yielding rice varieties, Kita-aoba and
Tachijobu, for Hokkaido, northern Japan, and effects of swine compost application on
the growth and grain yield of Tachijobu. Plant Prod. Sci. 18, 481–490. doi: 10.1626/
pps.18.481

Hayashi, S., Ohshita, Y., Kimiwada, K., Tsuji, H., Ushiki, J., Miyaura, S., et al. (2012).
Yielding performance of “Kita-aoba,” high-yielding rice variety for Hokkaido region,
northern Japan. Plant Prod. Sci. 15, 209–215. doi: 10.1626/pps.15.209

Ikegaya, T., Kaji, R., Umemoto, T., Shimizu, H., Matsuba, S., Yasuda, H., et al. (2017).
Breeding of a high-yielding rice cultivar “Kitagenki” for Hokkaido region. Hokuno 84,
164–167.

Imbe, T., Akama, Y., Nakane, A., Hata, T., Ise, K., Ando, I., et al. (2004).
Development of a multipurpose high-yielding rice variety “Takanari. Bull. Natl. Inst.
Crop Sci. 5, 35–51.

IPCC (2021). 2021: the physical science basis. Contribution of working group I to the
sixth assessment report of the Intergovernmental Panel on Climate Change. Climate
Change (Cambridge, United Kingdom: Cambridge University Press).

Jia, Y., Liu, H., Mei, Y., Wang, H., Zou, D., Wang, J., et al. (2023). Analysis of gaps
yield and resource use efficiency of cold-region Japonica rice. Int. J. Plant Product. 17,
17–33. doi: 10.1007/s42106-022-00225-0

Katsura, K., Maeda, S., Lubis, I., Horie, T., Cao, W., and Shiraiwa, T. (2008). The high
yield of irrigated rice in Yunnan, China: a cross-location analysis. Field Crops Res. 107,
1–11. doi: 10.1016/j.fcr.2007.12.007

Kawamura, K., Cho, M., and Takeda, H. (2005). The applicability of a color acetate
film for estimating photosynthetic photon flux density in a forest understory. J. For.
Res. 10, 247–249. doi: 10.1007/s10310-004-0141-8

Khush, G. S. (2005). What it will take to feed 5.0 billion rice consumers in 2030. Plant
Mol. Biol. 59, 1–6. doi: 10.1007/s11103-005-2159-5

Kobayashi, H., Chiba, M., and Nagata, K. (2014). Relationship between
nitrogen accumulation and spikelet number in high-yield rice cultivars under
the condition of high nitrogen application. Jpn. J. Crop Sci. 83, 374–379.
doi: 10.1626/jcs.83.374

Komatsu, Y., Kon, T., Matsuo, K., Katayama, N., and Kataoka, T. (1984). Varietal
Characters of high-yielding foreign rice (1–37 (in Japanese with English summary: Bol.
Shikoku Agric. Exp. Stn. 43).

Kusutani, A. (1988). Studies on ripening of rice varieties grown under low
temperature. III. Influence of dry matter production after heading stage on ripening.
Jpn. J. Crop Sci. 57, 298–304. doi: 10.1626/jcs.57.298
Frontiers in Plant Science 15
Mae, T., Inaba, A., Kaneta, Y., Masaki, S., Sasaki, M., Aizawa, M., et al. (2006). A
large-grain rice cultivar, Akita 63, exhibits high yields with high physiological N-use
efficiency. Field Crops Res. 97, 227–237. doi: 10.1016/j.fcr.2005.10.003

Ministry of Agriculture, Forestry and Fisheries (2025). About the situation on rice for
animal feed. Available online at: https://www.maff.go.jp/j/seisan/kokumotu/attach/pdf/
siryouqa-322.pdf (Accessed 21 September 2025).

Morita, S., and Nakano, H. (2011). Nonstructural carbohydrate content in the stem
at full heading contributes to high performance of ripening in heat-tolerant rice cultivar
Nikomaru. Crop Sci. 51, 818–828. doi: 10.2135/cropsci2010.06.0373

Murata, Y. (1975). The effect of solar radiation, temperature, and aging on net
assimilation rate of crop stands—from the analysis on “maximal growth rate
experiment” of IBP/ 1. The case of rice plants. Jpn. J. Crop Sci. 44, 153–159.
doi: 10.1626/jcs.44.160

Nagata, K., Ohsumi, A., Yoshinaga, S., and Nakano, H. (2016). Cultivar difference in
the yield response to climatic conditions after heading stage in high-yielding rice
cultivars. Jpn. J. Crop Sci. 85, 367–372. doi: 10.1626/jcs.85.367

Nagata, K., Yoshinaga, S., Takanashi, J., and Terao, T. (2001). Effects of dry matter
production, translocation of nonstructural carbohydrates and nitrogen application on
grain filling in rice cultivar Takanari, a cultivar bearing a large number of spikelets.
Plant Prod. Sci. 4, 173–183. doi: 10.1626/pps.4.173

Okamura, M., Arai-Sanoh, Y., Yoshida, H., Mukouyama, T., Adachi, S., Yabe, S., et al.
(2018). Characterization of high-yielding rice cultivars with different grain-filling
properties to clarify limiting factors for improving grain yield. Field Crops Res. 219,
139–147. doi: 10.1016/j.fcr.2018.01.035

Okamura, M., Hirai, M. Y., Sawada, Y., Okamoto, M., Oikawa, A., Sasaki, R., et al.
(2021). Analysis of carbon flow at the metabolite level reveals that starch synthesis from
hexose is a limiting factor in a high-yielding rice cultivar. J. Exp. Bot. 72, 2570–2583.
doi: 10.1093/jxb/erab016

Okamura, M., Hosoi, J., Nagata, K., Koba, K., Sugiura, D., Arai-Sanoh, Y., et al.
(2022). Cross-locational experiments to reveal yield potential and yield-determining
factors of the rice cultivar “Hokuriku 193” and climatic factors to achieve high brown
rice yield over 1.2 kg m–2 at Nagano in central inland of Japan. Plant Prod. Sci. 25, 131–
147. doi: 10.1080/1343943X.2021.1981140

Ouyang, W., Yin, X., Yang, J., and Struik, P. C. (2021). Roles of canopy architecture
and nitrogen distribution in the better performance of an aerobic than a lowland rice
cultivar under water deficit. Field Crops Res. 271, 108257. doi: 10.1016/j.fcr.2021.108257

Saitoh, K., Yonetani, K., Murota, T., and Kuroda, T. (2002). Effects of flag leaves and
panicles on light interception and canopy photosynthesis in high-yielding rice cultivars.
Plant Prod. Sci. 5, 275–280. doi: 10.1626/pps.5.275

San-oh, Y., Mano, Y., Ookawa, T., and Hirasawa, T. (2004). Comparison of dry
matter production and associated characteristics between direct-sown and transplanted
rice plants in a submerged paddy field and relationships to planting patterns. Field
Crops Res. 87, 43–58. doi: 10.1016/j.fcr.2003.09.004

Sasaki, H., Aoki, N., Sakai, H., Hara, T., Uehara, N., Ishimaru, K., et al. (2005). Effect
of CO2 enrichment on the translocation and partitioning of carbon at the early grain-
filling stage in rice (Oryza sativa L.). Plant Prod. Sci. 8, 8–15. doi: 10.1626/pps.8.8

Shahbaz Farooq, M. S., Gyilbag, A., Virk, A. L., and Xu, Y. (2021). Adaptability
mechanisms of japonica rice based on the comparative temperature conditions of
Harbin and Qiqihar, Heilongjiang province of Northeast China. Agronomy 11, 2367.
doi: 10.3390/agronomy11112367

Song, Y., Wang, C., Linderholm, H. W., Fu, Y., Cai, W., Xu, J., et al. (2022). The
negative impact of increasing temperatures on rice yields in southern China. Sci. Total.
Environ. 820, 153262. doi: 10.1016/j.scitotenv.2022.153262

Takai, T., Matsuura, S., Nishio, T., Ohsumi, A., Shiraiwa, T., and Horie, T. (2006).
Rice yield potential is closely related to crop growth rate during late reproductive
period. Field Crops Res. 96, 328–335. doi: 10.1016/j.fcr.2005.08.001

Takai, T., Yano, M., and Yamamoto, T. (2010). Canopy temperature on clear and
cloudy days can be used to estimate varietal differences in stomatal conductance in rice.
Field Crops Res. 115, 165–170. doi: 10.1016/j.fcr.2009.10.019

Taylaran, R. D., Ozawa, S., Miyamoto, N., Ookawa, T., Motobayashi, T., and
Hirasawa, T. (2009). Performance of a high-yielding modern rice cultivar Takanari
and several old and new cultivars grown with and without chemical fertilizer in a
submergedpaddy field. Plant Prod. Sci. 12, 365–380. doi: 10.1626/pps.12.365

Wang, X., Li, T., Yang, X., Zhang, T., Liu, Z., Guo, E., et al. (2018). Rice yield
potential, gaps and constraints during the past three decades in a climate-changing
Northeast China. Agric. For . Meteorol . 259, 173–183. doi : 10.1016/
j.agrformet.2018.04.023

Wang, R., Li, K., Zhang, W., Liu, H., Tao, Y., Liu, Y., et al. (2024). QTL-seq analysis
identified the genomic regions of plant height and days to heading in high-latitude rice.
Front. Genet. 15. doi: 10.3389/fgene.2024.1305681
frontiersin.org

https://doi.org/10.1016/j.fcr.2009.11.006
https://doi.org/10.1016/j.fcr.2009.11.006
https://doi.org/10.1093/jxb/erg263
https://doi.org/10.1016/j.fcr.2023.109223
https://doi.org/10.1016/j.fcr.2023.109223
https://doi.org/10.1016/j.fcr.2011.05.015
https://doi.org/10.1016/j.fcr.2011.05.015
https://doi.org/10.1007/s00438-019-01542-2
https://doi.org/10.1007/s00438-019-01542-2
https://doi.org/10.1626/pps.14.56
https://doi.org/10.6090/jarq.43.13
https://doi.org/10.1016/j.fcr.2017.02.021
https://doi.org/10.1626/pps.18.481
https://doi.org/10.1626/pps.18.481
https://doi.org/10.1626/pps.15.209
https://doi.org/10.1007/s42106-022-00225-0
https://doi.org/10.1016/j.fcr.2007.12.007
https://doi.org/10.1007/s10310-004-0141-8
https://doi.org/10.1007/s11103-005-2159-5
https://doi.org/10.1626/jcs.83.374
https://doi.org/10.1626/jcs.57.298
https://doi.org/10.1016/j.fcr.2005.10.003
https://www.maff.go.jp/j/seisan/kokumotu/attach/pdf/siryouqa-322.pdf
https://www.maff.go.jp/j/seisan/kokumotu/attach/pdf/siryouqa-322.pdf
https://doi.org/10.2135/cropsci2010.06.0373
https://doi.org/10.1626/jcs.44.160
https://doi.org/10.1626/jcs.85.367
https://doi.org/10.1626/pps.4.173
https://doi.org/10.1016/j.fcr.2018.01.035
https://doi.org/10.1093/jxb/erab016
https://doi.org/10.1080/1343943X.2021.1981140
https://doi.org/10.1016/j.fcr.2021.108257
https://doi.org/10.1626/pps.5.275
https://doi.org/10.1016/j.fcr.2003.09.004
https://doi.org/10.1626/pps.8.8
https://doi.org/10.3390/agronomy11112367
https://doi.org/10.1016/j.scitotenv.2022.153262
https://doi.org/10.1016/j.fcr.2005.08.001
https://doi.org/10.1016/j.fcr.2009.10.019
https://doi.org/10.1626/pps.12.365
https://doi.org/10.1016/j.agrformet.2018.04.023
https://doi.org/10.1016/j.agrformet.2018.04.023
https://doi.org/10.3389/fgene.2024.1305681
https://doi.org/10.3389/fpls.2025.1710830
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yagioka et al. 10.3389/fpls.2025.1710830
Yagioka, A., Hayashi, S., Kimiwada, K., and Kondo, M. (2021). Sink production and
grain-filling ability of a new high-yielding rice variety, Kitagenki. Field Crops Res. 260,
107991. doi: 10.1016/j.fcr.2020.107991

Yagioka, A., Hayashi, S., Kimiwada, K., and Kondo, M. (2022). Kitagenki, a high-
yielding rice variety, exhibits a high yield potential under optimum crop management
practices. Eur. J. Agron. 140, 126606. doi: 10.1016/j.eja.2022.126606

Yoshinaga, S., Takai, T., Arai-Sanoh, Y., Ishimaru, T., and Kondo, M. (2013). Varietal
differences in sink production and grain-filling ability in recently developed high-
Frontiers in Plant Science 16
yielding rice (Oryza sativa L.) varieties in Japan. Field Crops Res. 150, 74–82.
doi: 10.1016/j.fcr.2013.06.004

Zhang, Q., Han, Y., Qi, M., Jin, H., Nie, X., Yu, G., et al. (2025). Optimizing irrigation
and nitrogen rate can enhance the grain yield in both main and ratoon rice crop. Front.
Plant Sci. 16. doi: 10.3389/fpls.2025.1646424

Zhu, K., Zhou, Q., Shen, Y., Yan, J., Xu, Y., Wang, Z., et al. (2020). Agronomic and
physiological performance of an indica–japonica rice variety with a high yield and high
nitrogen use efficiency. Crop Sci. 60, 1556–1568. doi: 10.1002/csc2.20150
frontiersin.org

https://doi.org/10.1016/j.fcr.2020.107991
https://doi.org/10.1016/j.eja.2022.126606
https://doi.org/10.1016/j.fcr.2013.06.004
https://doi.org/10.3389/fpls.2025.1646424
https://doi.org/10.1002/csc2.20150
https://doi.org/10.3389/fpls.2025.1710830
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Elucidation of morphological and physiological traits contributing to high biomass productivity and consistently high yield in the high-yielding rice variety Kitagenki
	1 Introduction
	2 Material and methods
	2.1 Site description and experimental design
	2.2 Measurement of climate conditions
	2.3 Measurement of lodging score and culm length
	2.4 Measurement of grain yield, sink capacity, and filled-grain percentage
	2.5 Measurement of shoot dry matter, panicle dry matter, LAI, and specific leaf N in rice plant
	2.6 Measurement of leaf inclination angle, leaf blade length, and leaf blade width
	2.7 Measurement of relative light interception rate
	2.8 Measurement of leaf photosynthetic rate and stomatal conductance
	2.9 13C tracer experiment
	2.10 Grain-filling of the spikelet on various positions in the panicle
	2.11 Statistical analysis

	3 Results
	3.1 Mean solar radiation and air temperature
	3.2 Growth durations, lodging score, and culm length
	3.3 Grain yield, sink capacity, and filled-grain percentage
	3.4 CGR, mean-LAI, NAR, panicle growth rate, LAI, and specific leaf N
	3.5 Leaf inclination angle, leaf blade length, and leaf blade width
	3.6 Relative light interception rate
	3.7 Leaf photosynthetic rate and stomatal conductance
	3.8 13C distribution
	3.9 Grain-filling of the spikelet on various positions in the panicle
	3.10 Relationship between traits

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


