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A B S T R A C T

Breeding green varieties that have high yield potential and require less resource input is the ideal way to cope
with the challenges that human is facing with respect to food security and environmental pollution. However,
few studies have focused on how high yield and high resource use efficiency is coordinated in rice (Oryza sativa
L.). Here three varieties with different sink size, namely Yongyou4949 (YY4949) with large sink size,
Yangliangyou6 (YLY6) with medium sink size, and Huanghuazhan (HHZ) with small sink size, were used in field
and pot experiments in 2015–2017. The objective was to examine how enlarged sink size coordinate high yield
and high nitrogen (N) use efficiency (NUE). It was found that YY4949 produced a grain yield of 9.60-11.79 t
ha−1 in 2015–2017, which was higher than that of YLY6 by 0.3-1.75 t ha−1, and that of HHZ by 1.3-2.18 t ha−1.
N use efficiency for grain production (NUEg) of YY4949 reached 47.7-58.3 kg kg−1 depending on the weather
condition, which was 5.3–12.8% higher than that of YLY6 and 15.8–20.7% higher than that of HHZ. The con-
comitantly higher grain yield and NUEg of YY4949 were due to: (1) higher efficiency of spikelet production in
respect of dry matter, N, accumulated temperature and radiation; (2) higher biomass production and N accu-
mulation after flowering; (3) higher RUE after flowering due to the better canopy structure. In conclusion, rice
breeding in the future should continue to enlarge the sink size especially through the improvement in production
efficiency of sink size, while simultaneously increase the post-heading biomass production capacity.

1. Introduction

At its current rate of growth, the global population is set to reach
˜10 billion people by 2050 (UN, 2017). Increasing crop production to
maintain food security while reducing agriculture’s environmental im-
pacts is the dual challenges that human is facing in the future (Cassman,
2003; Cui et al., 2018). Moreover, this objective has to be realized
under the condition of changing climate (Peng et al., 2004). Hence the
traditional goal of pursuing super-high yield has been replaced by
achieving high yield, high quality, high efficiency, environment-
friendly, and food safety simultaneously at the beginning of 21st cen-
tury (Cassman, 2003; Zhang, 2007).

Rice is one of the staple food crops in the world, providing the diets
and livelihoods of over 3.5 billion people (Godfray et al., 2010). Until
recently, increasing yield potential has been the major goal in China’s
rice breeding programs due to the huge population pressure (Ling,
2008). In the last half of century, rice yield potential has been improved

substantially in China due to the introduction of semi-dwarfism and the
utilization of heterosis (Yuan, 1994; Khush, 2001). Together with the
application of improved agronomic practices, the average rice grain
yield in China increased from 2.08 t ha−1 in 1961 to 6.75 t ha−1 in
2013 (Wang and Peng, 2017). Nevertheless, this led to severe en-
vironmental problems, such as widespread soil acidification (Guo et al.,
2010), devastating water pollution (Diaz and Rosenberg, 2008), and
excessive greenhouse gas emissions (Zhang et al., 2016). Since 2013,
China government started to transform the way of agriculture produc-
tion through a series of polices, for example in 2017, the Ministry of
Agriculture in China implemented Green Varieties, a new varietal
evaluation and certification system for the release of major crop vari-
eties that require less fertilizer, pesticide or water (Wing et al., 2018).
This will definitely promote the transformation of China’s rice breeding
from super-high yield potential to coordination of high yield potential
and high resource use efficiency.

Agronomic traits that facilitate the simultaneous increase of grain
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yield and resource use efficiency could be used as selection criterion,
and will greatly enhance the efficiency of rice breeding. The agronomic
and physiological mechanisms underlying genetic improvement in rice
yield potential have been extensively investigated (Peng et al., 2000;
Tabien et al., 2008; Breseghello et al., 2011; Zhu et al., 2016). With the
progress of genetic improvement, one notable alteration in plant type of
the high-yielding rice varieties is the enlarged panicles (Yamamoto
et al., 2001). Breeding large-panicle varieties by increasing the number
of spikelets per panicle and grain size has been an effective approach to
improve grain yield (Zhang et al., 2013). Sink size is the product of
number of spikelets per panicle and grain weight. Significantly higher
yield potential was also observed in the varieties with large sink size in
comparison to conventional varieties (Laza et al., 2004; Jiang et al.,
2014). Over-application of nitrogen (N) fertilizer and low N use effi-
ciency (NUE) in China’s rice production has been widely reported (Peng
et al., 2002, 2006). This is partly due to that modern high-yielding rice
varieties have larger response of grain yield to N input (Zhang and
Kokubun, 2004; Tabien et al., 2008), and therefore led to a mis-
understanding that super hybrid rice per se is responsible for the low
NUE in rice production in China (Wang and Peng, 2017). Recent studies
have demonstrated that genetic improvement in rice also significantly
increased NUE (Zhu et al., 2016; Huang et al., 2018). Wada and Wada
(1991) studied the relationship between leaf senescence and sink size
using rice varieties with different sink size, and found that sink size
affected the amount of N remobilized from leaves to panicles. Shan
et al. (2004) investigate N uptake and utilization characteristics of rice
varieties with different sink size under hydroponic condition, and the

result showed that sink size had significant influence on N uptake and
utilization efficiency of rice. Therefore, it is reasonable to hypothesis
that large sink size could simultaneously increase grain yield and NUE.
However, how breeding for large sink size coordinates high yield po-
tential and high NUE especially under low N input condition is still
obscure.

The japonica/indica hybrid rice with strong heterosis had sig-
nificantly higher yield potential over hybrid indica rice (Yuan, 1994;
Peng et al., 1999), but often failed to achieve the expected yield in
production because of the poor grain filling (Yang et al., 2002). How-
ever, a series of japonica/indica hybrid varieties designated as “Yon-
gyou” produced 8–10% higher grain yield than the high-yielding inbred
japonica and hybrid indica varieties (Jiang et al., 2015b; Wei et al.,
2016a). High yield of Yongyou varieties was mainly attributed to larger
sink size resulted from more spikelets per panicle (Wei et al., 2016a)
and high grain filling percentage of more than 80% (Meng et al., 2015).
For example, Yongyou1540 and Yongyou4540 had approximately 350
spikelets per panicle and a grain filling percentage of nearly 90% at an
N rate of 270 kg ha−1 (Meng et al., 2016).

In the present study, comparison in grain yield and NUE among
three varieties (Yongyou4949, Yangliangyou6, and Huanghuazhan)
with different sink size was performed under reduced N fertilizer input
condition in the Middle Reaches of the Yangtze River of China in
2015–2017. The objectives were to: 1) determine the advantage in
grain yield and NUE of large sink size variety under reduced N fertilizer
input condition, and 2) explore the mechanisms underlying the co-
ordination of high grain yield and high NUE by large sink size.

Fig. 1. Daily minimum temperature and max-
imum temperature (a, c and e), solar radiation
and rainfall (b, d and f) during rice growing
season from transplanting to maturity at
Wuxue County, Hubei Province, China in 2015
(a and b), 2016 (c and d) and 2017 (e and f).
Horizontal lines in Fig. 1a, c, and e denote
growth duration (from transplanting to ma-
turity) of three rice varieties, and arrows in
Fig. 1a, c represent heading and maturity, and
arrows in Fig. 1e represent panicle initiation,
heading and maturity, respectively. The blue,
black and yellow color represent YY4949,
YLY6 and HHZ, respectively. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).
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2. Materials and methods

2.1. Plant materials

Three rice varieties, namely Yongyou4949 (YY4949),
Yangliangyou6 (YLY6) and Huanghuazhan (HHZ) were used in present
study. YY4949 is an indica-japonica hybrid variety developed by the
Ningbo seed company with Yonggeng49 A as the female parent and
F9249 as the male parent using the three-line method.
YY4949exhibited high yield potential due to its large sink size in the
Middle Reaches of Yangtze River (Tang et al., 2016). YLY6 and HHZ are
the representative varieties of super hybrid and inbred indica rice, re-
spectively, and they are widely grown by farmers in the Lower and
Middle Reaches of Yangtze River. YLY6 and HHZ produced around 160
and 120 spikelets per panicle, and the sink size were 1137 and 1056 g
m−2 in regional rice trials in Hubei Province, and were released in
Hubei Province in 2005 and 2007, respectively. In this study, YY4949
was used as a large sink size variety, and YLY6 and HHZ were medium
and small sink size varieties, respectively.

2.1.1. Experiment site and design
Field experiments were conducted at Zhangbang Village (29°51′ N

115°33′ E), Wuxue County, Hubei Province, China, from 2015 to 2017.
Wuxue County is located in the Middle Reaches of the Yangtze River.
The soil in the experimental field was clay loam with the following
properties: pH of 5.20, soil organic matter of 26.69 g kg−1, total N of
1.19 g kg−1, available P of 22.56mg kg−1, and available K of
159.2 mg kg−1. Meteorological data, including daily minimum tem-
perature, daily maximum temperature, daily solar radiation, and daily
rain precipitation during the rice growing seasons were collected from
the weather station located within 2 km of the experimental site in
2015–2017. Detailed information about climate data are shown in
Fig. 1.

Three rice varieties were arranged in a complete randomized block
design with three replications. Each plot covered 30m2 (5m×6m),
and plots were separated by a ridge 0.3m wide with plastic film in-
serted into the soil to ensure the non-exchanging irrigation. Pre-ger-
minated seeds were sown in seedbeds, after which 30 days old seedlings
were transplanted on 19 June 2015, 22 June 2016 and 17 June 2017.
Transplanting was performed at a hill spacing of 16.7 cm×26.7 cm
with two seedlings per hill in three experiment years. The rate of N
application was 100 kg N ha−1 in this study. The N fertilizer rate for
single season rice in local farmers’ practice is 180–200 kg N ha−1,
which was similar to the national average value (Peng et al., 2002;
Huang et al., 2018). In our previous study, reducing N input by 50%
(90 kg N ha−1) compared with the farmers’ practice resulted in max-
imum yield reduction of 12.8% in local area (Yuan et al., 2017). Thus,
100 kg N ha−1 was used as low N input condition in the study. For N
fertilizer, urea was spit-applied with 40% as basal (1 day before
transplanting), 30% at early tillering (7 days after transplanting) and
30% at panicle initiation. Phosphorus at a rate of 40 kg P ha−1 as
monocalcium phosphate was applied as a basal fertilizer, and K as
potassium oxide at 100 kg K ha−1 was split equally between the basal
and panicle initiation. Fertilizer management practices remained con-
sistent from 2015 to 2017. The experiment fields were kept flooded
from transplanting until 10 days before maturity. Insects, weeds and
diseases were intensively controlled by chemicals to avoid biomass and
yield loss.

2.2. Sampling and measurements

At heading stage (HD) in 2015 and 2016, and at the panicle in-
itiation (PI), 14 days after PI (PI14), HD, 14 days after HD (HD14) in
2017, 12 hills of plants from each plot were sampled. After recording
tiller number and plant height, plants were separated into leaves, stems,
and panicles (when present). The area of green leaf was measured using

a leaf area meter (LI-3100, LI-COR, Lincoln, NE, USA), and expressed as
leaf area index (LAI, surface area of leaves per unit ground). Leaf area
duration (LAD) [1/2 × (leaf area at the first measurement+ leaf area
at the second measurement) × (the second time (d) of the measure-
ment-the first time (d) of the measurement)] was calculated based on
LAI and growth stages in 2017. Spikelets to leaf-area ratio at HD from
2015 to 2017 was calculated using the formula (Spikelets to leaf-area
ratio= spikelets m−2 at PM / LAI at HD. After then, the dry weights of
leaves, stems and panicles were measured after being oven-dried to a
constant weight at 70 °C. The aboveground dry weight was the sum-
mation of dry weights from different plant parts.

In 2017, the main stem was marked in early tillering stage. At HD,
additional six panicles from main stems were sampled when exertion of
1/2–3/4 portion of the panicles from the leaf sheath in each plot. All
panicles were used to count the number of primary branches, secondary
branches, differentiated and degenerated spikelets per panicle.
Spikelets per unit of dry matter (SD) and N accumulation (SN) were
calculated based on spikelets m−2 at PM and dry weight, N accumu-
lation at PI14. Spikelets per unit of accumulation temperature (ST) and
solar radiation (SR) were calculated based spikelets m−2 at PM and
accumulation temperature, accumulation solar radiation from PI to HD.

Canopy light interception was measured between 1100 and 1300 h
on clear-sky days at mid-tillering, PI, PI14, HD, HD14 and maturity (PM)
using a line ceptometer (AccuPAR LP-80, Decagon Devices Inc.,
Pullman, WA, USA) in 2017. In each plot, light intensity inside the
canopy was measured by placing the light bar in the middle of two rows
and slightly above the water surface. And then light intensity was
measured above the canopy. Three readings were taken in the vertical
direction and another three in the horizontal direction, and in total, six
measurements were performed in each plot. Canopy light interception
(LI%) was calculated as the percentage of light intercepted by the ca-
nopy [100 × (light intensity above canopy - light intensity below ca-
nopy)/ light intensity above canopy]. Intercepted radiation during each
growth period was calculated using the average LI% and cumulative
incident solar radiation during this growth period [1/2 × (LI% at the
beginning of the growth period+ LI% at the end of the growth period)
× cumulative incident radiation during the growth period]. Intercepted
radiation from transplanting to HD and from HD to PM were the
summation of intercepted radiation during each growth period.
Radiation use efficiency (RUE) from transplanting to HD, HD to HD14,
HD14 to PM and HD to PM were calculated as the ratio of biomass to
intercepted radiation during their corresponding periods. Solar radia-
tion was from meteorological data.

In addition, the canopy was separated into horizontal layers to
analyze light and N vertical distribution at HD in 2017. The canopy
within 2 hills adjacent plants was cut from the base of the plants to the
top at 20 cm layer thickness. The leaf area of each layer was determined
and LAI was calculated. The leaf sample of each layer was dried and
weighed. After then, dry leaf sample of each layer was ground to de-
termine the leaf N concentration using an Elemental Analyzer. The
specific leaf N (SLN) of each layer was calculated based on leaf N
content and leaf area in each layer. At the same day, the canopy light
distribution of each layer was measured, and measurements were taken
diagonally across the rows and above the canopy. The relationship
between canopy light distribution and canopy structure could be de-
scribed by the formula I= Io exp(-KLF) (Gallagher and Biscoe, 1978),
where F is the cumulative LAI from the canopy top, I and Io are light
intensity on a horizontal level at F and the canopy top, respectively, KL

is the light extinction coefficient. The gradient of N within the canopy
could be described by an exponential function as SLNi = (No−Nb) exp
(−KNF) + Nb (Anten et al., 1995), where SLNi is the SLN (g m−2) of the
i-th layer of the canopy, No is SLN of the top leaves, Nb is the base value
of SLN for photosynthesis and its value was 0.3 g m−2 (Yin and van
Laar, 2005), KN is the extinction coefficient for effective leaf N. A
smaller KL and higher KN indicates light and N distribution within the
canopy is more appropriate.
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The grain yield was determined from a 5m2 sampling area in the
center of each plot and adjusted to 14% moisture content at PM in
2015, 2016 and 2017. In addition, plants of 12 hills from each plot were
sampled to determine the aboveground dry weight, harvest index (HI)
and yield components. After the panicle number was counted, plants
were separated into leaves, stems, and panicles. The area of green leaf
blade was determined at PM to calculate LAI and rate of LAI decrease
[(LAI at HD-LAI at PM)/growth duration from HD to PM] in 2017.
Panicles were hand-threshed and the filled spikelets were separated
from unfilled spikelets by submerging them in tap water. Then empty
spikelets were separated from half-filled spikelets by seed wind ma-
chine (FJ-1, China). Three 30 g subsamples of filled spikelets, total half-
filled spikelets and three 2.0 g subsamples of empty spikelets were
taken to quantify the number of spikelets per m2. The dry weights of
leaves, stems, rachis, filled and unfilled spikelets were determined after
oven-drying to a constant weight. The aboveground total dry weight
was calculated as the summation of dry weight of leaves, stems, rachis,
filled, half-filled and empty spikelets. Panicles m−2, spikelets per pa-
nicle, total spikelets m−2, 1000-grain weight, grain-filling percentage
[100×filled spikelet number/total spikelet number], and HI
[100×filled spikelet weight/aboveground total dry weight] were also
calculated.

Dry samples from HD (leaf, stem, and panicle) and PM (leaf, stem,
filled grains, and half-filled grains+ empty grains+ panicle rachis) in
2015–2017, and from PI14 (leaf, stem) and HD14 (leaf, stem, and pa-
nicle) in 2017 were ground to determine the plant tissue N con-
centration using an Elemental Analyzer (Elementar vario MAX CNS/
CN, Elementar Trading Co., Ltd, Germany). The plant N contents at HD
(TNHD) and PM (TNPM) were calculated as the product of N con-
centration and dry weight of each aboveground part. The specific leaf N
(SLN) at PI14, HD, HD14 and PM were calculated in 2017 as leaf N
content per unit leaf area. The NUE-related parameters were calculated
as follows:

N utilization efficiency for grain production (NUEg, kg kg−1)=GY/
TNPM N utilization efficiency for biomass production (NUEb, kg
kg−1)= TDW/TNPM N harvest index (HI)=GN/TNPM

Partial factor productivity of fertilize N (PFPN, kg kg−1)=GY/N Where
GY is the grain yield, GN is the grain N content, TDW is the above-
ground biomass at maturity, TNPM is the total N uptake in the plant at
maturity, N is the rate of N fertilizer applied.

2.2.1. Statistical analysis
Analysis of variance was performed with Statistix 9.0 using the least

significant difference (LSD) test at 0.05 probability level. All figures
were constructed using SigmaPlot 12.5.

3. Results

3.1. Whether condition

The average daily maximum temperature and minimum tempera-
ture from transplanting to mature were 29.8 and 21.4 °C (Fig. 1a) in
2015, 31.0 and 22.9 °C (Fig. 1c) in 2016, and 30.3 and 23.3 °C (Fig. 1e)
in 2017. The average daily solar radiation and total rainfall during the
rice growing season were 13.7, 14.2 and 14.9MJm−2 d-1, and 337.6,
520.9 and 526.0 mm (Fig. 1b, d, f) in 2015, 2016 and 2017, respec-
tively. In general, 2016 and 2017 had higher temperature, solar ra-
diation, and total rainfall than 2015 during the growing season. The
average daily maximum temperature and minimum temperature in
2016 was 0.7 °C higher and 0.4 °C lower than that in 2017. YY4949,
YLY6 and HHZ didn’t encounter high temperature stress at HD in 2015
and 2017, but in 2016, YY4949 and HHZ suffered several hot days with
the maximum temperature above 35 °C.

3.2. Grain yield, yield components and harvest index (HI)

There were significant differences in grain yield, yield components
and HI among varieties in each year (Table 1). The grain yield of
YY4949 was 11.79, 9.69, and 9.60 t ha−1 in 2015–2017, which was
higher than that of YLY6 by 0.3-1.75 t ha-1, and that of HHZ by 1.3-
2.18 t ha-1. In terms of yield components, HHZ produced significantly
higher panicles m-2 than the other two varieties, but YY4949 had higher
number of spikelets panicle-1 than YLY6 and HHZ by 64.7% and 60.1%
respectively averaged across 2015–2017. The product of panicles m-2

and spikelets panicle-1 was that YY4949 had higher spikelets m-2 than
YLY6 and HHZ in all three years. YY4949 had relative high grain filling
percentage in 2015 and 2016, whereas differences among the three
varieties were not consistent between the two years. The grain weight
of YY4949 was consistently higher than HHZ, and significantly lower
than YLY6 in 2015–2017. Sink size is the product of spikelets m-2 and
grain weight, which was 10.4% and 22.2% higher in YY4949 compared
with YLY6 and HHZ respectively averaged across 2015–2017. The HI of
YY4949 was 61.5%, 55.7%, and 51.1% in 2015–2017, which was
averagely 13.3% and 16.9% higher than that of YLY6 and HHZ

Table 1
Grain yield, yield components and harvest index (HI) for YY4949, YLY6 and HHZ at Wuxue County, Hubei Province, China in 2015, 2016 and 2017.

Variety Yield
(t ha−1)

Panicles m−2 Spikelets
panicle−1

Spikelets
m−2 (×103)

Grain filling percentage
(%)

Grain weight (mg) Sink size
(g m−2)

HI
(%)

2015
YY4949 11.79 a 206 b 279 a 57.3 a 94.0 a 21.5 b 1231 a 61.5 a
YLY6 10.04 b 208 b 170 b 35.3 c 90.4 b 28.5 a 1006 b 49.4 b
HHZ 9.61 b 276 a 159 b 43.7 b 93.3 ab 21.3 b 931 b 51.5 b

2016
YY4949 9.69 a 191 b 278 a 53.1 a 87.9 a 20.0 b 1062 a 55.7 a
YLY6 8.72 b 211 b 181 b 38.0 b 84.2 ab 28.0 a 1064 a 49.5 b
HHZ 8.07 c 272 a 184 b 49.9 a 77.5 b 17.8 c 888 b 46.4 c

2017
YY4949 9.60 a 188 b 309 a 57.7 a 79.5 b 19.4 b 1120 a 51.1 a
YLY6 9.30 a 218 b 179 b 39.0 b 89.3 a 26.3 a 1026 ab 49.6 ab
HHZ 8.30 b 284 a 198 b 56.1 a 78.2 b 17.4 c 976 b 46.0 b

ANOVA
Year (Y) *** ns * ** *** *** * ***
Variety (V) *** *** *** *** ns *** *** ***
Y*V ns ns ns * ** *** * ***

Within a column in each year, different letters indicate significant differences among different rice varieties by LSD (p < 0.05). ns represent no significance at the
P < 0.05 level. *, **, *** indicate significance at the P < 0.05, 0.01, 0.001 levels, respectively. ANOVA-analysis of variance.
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respectively in the three years (Table 1).

3.3. Plant N uptake and utilization

YY4949 had consistently low plant N accumulation before heading,
and relative high plant N uptake at the grain filling period in
2015–2017 (Table 2). There was no significant difference in total N
uptake at PM among the three varieties across the three years. NUEg
was 5.3–12.8% higher in YY4949 than that of YLY6, but the difference
was statistically significant only in 2015. Compared to HHZ, YY4949
had 15.8–20.7% higher NUEg across the three years. NHI and PFPN
were highest in YY4949, followed by YLY6, while HHZ had the lowest
across the three years. NUEb of YLY6 was the highest, followed by
YY4949, and HHZ was the lowest in each year (Table 2).

3.4. Spikelet differentiation and degeneration

YY4949 had substantially higher primary and secondary branch
number than YLY6 and HHZ in 2017. The number of differentiated
spikelets and surviving spikelets per panicle were also significantly
higher in YY4949 than in YLY6 and HHZ (Table 3). Despite the lower
total dry weight of YY4949 relative to YLY6 at late spikelet differ-
entiation stage (PI14) (Table 4), the increased dry weight per stem
during the period from PI to PI14 was 18.7% and 45.9% higher in
YY4949 than that in YLY6 and HHZ (Fig. 2a), and the increased amount
of N per stem at the same period was 40.4% and 59.8% higher in

YY4949 than that in YLY6 and HHZ (Fig. 2b). The SD and SN were
highest in YY4949, followed by HHZ, and YLY6 had the lowest one.
YY4949 had lower accumulated temperature and radiation than YLY6
and HHZ during the period from PI to HD, but significantly higher ST
and SR (Table 4).

3.5. Dry matter accumulation and the related parameters

3.5.1. Growth duration and dry matter accumulation
Averaged across 2015–2017, the pre-flowering growth duration

(TP-HD) of YY4949 was 14 and 3 d shorter than YLY6 and HHZ re-
spectively, however, the post-flowering growth period (HD-PM) of
YY4949 was 4 and 15 d longer than YLY6 and HHZ respectively
(Table 5). The pre-flowering dry matter accumulation of YY4949 was
the lowest among the three varieties, but its post-flowering dry matter
accumulation was higher than YLY6 and HHZ by 0.4-4.7 t ha−1 and
1.0-4.0 t ha−1, respectively in 2015–2017. The total dry weight at
maturity of HHZ was the lowest among the three varieties, and the
difference in total dry weight between YY4949 and HHZ was not con-
sistent in the three years (Table 5).

3.5.2. Canopy intercepted radiation and RUE
There was no difference in canopy intercepted percentage (LI%)

among the three varieties during the period from HD to HD14, from
HD14 to PM and from HD to PM in 2017 (Table 6). Canopy intercepted
radiation was significantly lower in YY4949 than that in YLY6 and HHZ
during the period from TP to HD, but 20.7% and 18.5% higher than
YLY6 and HHZ, respectively from HD to PM. There was similar RUE for
YY4949 and YLY6 from TP to HD, which was significantly higher than
that of HHZ. During the grain filling period, RUE of YY4949 was higher
than that of YLY6, especially during the period from HD to HD14

(Table 6).

3.5.3. Light and N distributions with the canopy
The canopy ecophysiological characteristics including LAI, light and

N distribution were determined at HD (Fig. 3 and Table 7). From top to
bottom of the canopy, light transmission (I/Io) and SLN were decreasing
with the increase of accumulative LAI. At the same level of canopy,
YY4949 had higher light transmission and SLN than YLY6 and HHZ
(Fig. 6). LAI at HD was 29.8% and 23.1% lower in YY4949 than that in

Table 2
Nitrogen uptake and N use efficiency for YY4949, YLY6 and HHZ at Wuxue County, Hubei Province, China in 2015, 2016 and 2017.

Variety TNHD

(kg ha−1)
TNHD-PM

(kg ha−1)
TNPM (kg ha−1) NUEg

(kg kg−1)
NHI
(%)

NUEb
(kg kg−1)

PFPN
(kg kg−1)

2015
YY4949 165 a 33.3 a 198 a 58.3 a 71.2 a 96.4 a 117.9 a
YLY6 171 a 9.6 b 180 a 51.7 b 63.3 a 102.1 a 100.4 b
HHZ 173 a 4.9 b 178 a 48.3 b 63.0 a 95.3 a 96.1 b

2016
YY4949 144 a 33.0 a 177 a 54.9 a 70.0 a 95.0 b 96.9 a
YLY6 151 a 18.2 a 170 a 51.5 ab 67.4 a 110.5 a 87.2 b
HHZ 162 a 12.3 a 174 a 46.3 b 57.8 b 87.3 b 80.7 c

2017
YY4949 150 b 52.2 a 202 a 47.7 a 63.1 a 86.4 a 96.0 a
YLY6 179 a 26.8 b 206 a 45.3 ab 61.7 ab 89.9 a 93.0 a
HHZ 154 b 48.8 ab 202 a 41.2 b 53.1 b 82.8 a 83.0 b

ANOVA
Year (Y) ns *** ** ** ** ** ***
Variety (V) ns ** ns *** * ** ***
Y*V ns ns ns ns ns ns ns

Within a column in each year, different letters indicate significant differences among Different rice varieties by LSD (p < 0.05). ns represents no significance at the
P < 0.05 level. *, **, *** indicate significance at the P < 0.05, 0.01, 0.001 levels, respectively. ANOVA-analysis of variance.
TNHD, TNHD-PM, TPPM, NUEg, NUEb, NHI and PFPN are plant nitrogen accumulation at heading stage, plant nitrogen accumulation from heading to maturity, plant
nitrogen accumulation at maturity, nitrogen use efficiency for grain production, nitrogen use efficiency for biomass production, nitrogen harvest index, and partial
factor productivity of fertilize N, respectively.

Table 3
Spikelet differentiation and degeneration for YY4949, YLY6 and HHZ at Wuxue
County, Hubei Province, China in 2017.

Variety Primary
branch
no.

Secondary
branch
no.

No. of
surviving
spikelets
panicle−1

No. of
degenerated
spikelets
panicle−1

No. of
differentiated
spikelets
panicle−1

YY4949 18.3 a 95.5 a 456 a 25.6 a 482 a
YLY6 13.7 b 56.9 b 278 b 10.6 b 288 b
HHZ 12.9 b 51.5 c 236 c 7.4 b 243 c

Within a column, different letters indicate significant differences among dif-
ferent rice varieties by LSD (p < 0.05).
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YLY6 and HHZ, respectively (Table 7). Canopy extinction coefficients
for light (KL) of YY4949 was 0.35m2 ground m−2 leaf, which was
29.3% lower than YLY6 and 14.8% lower than HHZ. Canopy extinction
coefficients for N (KN) of YY4949, YLY6 and HHZ were 0.15, 0.11 and
0.05m2 ground m−2 leaf, respectively, and the difference between
YY4949 and HHZ was significant. Moreover, KN/KL was higher in
YY4949 than that in YLY6 and HHZ (Table 7).

3.5.4. Specific leaf nitrogen (SLN)
Significant difference was observed in SLN among the three vari-

eties at PI14, HD14, and PM, but the difference was not significant at HD
(Fig. 4). YY4949 had the highest SLN among the three varieties at PI14,
HD and HD14, while at PM, SLN of YY4949 was lower than YLY6, but
higher than HHZ (Fig. 4).

3.5.5. Rate of LAI decrease and leaf area duration (LAD)
The rate of LAI decrease in YY4949 from HD to PM was significantly

lower than that in YLY6 and HHZ (Fig. 5a). LAD at grain filling stage
was significantly higher in YY4949 than that in HHZ, but significantly
lower than in YLY6 (Fig. 5b).

3.6. Spikelets to leaf-area ratio in the heading stage

Spikelets to leaf-area ratio in YY4949 was the highest among the
three varieties across the three years, and the difference was significant
except for that between YY4949 and HHZ in 2017 (Fig. 6).

3.7. Correlations of grain yield and NUEg with grain N accumulation
(TNgrain), grain N concentration (Ngrain) and leaf N concentration (Nleaf) at
PM

The Grain yield positively correlated with the TNgrain significantly
(P < 0.01), but negatively correlated with the Ngrain and Nleaf

(P > 0.05) at PM (Fig. 7). Similarly, NUEg positively correlated with
the TNgrain (P > 0.05), but significantly negatively correlated with the
Ngrain (P < 0.01) and Nleaf (P < 0.05) at PM (Fig. 7).

4. Discussion

Due to the measurement of NUE parameters is complex and time-
consuming, scientists are always trying to identify the readily measured
agronomic or physiological traits that can be used as a proxy of NUE
(Broadbent et al., 1987; de Datta and Broadbent, 1993; Singh et al.,
1998; Koutroubas and Ntanos, 2003; Wu et al., 2016). Unfortunately,
until now no such parameters could satisfy breeders’ requirement.
Based on our previous finding that grain yield, NUE, and sink size were
concomitantly increased along with the rice genetic improvement in
China (Zhu et al., 2016) and the genetic linking between panicle size
and NUE (Huang et al., 2009; Hu et al., 2014), the present study ex-
amined the physiological mechanisms underlying the coordination of
high grain yield and high NUE by large sink size especially at reduced N

Table 4
Spikelet production efficiency for YY4949, YLY6 and HHZ at Wuxue County, Hubei Province, China in 2017.

Variety Spikelets m−2

(×103)
Dry weight at
PI14
(g m−2)

N content at
PI14
(g m−2)

Accumulated temperature
from PI to HD (oC d)

Accumulated radiation
from PI to HD
(MJ m−2 d)

SD
(no g−1 dry
weight)

SN
(no mg−1

N)

ST
(no m−2 °C
-1

d−1)

SR
(no MJ−1

d−1)

YY4949 57.7 a 653 b 14.1 a 809 567 90.3 a 4.2 a 72.9 a 104.0 a
YLY6 39.0 b 829 a 14.5 a 1014 612 45.9 b 2.6 b 37.5 c 62.2 b
HHZ 56.1 a 661 b 13.6 a 951 614 85.1 a 4.1 a 59.1 b 91.5 a

Within a column in each year, different letters indicate significant differences among different rice varieties by LSD (p < 0.05). SD: spikelets per unit of dry matter,
SN: spikelets per unit of N accumulation, ST: spikelets per unit of accumulated temperature, SR: spikelets per unit of accumulated radiation.

Fig. 2. The increase of dry weight per stem (a)
and N content per stem (b) for YY4949, YLY6
and HHZ during PI and PI14 at Wuxue County,
Hubei Province, China in 2017. Data are means
of replicates, and the vertical bars represent the
standard error. Different letters above the col-
umns indicated statistical significance at the
p < 0.05 level among different rice varieties.

Table 5
Growth duration, biomass accumulation for YY4949, YLY6 and HHZ at Wuxue
County, Hubei Province, China in 2015, 2016 and 2017.

Variety
　

Growth duration (d) Biomass (t ha−1)

TP-HD HD-PM TP-HD HD-PM DMT TDW

2015
YY4949 59 53 9.4 c 9.7 a 2.0 b 19.1 a
YLY6 73 46 13.4 a 5.0 b 4.1 a 18.4 ab
HHZ 61 33 11.1 b 5.7 b 3.0 ab 16.8 b

2016
YY4949 55 48 8.6 b 8.1 a 1.2 a 16.7 b
YLY6 65 47 10.8 a 7.7 a 1.5 a 18.5 a
HHZ 57 34 9.6 b 5.6 b 1.5 a 15.2 c

2017
YY4949 53 50 9.4 b 8.0 a 0.9 b 17.4 ab
YLY6 70 47 12.7 a 5.8 b 3.4 a 18.5 a
HHZ 58 40 9.7 b 7.0 ab 0.7 b 16.7 b

Within a column in each year, different letters indicate significant differences
among different rice varieties by LSD (p < 0.05).
DMT is the translocation of dry matter accumulated prior to flowering in the
vegetative organs to grains during grain filling period.

L. Huang et al. Field Crops Research 233 (2019) 49–58

54



input condition. Difference in sink size among the three varieties varied
depending on the weather condition in each year, which was consistent
with difference in NUEg among the three varieties. In general, the large
sink size variety YY4949 had significantly higher grain yield and N
utilization efficiency (namely NUEg) especially when no high tem-
perature occurred at heading stage. There were three physiological
causes for the higher grain yield and higher NUEg of YY4949: (1) higher
efficiency of spikelet production in respect of dry matter, N, accumu-
lated temperature and radiation; (2) higher biomass production and N
accumulation after flowering; (3) higher RUE after flowering due to the
better canopy structure.

In present study, the number of surviving spikelets per panicle was
64.1% and 93.2% higher in YY4949 than that in YLY6 and HHZ re-
spectively, which contributed the larger sink size of YY4949. With the
increasing of sink size, NUEg and NHI increased in rice (Shan et al.,
2004). Under hydroponic condition, Dong et al. (2009) reported NUEg
and NHI of large panicle varieties were higher than the other varieties.
Enhancing the dry matter accumulation and N uptake at the late spi-
kelet differentiation stage could promote large panicle formation
(Kamiji et al., 2011). Despite YY4949 had lower dry weight and N ac-
cumulation than YLY6 at PI14, the increased dry weight and N content
per stem during the period from PI to PI14 were higher for YY4949,
which lay the foundation for the formation of large panicle. Ansari et al.
(2003) also found that the differentiated spikelet number per panicle

was mainly determined by dry matter accumulation and N uptake per
productive stem during the panicle formation stage. In addition, the
ability to form spikelets based on per unit dry weight and N uptake,
namely, SD and SN was important for the formation of large panicle
(Yao et al., 1995; Yoshida et al., 2006). Yoshinaga et al. (2013) reported
the high SN was the main factor for the formation of large sink capacity.
The increase of the effective accumulation temperature and total light
radiation was conducive to increase the number of differentiated spi-
kelet per panicle during the panicle formation stage (Wang et al.,
2017). Here YY4949 had lower accumulation temperature and solar
radiation during the period from PI to HD due to the shorter growth

Table 6
Incident radiation, intercepted percentage, intercepted radiation and radiation
use efficiency (RUE) at major growth periods for YY4949, YLY6 and HHZ at
Wuxue County, Hubei Province, China in 2017.

Growth stage Variety Incident
radiation
(MJ m−2)

Intercepted
percentage
(%)

Intercepted
radiation
(MJ m−2)

RUE
(g MJ−1)

TP-HD YY4949 958 67.6 b 648 c 1.45 a
YLY6 1215 73.0 a 886 a 1.43 a
HHZ 1005 69.9 ab 702 b 1.38 b

HD-HD14 YY4949 215 96.2 a 218 b 1.56 a
YLY6 195 97.4 a 209 c 1.02 b
HHZ 263 96.8 a 259 a 1.32 ab

HD14-PM YY4949 406 96.8 a 466 a 0.99 a
YLY6 352 96.2 a 320 c 1.22 a
HHZ 363 96.4 a 352 b 1.00 a

HD-PM YY4949 685 96.6 a 661 a 1.21 a
YLY6 567 96.6 a 548 c 1.06 a

　 HHZ 578 96.6 a 558 b 1.25 a

Within a column for each growth duration, different letters indicate significant
differences among different rice varieties by LSD (P < 0.05).

Fig. 3. Cumulative LAI calculated from the top of the canopy vs light transmission (I/I0) (a) and specific leaf nitrogen (SLN) (b) for YY4949, YLY6 and HHZ at
heading in 2017 at Wuxue County, Hubei Province, China.

Table 7
Canopy light coefficient (KL, m2 ground m−2 leaf) and canopy nitrogen ex-
tinction coefficient (KN, m2 ground m−2 leaf) and their ratio (KN/KL) in
YY4949, YLY6 and HHZ in 2017.

Variety LAI
(m2m−2)

KL

(m2m−2)
No

(g m−2)
KN

(m2m−2)
KN/KL

YY4949 6.83 b 0.35 b 1.78 a 0.15 a 0.41 a
YLY6 8.86 a 0.46 a 1.33 b 0.11 ab 0.24 ab
HHZ 8.41 a 0.40 ab 1.43 ab 0.05 b 0.12 b

Within a column, different letters indicate significant differences among dif-
ferent rice varieties by LSD (P < 0.05).

Fig. 4. Specific leaf N (SLN) for YY4949, YLY6 and HHZ at 14 d after panicle
initiation (PI14), heading stage (HD), 14 d after heading (HD14), and mature
(PM) at Wuxue County, Hubei Province, China in 2017. Data are means of
replicates, and the vertical bars represent the standard error. Different letters
above the columns indicated statistical significance at the p < 0.05 level
among different rice varieties.
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duration, but significantly higher ST. More attention is deserved to
focus on the genotypic variation in ST and the possible mechanisms.

Recently, several studies reported the importance of biomass accu-
mulation after heading to the formation of high grain yield (Murchie
et al., 2002; Deng et al., 2015). YY4949 had significantly higher bio-
mass accumulation after heading than YLY6 and HHZ, which was
consistent with the study of Yan et al. (2014) on the biomass accu-
mulation of large panicle varieties. Compared with hybrid indica and
conventional japonica rice, japonica/indica hybrids of Yongyou series
had higher biomass production after heading (Meng et al., 2015; Wei
et al., 2016b). The photosynthetic capacity of leaves and the speed of
leaf senescence during the grain filling period directly affected dry
matter accumulation, and then affected grain yield and NUE (Murchie
et al., 1999). Compared with japonica super rice, indica super rice had
significantly lower dry matter accumulation, crop growth rate, net as-
similation rate and LAD after heading (Gong et al., 2014). Yongyou
indica/japonica hybrid varieties had significantly higher LAI at HD and
PM, LAD and Pn after heading than conventional japonica and hybrid
indica rice (Jiang et al., 2015b). In present study, relatively higher LAD
and slower leaf senescence contributed to significantly higher dry

Fig. 5. Rate of LAI decrease from heading to
maturity (a) and leaf area duration (LAD) at
grain filling stage (b) for YY4949, YLY6 and
HHZ in 2017 at Wuxue County, Hubei
Province, China. Data are means of replicates,
and the vertical bars represent the standard
error. Different letters above the columns in-
dicated statistical significance at the p < 0.05
level among different rice varieties.

Fig. 6. Spikelets to leaf-area ratio at heading for YY4949, YLY6 and HHZ at
Wuxue County, Hubei Province, China in 2015, 2016 and 2017. Data are means
of replicates, and the vertical bars represent the standard error. Different letters
above the columns indicated statistical significance at the p < 0.05 level
among different rice varieties.

Fig. 7. Correlations of grain N accumulation (TNgrain), grain N concentration (Ngrain) and leaf N concentration (Nleaf) at mature (PM) with grain yield (a, b and c), and
NUE for grain production (NUEg) (d, e and f) (n=9) for YY4949, YLY6 and HHZ in 2015–2017.
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matter accumulation after heading in YY4949. In terms of N uptake,
YY4949 had significantly higher post-flowering N uptake than YLY6
and HHZ, despite no significant difference was observed in total N
uptake at PM among the three varieties. Significantly higher N accu-
mulation after heading of YY4949 may be attributed to longer grain
filling period. In previous studies, better root structure and higher
biological activity in the late growth stage was observed in Yongyou
varieties compared to hybrid indica or conventional japonica varieties
(Jiang et al., 2015a; Wei et al., 2018a).

Canopy photosynthesis was the essential determinant for biomass
production (Gu et al., 2014). By improving the canopy architecture of
rice, canopy photosynthesis and NUE can be significantly improved (Gu
et al., 2017). In our study, compared with YLY6 and HHZ, YY4949 had
significantly lower KL and relative high light transmittance, which is
consistent with the findings of Ma et al. (2007) and Jiang et al. (2015).
Aside from the light, N also plays an important role in canopy photo-
synthesis. Numerous studies had summarized leaf photosynthesis was
closely related to leaf N content (Lawlor, 2002; Gu et al., 2012). To
maximize canopy photosynthesis, more N should be partitioned to the
top leaves of the canopy to accommodate the high light intensities, less
N should be portioned to shaded lower leaves, and a steeper N gradient
is preferred (Field, 1983). The improved N distribution within the ca-
nopy can be reflected by the extinction coefficient for effective leaf N
(KN) (Gu et al., 2017). In present study, YY4949 had relatively higher
KN compared with YLY6 and HHZ. The higher RUE during the grain
filling stage was resulted from significantly lower KL and higher KN in
YY4949. In addition, rice RUE was related to leaf photosynthesis, and
higher RUE can be achieved by improving leaf photosynthetic traits
(Huang et al., 2016). In this study, higher SLN was observed in YY4949
than that in YLY6 and HHZ at HD and HD14, which might be another
reason why YY4949 had high RUE after flowing, especially in the stage
from HD to HD14. KN/KL ratio was higher in YY4949 than in YLY6 and
HHZ in our study. KN/KL is the parameter that reflects N partitioning
efficiency at the whole canopy level and closely correlated with rice
yield and NUEg (Gu et al., 2017). Therefore, optimized canopy struc-
ture is conducive to the coordination of high yield and high NUE in
YY4949.

The spikelets to leaf-area ratio is an important index to assess sink-
source relationship. Increasing spikelets to leaf-area ratio was beneficial
to promote the accumulation of dry matter after heading and the
translocation of photosynthate from vegetative organs to grains during
the grain filling stage (Ling and Yang, 1986). Significantly higher spi-
kelets to leaf-area ratio was observed in YY4949 than that in YLY6 and
HHZ, which suggested YY4949 had better sink-source relationship, and
therefore achieved high grain yield and NUE. In addition, increasing
TNgrain, and decreasing Ngrain and Nleaf is beneficial to improve grain
yield and NUE under reduced N input condition. It was worth noting
grain yield negatively correlated with Ngrain at PM only marginally
(P > 0.05) in the study, while Wei et al. (2018b) showed significantly
negative correlation (P < 0.01). The difference might be resulted from
different N levels. increasing TNgrain at PM could improve grain yield at
low N input (100 kg ha−1 in our study), while under high N input
condition, higher grain yield diluted N concentration in grain, and
caused significantly negative correlation between grain yield and Ngrain

(Wei et al., 2018b).
In conclusion, YY4949 with shorter pre-flowering growth duration

but larger sink size produced higher yield and NUE simultaneously
compared with YLY6 and HHZ under reduced N input condition. The
higher SD, SN and ST enabled YY4949 distribute longer growth dura-
tion after heading, which led to higher dry matter and N accumulation
after heading for YY4949. Moreover, the optimized canopy structure of
YY4949 resulted in more synergetic distribution of light and N within
the canopy, and partly contributed to the higher RUE after heading.
Overall, enlarged sink size and improved post-heading source capacity
can facilitate the achievement of high yield and high resource use ef-
ficiency simultaneous under low N input condition. More endeavors

ought to focus on the physiological and genetic mechanisms and the
interaction effect between genotype and environment.

Acknowledgements

This work was financially supported by the National Key Research
and Development Program of China (2017YFD0301401-3), the
National Natural Science Foundation of China (Grant No. 31501255),
the National High Technology Research and Development Program of
China (the 863 Project no. 2014AA10A605), and The Bill and Melinda
Gates Foundation (OPP51587).

References

Ansari, T.H., Yamamoto, Y., Yoshida, T., Myazaki, A., Wang, Y., 2003. Cultivars differ-
ences in the number of differentiated spikelets and percentage of degenerated spi-
kelets as determinants of the spikelet number per panicle in relation to dry matter
production and nitrogen absorption. Soil Sci. Plant Nutr. 49 (3), 433–444.

Anten, N.P.R., Schieving, F., Werger, M.J.A., 1995. Patterns of light and nitrogen dis-
tribution in relation to whole canopy carbon gain in C3 and C4 mono- and dicotyle-
donous species. Oecologia 101, 504–513.

Breseghello, F., De Morais, O.P., Pinheiro, P.V., Silva, A.C.S., De Castro, E.D.M.,
Guimarães, É.P., De Castro, A.P., Pereira, J.A., Lopes, A.D.M., Utumi, M.M., De
Oliveira, J.P., 2011. Results of 25 years of upland rice breeding in brazil. Crop Sci. 51
(3), 914–923.

Broadbent, F.E., De Datta, S.K., Laureles, E.V., 1987. Measurement of N utilization effi-
ciency in rice genotypes. Agron. J. 79, 786–791.

Cassman, K.G., 2003. Meeting cereal demand while protecting natural resources and
improving environmental quality. Annu. Rev. Environ. Resour. 28, 315–358.

Cui, Z., Zhang, H., Chen, X., Zhang, C., Ma, W., Huang, C., Zhang, W., Mi, G., Miao, Y.,
et al., 2018. Pursuing sustainable productivity with millions of smallholder farmers.
Nature 555, 363–368.

De Datta, S.K., Broadbent, F.E., 1993. Development changes related to nitrogen-use ef-
ficiency in rice. Field Crops Res. 34 (1), 47–56.

Deng, F., Wang, L., Ren, W., Mei, X., Li, S., 2015. Optimized nitrogen managements and
polyaspartic acid urea improved dry matter production and yield of indica hybrid
rice. Soil Till. Res. 145, 1–9.

Diaz, R.J., Rosenberg, R., 2008. Spreading dead zones and consequences for marine
ecosystems. Science 321, 926–929.

Dong, G., Yu, X., Zhao, J., Ju, J., Tian, H., Li, J., Zhang, Y., Wang, Y., 2009. General
characteristics of nitrogen uptake and utilization in conventional indica rice cultivars
with different panicle weight types. Acta Agron. Sin. 35 (11), 2091–2100 in Chinese
with English abstract.

Field, C., 1983. Allocating leaf nitrogen for the maximization of carbon gain: leaf age as a
control on the allocation program. Oecologia 56, 341–347.

Gallagher, J.N., Biscoe, P.V., 1978. Radiation absorption, growth and yield of cereals. J.
Agric. Sci. 91, 47–60.

Godfray, H.C., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D., Muir, J.F., Pretty,
J., Robinson, S., Thomas, S.M., Toulmin, C., 2010. Food security: the challenge of
feeding 9 billion people. Science 327, 812–818.

Gong, J., Xing, Z., Hu, Y., Zhang, H., Dai, Q., Huo, Z., Xu, K., Wei, H., Gao, H., 2014.
Difference of characteristics of photosynthesis, matter production and translocation
between indica and japonica super rice. Acta Agron. Sin. 40 (3), 497–510 in Chinese
with English abstract.

Gu, J., Yin, X., Stomph, T.J., Wang, H., Struik, P.C., 2012. Physiological basis of genetic
variation in leaf photosynthesis among rice (Oryza sativa L.) introgression lines under
drought and well-watered conditions. J. Exp. Bot. 63, 5137–5153.

Gu, J., Yin, X., Stomph, T.J., Struik, P.C., 2014. Can exploiting natural genetic variation in
leaf photosynthesis contribute to increasing rice productivity? A simulation analysis.
Plant Cell Environ. 37, 22–34.

Gu, J., Chen, Y., Zhang, H., Li, Z., Zhou, Q., Yu, C., Kong, X., Liu, L., Wang, Z., Yang, J.,
2017. Canopy light and nitrogen distributions are related to grain yield and nitrogen
use efficiency in rice. Field Crops Res. 206, 74–85.

Guo, J., Liu, X., Zhang, Y., Shen, J., Han, W., Zhang, W., Christie, P., Goulding, K.W.T.,
Vitousek, P.M., Zhang, F., 2010. Significant acidification in major Chinese croplands.
Science 5968, 1008–1010.

Huang, X., Qian, Q., Liu, Z., Sun, H., He, S., Luo, D., Xia, G., Chu, C., Li, J., Fu, X., 2009.
Natural variation at the DEP1 locus enhances grain yield in rice. Nat. Genet. 41,
494–497.

Huang, M., Shan, S., Zhou, X., Chen, J., Cao, F., Jiang, L., Zou, Y., 2016. Leaf photo-
synthetic performance related to higher radiation use efficiency and grain yield in
hybrid rice. Field Crops Res. 193, 87–93.

Huang, L., Sun, F., Yuan, S., Peng, S., Wang, F., 2018. Different mechanisms underlying
the yield advantage of ordinary hybrid and super hybrid rice over inbred rice under
low and moderate N input conditions. Field Crops Res. 216, 150–157.

Jiang, Y., Zhang, H., Zhao, K., Xu, J., Wei, H., Long, H., Wang, W., Dai, Q., Huo, Z., Xu, K.,
2014. Difference in yield and its components characteristics of different type rice
cultivars in the lower reaches of the Yangtze River. Chin. J. Rice Sci. 28 (6), 621–631
in Chinese with English abstract.

Jiang, Y., Xu, J., Zhao, K., Wei, H., Sun, J., Zhang, H., Dai, Q., Huo, Z., Xu, K., Wei, H.,
Guo, B., 2015a. Root system morphological and physiological characteristics of

L. Huang et al. Field Crops Research 233 (2019) 49–58

57

http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0005
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0005
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0005
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0005
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0010
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0010
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0010
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0015
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0015
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0015
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0015
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0020
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0020
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0025
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0025
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0030
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0030
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0030
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0035
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0035
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0040
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0040
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0040
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0045
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0045
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0050
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0050
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0050
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0050
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0055
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0055
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0060
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0060
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0065
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0065
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0065
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0070
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0070
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0070
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0070
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0075
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0075
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0075
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0080
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0080
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0080
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0085
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0085
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0085
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0090
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0090
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0090
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0095
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0095
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0095
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0100
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0100
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0100
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0105
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0105
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0105
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0110
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0110
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0110
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0110
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0115
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0115


indica-japonica hybrid rice of Yongyou series. Acta Agron. Sinica 41 (1), 89–99 in
Chinese with English abstract.

Jiang, Y., Xu, K., Zhao, K., Sun, J., Wei, H., Xu, J., Wei, H., Guo, B., Huo, Z., Dai, Q.,
Zhang, H., 2015b. Canopy structure and photosynthetic characteristics of Yongyou
series of indica-japonica hybrid rice under high-yielding cultivation condition. Acta
Agron. Sin. 41 (2), 286–296 in Chinese with English abstract.

Kamiji, Y., Yoshida, H., Palta, J.A., Sakuratani, T., Shiraiwa, T., 2011. N applications that
increase plant n during panicle development are highly effective in increasing spi-
kelet number in rice. Field Crops Res. 122 (3), 242–247.

Khush, G., 2001. Green revolution: the way forward. Nat. Rev. Genet. 2, 815–822.
Koutroubas, S.D., Ntanos, D.A., 2003. Genotypic difference for grain yield and nitrogen

utilization in Indica and Japonica rice under Mediterranean conditions. Field Crops
Res. 83, 251–260.

Lawlor, D.W., 2002. Carbon and nitrogen assimilation in relation to yield: mechanisms
are the key to understanding production systems. J. Exp. Bot. 53, 773–787.

Laza, R.C., Peng, S., Akita, S., Saka, H., 2004. Effect of panicle size on grain yield of IRRI-
released indica rice cultivars in the wet season. Plant Prod. Sci. 7, 271–276.

Ling, Q., 2008. The unique role of scientific cultivation in ensuring food security. China
Acad. J. Electron. Publ. House 1994–2018.

Ling, Q., Yang, J., 1986. The study of spikelets to leaf-area ratio and high yield cultivation
methods in rice. Sci. Agric. Sin. 19, 1–8 in Chinese.

Ma, R., Xu, D., Wang, X., Yu, S., Jin, Q., Ouyang, Y., Zhu, L., 2007. Heterosis on plant
morphology of Yongyou6, an indica-japonica inter-subspecific super high-yielding
hybrid rice. Chin. J. Rice Sci. 21 (3), 281–286 in Chinese with English abstract.

Meng, T., Xu, J., Shao, Z., Ge, M., Zhang, H., Wei, H., Dai, Q., Huo, Z., Xu, K., Guo, B.,
Jing, P., 2015. Advantages and their formation characteristics of the highest popu-
lation productivity of nitrogen fertilization in japonica/indica hybrid rice of Yongyou
series. Acta Agron. Sin. 41 (11), 1711–1725 in Chinese with English abstract.

Meng, T., Wei, H., Li, C., Dai, Q., Xu, K., Huo, Z., Wei, H., Guo, B., Zhang, H., 2016.
Morphological and physiological traits of large-panicle rice varieties with high filled-
grain percentage. J. Integr. Agric. 15 (8), 1751–1762.

Murchie, E.H., Chen, Y., Hubbart, S., Peng, S., Horton, P., 1999. Interactions between
senescence and leaf orientation determine in situ patterns of photosynthesis and
photoinhibition in field-grown rice. Plant Physiol. 119, 553–563.

Murchie, E.H., Yang, J., Hubbart, S., Horton, P., Peng, S., 2002. Are there associations
between grain-filling rate and photosynthesis in the flag leaves of field-grown rice. J.
Exp. Bot. 53 (378), 2217–2224.

Peng, S., Cassman, K.G., Virmani, S.S., Sheehy, J., Khush, G.S., 1999. Yield potential
trends of tropical rice since the release of IR8 and the challenge of increasing rice
yield potential. Crop Sci. 39, 1552–1559.

Peng, S., Laza, R.C., Visperas, R.M., Sanico, A.L., Cassman, K.G., Khush, G.S., 2000. Grain
yield of rice cultivars and lines developed in the Philippines since 1966. Crop Sci. 40,
307–314.

Peng, S., Huang, J., Zhong, X., Yang, J., Wang, G., Zou, Y., Zhu, Q., Buresh, R., Witt, C.,
2002. Chellange and opportunity in improving fertilizer-nitrogen use efficiency of
irrigated rice in China. Agric. Sci. 1 (7), 776–785.

Peng, S., Huang, J., Sheehy, J.E., Laza, R.C., Visperas, R.M., Zhong, X., Centeno, G.S.,
Khush, G.S., Cassman, K.G., 2004. Rice yields decline with higher night temperature
from global warming. PNAS 101 (27), 9971–9975.

Peng, S., Buresh, R.J., Huang, J., Yang, J., Zou, Y., Zhong, X., Wang, G., Zhang, F., 2006.
Strategies for overcoming low agronomic nitrogen use efficiency in irrigated rice
systems in China. Field Crops Res. 96, 37–47.

Shan, Y., Wang, H., Long, Y., Wang, Y., Pan, X., 2004. Differences of nitrogen uptake and
utilization in rice lines with various sink potentials. J. Yangzhou Univ. 25 (1), 41–45
in Chinese with English abstract.

Singh, U., Ladha, J.K., Castillo, E.G., Punzalan, G., Tirol-Padre, A., Duqueza, M., 1998.
Genotypic variation in nitrogen use efficiency in medium- and long duration rice.
Field Crops Res. 58, 35–53.

Tabien, R.E., Samonte, S.O.P., McClung, A.M., 2008. Forty-eight years of rice improve-
ment in Texas since the release of cultivar Bluebonnet in 1944. Crop Sci. 48,
2097–2106.

Tang, H., Li, Z., Zhang, Y., Chen, B., Lu, J., 2016. The characteris and cultivation tech-
nology of subspecific hybrid medium rice Yongyou 4949 with high yield and high
quality. Hubei Agric. Sci. 55, z1.

United Nations Department of Economic and Social Affairs/Population Division, 2017.
World Population Prospects: Key Findings and Advance Tables. ESA. https://esa.un.
org/unpd/wpp/publications/Files/WPP2017_KeyFindings.pdf.

Wada, W., Wada, G., 1991. Varietal difference in leaf senescence during ripening period

of advanced indica rice. Jpn. J. Crop Sci. 60 (4), 529–536.
Wang, F., Peng, S., 2017. Yield potential and nitrogen use efficiency of China’s super rice.

J. Integr. Agric. 16, 1000–1008.
Wang, Y., Zhang, Y., Xiang, J., Wang, L., Chen, H., Zhang, Y., Zhang, W., Zhu, D., 2017.

Response of indica rice spikelet differentiation and degeneration to air temperature
and solar radiation of different sowing dates. Chin. J. Appl. Ecol. 28 (11), 3571–3580
in Chinese with English abstract.

Wei, H., Li, C., Xing, Z., Wang, W., Dai, Q., Zhou, G., Wang, L., Xu, K., Huo, Z., Guo, B.,
Wei, H., Zhang, H., 2016a. Suitable growing zone and yield potential for late-ma-
turity type of Yongyou japonica/indica hybrid rice in the lower reaches of Yangtze
River, China. J. Integr. Agr. 15 (1), 50–62.

Wei, H., Meng, T., Li, C., Zhang, H., Shi, T., Ma, R., Wang, X., Yang, J., Dai, Q., Huo, Z.,
Xu, K., Wei, H., Guo, B., 2016b. Dynamic model and its characteristics analysis for
dry matter production after heading of indica/japonica hybrid rice of Yongyou series.
Acta Agron. Sin. 42 (2), 265–277 in Chinese with English abstract.

Wei, H., Hu, L., Zhu, Y., Xu, D., Zheng, L., Chen, Z., Hu, Y., Cui, P., Guo, B., Dai, Q.,
Zhang, H., 2018a. Different characteristics of nutrient absorption and utilization
between inbred japonica super rice and inter-sub-specific hybrid super rice. Field
Crops Res. 218, 88–96.

Wei, H., Meng, T., Li, X., Dai, Q., Zhang, H., Yin, X., 2018b. Sink-source relationship
during rice grain filling is associated with grain nitrogen concentration. Field Crops
Res. 215, 23–38.

Wing, R.A., Purugganan, M.D., Zhang, Q., 2018. The rice genome revolution: from an
ancient grain to green super rice. Nat. Rev. Genet. 19, 505–517.

Wu, L., Yuan, S., Huang, L., Sun, F., Zhu, G., Li, G., 2016. Physiological mechanisms
underlying the high-grain yield and high-nitrogen use efficiency of elite rice varieties
under a low rate of nitrogen application in china. Front. Plant Sci. 1 (7).

Yamamoto, Y., Ansari, T.H., Yamamoto, M., Yoshida, T., Myazaki, A., Wang, Y., 2001.
Comparison of sink capacity and its components in japonica and indica rice cultivars
with different plant types. J. 70, 41–42.

Yan, C., Hong, X., Ruan, G., Yu, S., Wang, S., Ding, Y., 2014. Studies on the accumulation
and transformation of assimilation product of large panicle type rice using 13C la-
beling technique. J. Nucl. Agric. Sci. 28 (7), 1282–1287.

Yang, J., Peng, S., Zhang, Z., Wang, Z., Visperas, R.M., Zhu, Q., 2002. Grain and dry
matter yields and partitioning of assimilates in japonica/indica hybrid rice. Crop Sci.
42 (3), 766–772.

Yao, Y., Wang, Y., Cai, J., 1995. Formation of large panicle in rice (3) varietal difference
of survived spikelet number per panicle and its relations with differentiated spikelet
number and biomass at heading. J. Jiangsu Agric. Coll. 16 (2), 11–16 in Chinese with
English abstract.

Yin, X., van Laar, H.H., 2005. Crop Systems Dynamics: An Ecophysiological Simulation
Model for Genotype-by-environment Interactions. Wagningen Academic Publishers,
Wageningen, The Netherlands.

Yoshida, H., Horie, T., Shiraiwa, T., 2006. A model explaining genotypic and environ-
mental variation of rice spikelet number per unit area measured by cross-locational
experiments in Asia. Field Crops Res. 97, 337–343.

Yoshinaga, S., Takai, T., Arai-Sanoh, Y., Ishimaru, T., Kondo, M., 2013. Varietal differ-
ences in sink production and grain-filling ability in recently developed high-yielding
rice (Oryza sativa L.) varieties in Japan. Field Crops Res. 150 (15), 74–82.

Yuan, L., 1994. Increasing yield potential in rice by exploitation of heterosis. In: Virmani,
S.S. (Ed.), Hybrid Rice Technology, New Developments and Future Prospects. IRRI,
Los Baños, Philippnes, pp. 1–6.

Yuan, S., Nie, L., Wang, F., Huang, J., Peng, S., 2017. Agronomic performance of inbred
and hybrid rice cultivars under simplified and reduced-input practices. Field Crops
Res. 210, 129–135.

Zhang, Q., 2007. Strategies for developing green super rice. PNAS 104, 16402–16409.
Zhang, W., Kokubun, M., 2004. Historical changes in grain yield and photosynthetic rate

of rice cultivars released in the 20th century in Tohoku region. Plant Prod. Sci. 7,
36–44.

Zhang, H., Chen, T., Liu, L., Wang, Z., Yang, J., Zhang, J., 2013. Performance in grain
yield and physiological traits of rice in the Yangtze river basin of china during the last
60 yr. J. Integr. Agric. 12 (1), 57–66.

Zhang, Z., Chen, J., Liu, T., Cao, C., Li, F., 2016. Effects of nitrogen fertilizer sources and
tillage practices on greenhouse gas emissions in paddy fields of central China. Atmos.
Environ. 144, 274–281.

Zhu, G., Peng, S., Huang, J., Cui, K., Nie, L., Wang, F., 2016. Genetic improvements in rice
yield and concomitant increases in radiation- and nitrogen- use efficiency in Middle
Reaches of Yangtze River. Sci. Rep. 6, 21049.

L. Huang et al. Field Crops Research 233 (2019) 49–58

58

http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0115
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0115
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0120
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0120
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0120
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0120
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0125
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0125
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0125
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0130
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0135
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0135
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0135
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0140
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0140
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0145
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0145
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0150
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0150
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0155
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0155
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0160
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0160
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0160
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0165
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0165
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0165
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0165
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0170
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0170
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0170
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0175
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0175
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0175
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0180
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0180
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0180
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0185
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0185
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0185
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0190
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0190
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0190
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0195
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0195
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0195
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0200
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0200
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0200
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0205
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0205
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0205
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0210
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0210
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0210
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0215
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0215
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0215
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0220
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0220
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0220
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0225
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0225
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0225
https://esa.un.org/unpd/wpp/publications/Files/WPP2017_KeyFindings.pdf
https://esa.un.org/unpd/wpp/publications/Files/WPP2017_KeyFindings.pdf
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0235
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0235
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0240
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0240
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0245
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0245
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0245
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0245
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0250
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0250
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0250
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0250
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0255
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0255
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0255
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0255
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0260
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0260
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0260
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0260
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0265
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0265
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0265
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0270
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0270
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0275
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0275
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0275
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0280
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0280
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0280
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0285
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0285
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0285
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0290
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0290
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0290
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0295
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0295
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0295
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0295
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0300
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0300
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0300
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0305
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0305
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0305
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0310
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0310
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0310
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0315
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0315
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0315
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0320
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0320
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0320
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0325
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0330
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0330
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0330
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0335
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0335
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0335
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0340
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0340
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0340
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0345
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0345
http://refhub.elsevier.com/S0378-4290(18)31513-2/sbref0345

	Coordination of high grain yield and high nitrogen use efficiency through large sink size and high post-heading source capacity in rice
	Introduction
	Materials and methods
	Plant materials
	Experiment site and design

	Sampling and measurements
	Statistical analysis


	Results
	Whether condition
	Grain yield, yield components and harvest index (HI)
	Plant N uptake and utilization
	Spikelet differentiation and degeneration
	Dry matter accumulation and the related parameters
	Growth duration and dry matter accumulation
	Canopy intercepted radiation and RUE
	Light and N distributions with the canopy
	Specific leaf nitrogen (SLN)
	Rate of LAI decrease and leaf area duration (LAD)

	Spikelets to leaf-area ratio in the heading stage
	Correlations of grain yield and NUEg with grain N accumulation (TNgrain), grain N concentration (Ngrain) and leaf N concentration (Nleaf) at PM

	Discussion
	Acknowledgements
	References




