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nitrogen accumulation
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Institute of Nanfan & Seed Industry, Guangzhou, China, *Key Laboratory of Agricultural Green and
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Introduction: Nitrogen (N)-ef cient wheat cultivars achieve higher grain yields
with equivalent N fertilizer inputs, and the grain lling character largely
determines grain weight (GW) in cereal crops. However, the relationship of
grain lling traits and N responsiveness (N,) in wheat has not been fully evaluated.
Methods: A two-year eld experiment evaluated ve wheat cultivars across
varying N levels (0, 75, 150, and 225 kg N ha %) to assess how grain lling traits
and N-related characteristics in uence N,.

Results: The results showed that N-responsiveness wheat cultivars exhibited
higher grain yields and critical N supply, alongside lower chlorophyll degradation
rates (CDR). The direct path coef cient of GW on yield was 0.478, which
explained 85.2% of the yield variation and was negatively correlated with other
yield components. Across the combinations of cultivar and N supply, the
variation in GW was primarily driven by the duration of fast-increase period
(Tsast), rather than by the duration of slow-increase period (Tgow) and slight-
increase period (Tgight). Furthermore, the sensitivity of Tras: to N supply explained
the N, of grain yield in wheat. Structural equation modeling showed that
adequate pre-anthesis N accumulation was the dominant factor driving the
extension of T¢, in high N-responsiveness wheat cultivates, secondary to lower
CDR, which ultimately resulted in the highest GW. In addition, prolonging Tsas;
induced enhanced post-anthesis N translocation in wheat, which contributed to
higher N use ef ciency (NUE).

Discussion: Prolonging the T.s; enhances N responsiveness in wheat grain yield,
providing a novel framework for evaluating NUE. This nding also highlights the
critical role of elevated N accumulation at anthesis under N fertilization.
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1 Introduction

Wheat (Triticum aestivum L.) is a cornerstone of global food
security, supplying over 20% of humanity’s dietary calories and
protein. However, its production comes at a signi cant
environmental cost, as it is the world’s second-largest consumer
of nitrogen (N) fertilizer, accounting for 18.3% of global N use (IFA,
2022). Genetic improvement in wheat increases yield, especially at
high N supply, i.e., wheat breeding improves N responsiveness (N,)
(Lian et al., 2023; Peng et al., 2022; Tian et al., 2011). This indicated
that breeding is advancing toward N-ef cient cultivars, as N-
ef cient cultivars tend to be higher N, (Aga et al, 2022; Ding
et al., 2023). N-ef cient wheat cultivars not only achieve higher
economic yields based on higher N use ef ciency (NUE) but also
alleviate environmental problems caused by excess N supply
compared to other cultivars (Ying et al., 2019). Therefore,
de ning plant traits associated with N ef ciency will further
accelerate the pace of breeding.

Grain number is determined by resource capture during pre-
anthesis and anthesis (source limitation), whereas grain weight
(GW) depends more critically on source-sink balance during
grain lling (Akin et al., 2017; Cao et al., 2019; Slafer et al., 2022;
Zhou et al., 2018). The nal GW is predominantly governed by the
dynamics of grain lling—a process that can be quantitatively
dissected into distinct phases: the slow-increase period (Tsiow),
fast-increase period (Tras), and slight-increase period (Tgjignt)
(Bancal, 2009; Li et al., 2020; Zhou et al., 2018). N-ef cient
modern cultivars demonstrate accelerated grain lling rate (GFR)
through shortened Tqw, While extended Ty, and Tgigne collectively
generate longer grain lling duration (GFD) (Zhang et al., 2024).
Previous studies have pointed out that GFR and GFD are thought to
be regulated by genetic factors, while the latter is simultaneously
sensitive to environmental factors (e.g., N application, planting
density, and temperature) (Li et al., 2020; Ma et al., 2022). The N
supply level critically in uences wheat yield. While N de ciency
induces premature senescence (Barraclough et al., 2014; Lian et al.,
2023), an optimal N application not only delays leaf senescence, but
also prolongs GFD and promotes remobilization of assimilates to
increase GW and yield (Du et al., 2024; Wang et al., 2024).
Conversely, excessive N inhibits grain sink strength and the GFR,
ultimately reducing yield potential (Zhao et al., 2022). Nevertheless,
the potential linkage between N-induced variations in GFD
(including Tsiow, Ttast, and Teigne) and wheat’s N, (i.e., N ef cient)
remains poorly investigated. Previous studies of grain lling traits
has frequently been conducted under single or optimal N
conditions, neglecting how variable N supply differentially
modulates speci ¢ grain lling parameters. Consequently, it
remains unresolved which speci ¢ grain lling phase (e.9., Tsast) iS
most sensitive to N supply, and whether genotypic variation in the
plasticity of this phase forms the physiological basis for differences
in N,. Therefore, elucidating this link is critical for developing
targeted breeding strategies aimed at N-ef cient cultivars. In
addition, continuous monitoring of leaf SPAD values during grain

Iling could accurately re ect leaf N sinks and chlorophyll
degradation rate (CDR), and has been widely used in modern

Frontiers in Plant Science

02

10.3389/fpls.2025.1727679

smart agriculture to invert the growth status of plants at different
reproductive periods for effective nutrient management (Mehrabi
and Sepaskhah, 2022; Shen et al., 2022; Yang et al., 2021).
Barraclough et al. (2014) emphasized that remobilization of
stored N in preference to photosynthetic N from vegetative
tissues helps delay leaf senescence while meeting the demand for
high N grains. It seems reasonable to assume that high-yielding and
N-ef cient wheat cultivars are usually accompanied by larger N
source during grain lling, which allows N accumulated at anthesis
to be matched with a stronger rate and duration as well as lower
CDR during grain lling. In other words, N is translocated more
ef ciently while maintaining longer transit times, which contributes
to increased NUE (Tian et al., 2011, 2016). While some studies
suggest that enhanced N accumulation at either individual or
population levels drives improved Iling capacity in N-ef cient
wheat cultivars under increased N supply (Bancal, 2009),
quantitative evidence linking speci ¢ grain lling traits to N
accumulation remains limited.

The NUE is governed by both uptake and translocation
processes, with these mechanisms showing strong dependence on
N availability (Barraclough et al., 2010; Cassman et al., 2002; Li
et al., 2020). Modern wheat cultivars exhibit an enhanced response
to high N supply, leading to concurrent improvements in both N
uptake ef ciency (NUpE) and N utilization ef ciency (NUtE),
thereby contributing to overall NUE gains through breeding (Hu
et al., 2023; Ren et al., 2023; Sadras et al., 2016; Tian et al., 2016).
Previous investigations have revealed that the majority (70-95%) of
grain N allocation stems from pre-anthesis accumulation, with
post-anthesis uptake supplying the remainder (Barraclough et al.,
2010). Therefore, N translocation during grain Iling stage may play
a decisive role in NUE. However, it remains little documented
whether genetic differences in wheat grain Iling affect N transport
during this stage, and whether this is related to N,. This two-year

eld study evaluated ve winter wheat cultivars with varying N,
across four N application rates. This study aimed to: (i) clarify the
essential role of N-induced grain lling traits on GW establishment,
(ii) analyze the critical grain Iling factors driving high N use
ef ciency in wheat, and (iii) elucidate the N-related physiological
drivers (e.g., pre-anthesis N accumulation, chlorophyll degradation)
that modulate this critical grain 1ling phase. We hypothesized that
the sensitivity of the T to N supply is the primary determinant of
a cultivar's Ny, and that this sensitivity is intrinsically linked to
superior pre-anthesis N accumulation. This study aims to bridge the
gap between N management and grain lling physiology, providing
a novel mechanistic perspective for improving N use ef ciency
in wheat.

2 Materials and methods
2.1 Experimental location
The eld trials were conducted from 2017-2019 (two growing

seasons) in the Wugiao Experimental Station of China Agricultural
University (Wugiao County, Hebei Province, 37 63 N, 116 28 E),
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located the North China Plain. This region exhibits a temperate irrigation events were conducted—prior to winter dormancy, during
semi-arid monsoon climate with mean temperatures of 10.0 Cand  jointing, and at anthesis—with each application delivering
10.2 C and precipitation of 346.4 mm and 689.4 mm for the approximately 60 mm of water. Differently, due to high
growing seasons of 2017-2018 and 2018-2019, respectively  precipitation (> 60 mm) in April 2019, only two irrigations of
(Figure 1). The experimental site is a typical winter wheat- 60 mm each were performed - before winter dormancy and at
summer maize cropping system area. The soil is classi ed as  anthesis. Chemical controls effectively managed pests and diseases
uvo-aquic soil with sandy clay loam in the top soil. The tillage  throughout the growing season, with no signi cant occurrences of

layer of 0-20 cm contains 0.74 g kg * of total N, 18.8 mg kg * of  weeds, pests, or disease observed in any subplot.
Olsen-P, 127.3 mg kg * of available-K, 12.2 g kg * of organic matter,
and pH 8.2.

2.3 Plant sampling and determination

methods
2.2 Experimental design

2.3.1 Grain yield, grain weight and nitrogen

A split-plot design with three replicates was employed, where N responsiveness

supply served as the main plots and cultivars constituted the sub- At physiological maturity, wheat plants from a 1 m? area were
plots. Urea (46% N) applied as the N fertilizer at four rates: 0 (N0O), ~ manually harvested in each plot, and the samples were subsequently
75 (N75), 150 (N150), and 225 kg N ha * (N225), with a 1:1 ratioat ~ weighed separately after threshing and natural drying to determine
sowing and jointing. Five wheat cultivars, BiMal (BM1), JiNan2  grainyield (GY) at 13% moisture content. Meanwhile, twenty spikes
(IN2), TaiShanl (TS1), JiMai26 (JM26), and JiMai22 (JM22),  were randomly selected from each plot to count the grains per spike
released in 1950s, 1960s, 1970s, 1980s, and 2000s respectively, —(GPS) and calculate the grain weight (GW, 1000 grain) at
were used as experimental materials. These cultivars exhibit  physiological maturity. In addition, the spikes per unit area
varying N responsiveness in yield and were widely cultivated in ~ (SPUA) were counted at milk stage. The relationship between N
their respective eras (Chen et al., 2019; Yang et al., 2013). The  supply and GY was accurately tted by a “linear + plateau” model.
experimental plots measured 10.8 m (6.0 1.8 m), containing 12  Brie Y, the slope of the linear phase was used to characterize the N
rows each 6 m length with 0.15 m row spacing. A 1 m buffer zone  responsiveness (N,) of cultivars, and the minimum N application
separated N treatment plots to reduce cross-plot interference (Hu  rate needed to achieve maximum grain yield (GY ma,) was de ned as
et al., 2023; Shen et al., 2025; Zheng et al., 2022). Using mechanical  the critical N supply (Ns).
sowing, seeds were planted at a rate of 225 kg ha * on October 12,
2017, and October 11, 2018, with corresponding harvest dates of ~ 2.3.2 Grain lling traits
June 12, 2018, and June 12, 2019, respectively. Prior to sowing, each For each plot, 30 tagged wheat ears were sampled every six days
plot received basal fertilizer applications of 90 kg ha * P,Os from anthesis until 36 days post-anthesis. The grains were
(calcium superphosphate, 12% P,0s) and 90 kg ha * K,O  extracted, heat- xed at 105 C for 30 minutes, and subsequently
(potassium sulfate, 50% K,0O), which were uniformly broadcast dried at 75 C to achieve a stable weight. The grain lling dynamics
across all treatment areas. During the 2018 growing season, three  were calculated using the Richards (1959) growth equation:

Mean temperature Maximum temperature Minimum temperature [l Daily precipitation
50 200
(A) (B) _
O £
& £
‘q'; 25 150 <=
5 s
T g
g 01 100 g
3]
§ g
o o
2-25 r50 >
3 5
" L] ®
B e S .[!l.'- —_—
X Ky & o 0 S L . &> X Ky < N L RS A
N N N N’
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Date (year-month)
FIGURE 1
Daily maximum temperature, minimum temperature, mean temperature, and precipitation during the winter wheat growing season in Wugiao in
2017-2018 (A) and 2018-2019 (B).
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A

- (1 + Be K)v @

where W, grain weight (mg); A, nal grain weight (mg); t, days
post-anthesis (d); B, k, and N, regression-derived coef cients.

The rst and second derivatives of Equation 1 were calculated
following the method of Ma et al. (2022), from which the following
parameters were obtained through Equations 2-9:

Maximum grain 1ling rate (GFRyax):

1

GFRpax = KAN + 1)7® @)
Mean grain lling rate (GFRmean):
AK
GFRmean - m (3)
The end time of the slow-increase period (Ty):
|nN2 + 3N + NZpN2 + 6N + 5
T, = B 4
) < O
The end time of the fast-increase period (T):
In N? + 3N NZF;N2 + 6N + 5
T, =
2 K )
The end time of slight-increase period (T3):
In ElOé))N 1
Ty = —— 22— (6)
K
Duration of slow-increase period (Tgiow):
Tslow = Tl (7)
Duration of fast-increase period (Tast):
Tt =Ty, Ty (8)
Duration of slight-increase period (Tgjigno):
Taight = T3 —T» )

2.3.3 SPAD and chlorophyll degradation rate

Flag leaf SPAD values was measured at 7, 14, 21, and 28 days
after anthesis using a SPAD-502 meter (Minolta Camera Co., Ltd.,
Japan) to monitor senescence progression.

SPAD was tted using Equation 10, Equation 11 is the rst-
order derivative of Equation 10, and the absolute value of the slope
of Equation 11, |2a|, represents the mean linear decline rate
calculated from the slope of a linear regression of SPAD against
time for the post-anthesis period, serving as an indicator of the
chlorophyll degradation rate (CDR).

y=ax’+bx+c (10)

y=2ax+b (11)
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2.3.4 NUE, nitrogen nutrition index, nitrogen
accumulation and translocation
At both anthesis and maturity stages, 20 wheat plants per plot were

harvested and dissected into stems, leaves, chaffs, and grains (only at
maturity). All organ samples were rst heat-treated at 105 C for 30
mins, then oven-dried at 80 C until reaching constant mass, and

nally weighed to determine the total shoot biomass. After grinding, N
content was analyzed using a Vario Micro Cube elemental analyzer
(Elementar, Germany) via the Dumas combustion method. Total N
accumulation amount (Ntaa) represents the cumulative N content
across all plant organs, calculated according to Equation 12:

NTAA(g m 2) = Nstem + Nchaff + Nleaf + Ngrain (12)

The nitrogen nutrition index (NNI), which is the ratio of the
actual shoot N concentration (NC,) to the critical N concentration
(NC.), was calculated according to Equation 13. The critical

concentration followed the function NC.; = 459  Wqhoor 0.41
(Blandino et al., 2022; Yang et al., 2023):
NNI = NC,=NCy (13)

Where Wqnoot IS the total shoot biomass of wheat at anthesis
stage, expressed in kg ha .

The following N-related parameters were calculated using
Equations 14-19 as described by Peng et al. (2022):

N utilization efficiency(NUtE) = GY=N,, (14)
N uptake efficiency(NUPE) = Nay»=N, (15)
N use efficiency(NUE) = GY=N, (16)

N translocation amount(NTA) =Nz Ny an

N translocation efficiency(NTE) = NTA=N,, 100 (18)

Contribution rate of N translocation amount to grain (19)
(CNTA) = NTA=Ny,, 100

Where GY, grain yield (t ha *); Nym, aboveground N accumulation
amount at maturity (g m 2); N,, effective N supply [fertilizer N+
available N in 0-30 cm soil layer] (kg ha™); N, aboveground N
accumulation amount per unit area at anthesis (g m 2); Ny, Vegetative
tissue N accumulation amount per unit area at maturity (g m 2); and
Ngm, grain N accumulation amount per unit area at maturity (g m 3,

2.4 Statistical analysis
The sensitivity of grain Iling parameters, NTA, and Nyaa at

anthesis to N supply was estimated using Equation 20 and
expressed as slope k.
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y=kx+b (20)

Analysis of variance was performed using SPSS 26.0 (IBM
Corp., Chicago, IL, USA) to test the effects of N treatments, year,
cultivars, and their interactions on yield components, grain lling
characteristics, and N-related traits with least signi cant difference
(Duncan’s) tests at 0.05, 0.01, or 0.001. All graphical representations
were generated using Origin 2019 (Systat Software, San Jose, CA,
USA). The contribution of grain lling traits to GW was
investigated using random forest model (RFM, R package
“randomForest”). Principle component analysis (PCA) and
structural equation model (SEM) were conducted using Origin
2019 and Amos 24.0 (IBM Corp., Chicago, IL, USA) to gain
insight into the relationships among yield components, grain

Iling traits, and N-related traits.

10.3389/fpls.2025.1727679

3 Result

3.1 The differences of N responsiveness in
wheat cultivars subjected to N supply

Across the ve cultivars, GY increased linearly at rst and
then remained constant when N supply was increased from 0 to
225 kg N ha * (Figures 2A, B). The GY, N, Ny, and GY o among
the cultivars followed the order of IM22 > JM26 > TS1 > JN2 > BM1
(Figures 2A E). In 2017-2018, the Ny, Ng, and GYpay Of IM22
increased 13.9-32.8%, 3.8-28.3%, and 17.1-82.1%, respectively,
compared with the other cultivars. A similar pattern was observed
in 2018-2019. Additionally, path analysis revealed strong positive
correlations of GW (P < 0.001) and GPS (P < 0.001) with GY,

10 10
(A) 2017-2018 (B) 2018-2019
g ~---Bm1
----JN2
= ----TS1
1 q ----Jm2e
2 61° -5 IM22
= b
> 41 3
o e
4
21 ¢
L 4
0 T T T T T 0 T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Nitrogen supply (kg ha™") Nitrogen supply (kg ha™')
400 0.10
(€) (D)
[ 2017-2018 i
_ 300 [ 2018-2019 a a z 0.08 .
T b =
= b 'y 0.06 cd be 2
X
g 200 - = d
zg > 0.04 4
1001 0.02
0.00-
BM1 JN2 TS1 JM26 JM22 BM1 JN2 TS1 JM26 JM22
20
(E)
16 a
= b
© i c
f"— 12 d -
F g &
>_E 8+ z
(C]
4-
BM1 JN2 TS1 JM26 JM22
FIGURE 2
GY response of wheat cultivars to N supply in 2017-2018 (A) and 2018-2019 (B). Differences of N¢s (C), N; (D), and GYax (E) among wheat
cultivars. Path coef cients of grain yield in uenced by yield components under different N supply (F). GY, grain yield; Ncs, critical N supply; N,
N responsiveness; GYmax, Maximum grain yield; GW, grain weight; GPS, grains per spike; SPUA, spikes per unit area. In the path diagram: double-
headed arrows (r) represent correlation coef cients; single-headed arrows indicate direct path coef cients; single-headed dashed arrows show
indirect path coef cients; IPy, indirect path coef cient from GW to GY via GPS; and IP,, indirect path coef cient from GPS to GY via GW. Values
represented mean = SE, and different lowercase letters indicated signi cant differences between treatments at P < 0.05. *** indicated P < 0.001,
** indicated P < 0.01, * indicated P < 0.05, and ns indicated no signi cant difference.
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irrespective of SPUA (Figure 2F). GW exhibited a strong direct
effect on GY (path coef cient=0.478, P <0.001). GPS and GW also
contributed signi cantly to GY through indirect pathways.
Therefore, the variation in GY could be explained by GW and
GPS, while this study mainly focused on the response of GW to
yield formation. GW explained 90.4% of the variation in GY across
cultivars and N supply. Meanwhile, the interaction effect between
cultivar and N supply were signi cant on GY and GW
(Supplementary Table S1).

3.2 Grain lling traits in response to N
supply related to N responsiveness among
wheat cultivars

N application increased GW across all wheat cultivars, and the
order of GW was JM22 > JM26 > TS1 > JN2 > BML1 in both growing
seasons under the same N supply level conditions (Figures 3A H). At
equivalent N application rates, IM22 exhibited the highest mean grian

lling rate (GFRmean) @and maximum grian  lling rate (GFRy,4x) among

10.3389/fpls.2025.1727679

these cultivars. Compared with other cultivars, its GFRmean and GFRnax
were 0.7-14.8% and 0.5-11.4% higher in 2017-2018, and 3.4-26.0% and
3.0-21.5% higher in 2018-2019, respectively. Furthermore, JM22
displayed a shortened Tgq,, and an earlier onset along with extended
Thast and Tgigne (Figures 31 P, Supplementary Table S2). In contrast,
BML1 showed a longer Tgow and shorter Trag and Tgigny, resulting in the
lowest GFRean and GFRnax among the cultivars.

The N supply did not change Tgjo, in BM1, JN2, and TS1 in two
growing seasons, but Tg o, Was reduced with increasing N supply in
JM26 and JM22 (Figures 4A, B). Moreover, the Ty, 0f IM22 was
the shortest at the same N rate among these cultivars while BM1
was the longest. The Tras and Teyigne Were raised with increasing N
supply among these cultivars, and the Tyag: and Tgjigne Of IM22 were
consistently longer than other cultivars, while BM1 was the shortest
at the same N rate among these cultivars (Figures 4C F).
Importantly, the N, was positively correlated with the sensitivity
of Trast to N supply (P < 0.001), but independent of the sensitivity of
Tsiow and Tgjigne to N supply (Figure 4G, Supplementary Table S3).
Similarly, the results of the RFM identi ed T (P < 0.001) as the
main driving factor affecting GW (Figure 4H).

5 60
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FIGURE 3
Effects of N supply on grain weight and grain lling rate among wheat cultivars. (A—D) represented the grain weight under 0, 75, 150, and 225 kg
N ha !in 2017-2018, respectively. (E—H) represented the grain weight under 0, 75, 150, and 225 kg N ha * in 2018-2019, respectively. (I—L)
represented the grain lling rate under 0, 75, 150, and 225 kg N ha ! in 2017-2018, respectively. (M—P) represented the grain lling rate under 0, 75,
150, and 225 kg N ha * in 2018-2019, respectively. Values represented mean + SE, and different lowercase letters indicated signi cant differences
between treatments at P < 0.05.
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FIGURE 4

Response of grain lling parameters to N supply and its relationship with nitrogen responsiveness and grain weight. Duration of slow-increase period
(Tsiow) in 2017-2018 (A) and 20218-2019 (B), duration of fast-increase period (T¢,st) in 2017-2018 (C) and 2018-2019 (D), duration of slight-increase
period (Tgjight) in 2017-2018 (E) and 2018-2019 (F). (G) Correlation between nitrogen responsiveness (N,) and sensitivity of grain lling period to N
supply. (H) Random forest model (RFM) analysis of grain lling parameters revealed their relative contributions to GW development. Variable
importance was assessed through percentage increase in mean squared error (%IncMSE), with larger values indicating stronger in uence on GW
prediction accuracy. k, sensitivity of grain lling period to N supply; GFRyax, maximum grain lling rate; GFRyean, mean grain lling rate. Values
represented mean = SE. *** indicated P < 0.001, ** indicated P < 0.01, * indicated P < 0.05, and ns indicated no signi cant difference.

3.3 N accumulation related to grain lling
period under different N levels supply

The Ntaa at anthesis of ve wheat cultivars increased along
with the increasing rate of N supply in both growing seasons
(Figures 5A, B). At the same N rate, IM22 consistently had a
higher N4 at anthesis than the other cultivars, while BM1 had the
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lowest Ntaa at anthesis. The differences in Ntaa at anthesis
between cultivars gradually widened when N application
increased from 0 kg N ha * to 225 kg N ha *, and the order of
sensitivity of Ntaa at anthesis to N supply was JIM22 > JM26 >
TS1 > JN2 > BM1 (Supplementary Table S4). Strikingly, the
sensitivity of Ntaa at anthesis to N supply was positively
correlated with the sensitivity of T to N supply (P < 0.001), but
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