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Grain filling is a critical process for achieving a high grain yield in maize (Zea

mays L.), which can be improved by optimal combination with genotype and

nitrogen (N) fertilization. However, the physiological processes of variation

in grain filling in hybrids and the underlying mechanisms of carbon (C)

and N translocation, particularly under various N fertilizations, remain poorly

understood. The field experiment was conducted at Gongzhuling Farm in

Jilin, China. In this study, two maize hybrids, i.e., Xianyu 335 (XY335) and

Zhengdan958 (ZD958) were grown with N inputs of 0, 150, and 300 kg N ha−1

(N0, N150, and N300) in 2015 and 2016. Results showed that the N application

significantly optimized grain-filling parameters for both maize hybrids. In

particular, there was an increase in the maximum filling rate (Gmax) and the

mean grain-filling rate (Gmean) in XY335 by 8.1 and 7.1% compared to ZD958

under the N300 kg ha−1 (N300) condition, respectively. Simultaneously, N300

increased the small and big vascular bundles area of phloem, and the number

of small vascular bundles in peduncle and cob at the milking stage for XY335.

XY335 had higher root bleeding sap (10.4%) and matter transport efficiency

(8.4%) of maize under N300 conditions, which greatly enhanced the 13C

assimilates and higher C and N in grains to facilitate grain filling compared to

ZD958. As a result, the grain yield and the sink capacity for XY335 significantly

increased by 6.9 and 6.4% compared to ZD958 under N300 conditions. These

findings might provide physiological information on appropriate agronomy

practices in enhancing the grain-filling rate and grain yield for maize under

different N applications, namely the optimization variety and N condition
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noticeably increased grain filling rate after silking by improving ear vascular

structure, matter transport efficiency, and enhancing C and N assimilation

translocation to grain, eventually a distinct improvement in the grain sink and

the grain yield.

KEYWORDS

maize, grain filling, 13C-photosynthates, vascular bundle structure, matter transport
efficiency

Introduction

A critical process for achieving high grain yield in maize is
grain filling, which is closely associated with kernel number and
weight and determined by grain-filling rate (GFR) and period
(GFP) (1, 2). The grain filling was affected by nitrogen (N)
application and crop genotype, which has been well documented
(3, 4). Although increasing plant density improves the grain
yield of maize, leaf mutual shading would reduce the pollination
rate and photosynthesis, which adversely affect GFR (5) and
GFP (6), not only affects grain weight but also kernel number (7,
8). A growing number of studies on N effect on grain filling tend
to favor that GFR is more influential than GFP in achieving high
grain yield (4, 9). However, the physiological mechanism of N
influencing the GFR between two maize hybrids is still unclear,
especially under high plant density. Therefore, further research
is needed to resolve this question and thus we might gain better
insights into the mechanisms of increasing maize grain yield
by investigating the grain-filling characteristics between various
levels of N inputs.

Three essential factors, assimilate supply, matter transport,
and sink capacity, influence grain filling (10–12). Grain filling
depends on the grain carbon (C) assimilates obtained from
both the C remobilized from reserves of C pools in vegetative
organs either pre- or post-anthesis and assimilates currently
produced in photosynthetic tissues. Nitrogen has a major role
in the initiation of sink size establishment and C (i.e., sucrose)
and N assimilates supporting kernel development and growth
in interdependent ways during the grain-filling period (13, 14).
However, the majority of relevant studies had focused on how N
supply alters the final kernel number or N allocation in various
parts of plants, while played little attention to how N supply
influences C assimilates allocation to kernels during the grain-
filling to maturity stages (10, 12, 15). Thus, the determination
of C assimilates allocation before and after anthesis would
be beneficial to understand the response mechanisms of GFR
and GFP between maize hybrids grown with different amounts
of N fertilizer.

A robust matter-transport system within a plant is an
essential prerequisite for C assimilates allocation from sources
to meet the high assimilates requirements of sink establishment,
namely kernel development, and growth (16–19). Root bleeding
sap is one of the key factors to boost the matter transport system,

because its quantity and components reveal the shoot growth
potential and root activity (20, 21). Higher matter transport
efficiency (MTE) is greatly dependent on the vascular bundle
system because this system is the main channel for transporting
C and N compounds (14). Both the amount and area of vascular
bundles play a crucial role in transporting photosynthates
and nutrients (22, 23). Our previous study clearly shows that
N fertilizer management increased the number of the small
vascular bundle to strongly affect matter transport and crop
grain production (9), but played little attention to how crop
variety selection and N interaction influence matter transport
to grain. Thus, revealing how crop genotype and N application
influence the traits of vascular bundles in crops would deepen
our understanding of the variability in matter transport and
nutrient allocation in crops.

Kernel’s ability to utilize and absorb assimilates was highly
dependent on N fertilization and crop genotype. Appropriate
high N fertilizer input has been shown to increase dry matter
accumulation and distribution to reproductive organs and is
associated with better efficiency in the use of C assimilates
by kernels (15, 24, 25). However, little information was
available about the physiological processes and carbon (C)
and N translocation of different maize hybrids in grain filling,
particularly under various N fertilizations. Here, we investigated
some of the complex relationships involved in maize grain
development and yield production as affected by genotype
and N supply. Our specific aims were to (1) compare grain-
filling attributes and grain yields between two maize hybrids in
response to various levels of N supply, (2) reveal underlying
mechanisms of C assimilates allocation in the grain-filling
process of maize hybrid with high sink capacity and grain
yield, (3) and explore how matter transport and vascular bundle
characteristics relate to crop grain-filling and differ in response
to various N supplies between two maize hybrids.

Materials and methods

Experimental site descriptions

A field experiment was conducted at Gongzhuling, Jilin
Province (43◦31’N, 124◦48’E), China during the maize growing
season of April–October in 2015 and 2016. The experimental
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soil was black earth (Hapli-Udic Cambisol) with the following
soil properties: pH 6.3, organic matter 26.6 g kg−1, total N
1.6 g kg−1, available P 62.3 mg kg−1, and available K 148.40 mg
kg−1. These values were obtained from soil sampled from the
0 to 20 cm soil profile before this study. During maize growing
seasons, air temperatures above 10◦C were summed to calculate
the effective cumulative temperature, which was 1631.3◦C in
2015 and 1616.0◦C in 2016. Cumulative rainfalls were 409.6 mm
in 2015 and 643.7 mm in 2016.

Experimental design and crop
management

In a split-plot design, two maize hybrids were established as
the main plots and three N levels were established as subplots,
totaling 18 plots with three replications. Each plot was 45 m2

in area (7.5 m length × 6 m width). Two widely grown
high-yielding spring maize varieties, Xianyu 335 (XY335; It
was bred by the American Pioneer Company. The parental
inbred lines are PH4CV and PH6WC. PH6WC and PH4CV
come from the SS and NSS heterotic groups of M America,
respectively.) and Zhengdan 958 (ZD958; It was bred by the
Henan Academy of Agricultural Sciences. The parental inbred
lines are Zheng58 and Chang7-2, which came from the PA
and SPT heterotic groups in China, respectively.), were planted
in the main plots. Three N fertilizer (urea) levels, 0 kg ha−1

(N0), 150 kg ha−1 (N150), and 300 kg ha−1 (N300), were
individually applied in the subplots. The N was applied before
the sowing, jointing, and silking stages of maize at a ratio of
5:3:2 for the three applications. Both phosphorus [Ca3(PO4)2]
and potassium (KCl) fertilizers were applied at 100 kg ha−1

before sowing in 2015 and 2016. Maize was planted in rows
with a 60 cm row spacing and 90,000 pl ha−1 density on April
29th and April 30th and manually harvested on October 1st and
September 30th in 2015 and 2016, respectively. Pests, weeds,
and diseases were well-controlled and no irrigation was applied
throughout the two growing seasons.

Data collection

Sampling and grain-filling parameters
From the beginning of maize pollination, 50 plants that

visually appeared uniform in growth were marked in each plot to
record the date of ear pollination. Three ears among the marked
pollinated plants were collected every 7–15 days for a total of
five time points in 2015 and six time points in 2016 (19). We
then collected 100 kernels from the middle part of each ear and
initially dried them in an oven at 105◦C for 40 min before drying
to a constant weight at 80◦C. Then we determined the 100-
kernel weight as a measure of the grain-filling process by fitting

a logistic equation (Eq. 1) according to Wei et al. (4).

W = A/(1+ BEXP−Ct) (1)

In the above equation, W is the 100-kernel weight (g) and t is
the number of days after pollination. The estimated parameters
A, B, and C represent final mass, the coefficient at the initial
stage, and growth rate, respectively. A second equation (Eq. 2),
derived by taking the first derivative of Eq. 1 (4), was used to
estimate effective grain-filling duration and kernel growth rate:

Dw/dt = A× B× C × EXP−Ct/(1+ B× EXP−Ct)2 (2)

The following equations describe the determination of
additional grain-filling parameters of maize. Kernel weight at the
maximum grain-filling rate was determined by (W max) =
A/2. The maximum grain filling rate equation is (Gmax) =
(C × W max )× [1− (W max /A)]. The mean grain filling
rate equation is (G mean) = (A/2)× (C/6). The active grain-
filling period was determined by (P) = 6/C.

Root activity (TTC reducing capacity) and
malondialdehyde content

At the milking stage, 0–60 cm of soil root was selected,
then it was divided into 0–15,15–30, and 30–60 cm of three
layers to measure the root activity and malondialdehyde
(MDA) content in 2015 and 2016. Root activity (TTC reducing
capacity) was measured according to the method of Duncan and
Widholm (26).

Malondialdehyde (MDA) content was measured as follows:
0.3 g root was selected in each sample, 2 ml 10% TCA solution
was added, and then it was finely ground. Then, it was poured
into a centrifugal tube, 6 mL TCA was added to wash, put the
homogenate into a centrifuge tube (4,000 r/min for 10 min), and
the supernatant was collected. Take 2 mL supernatant, add into
2 mL 0.6% TBA solution, mix and plug in the tube, put into a seal
with plastic wrap, kept the mixture at 100◦C for another 30 min.
Taking supernatant to obtain OD values at 532 and 450 nm.
The CK is a TCA solution. Finally, calculate the MDA content
(µmol/g) by C

(
µmol L−1)

= 6.45× A532− 0.56× A450 .

13C-photosynthate distribution and
C/N ratio between plant organs

We used the 13C isotope as a tracer in a labeling experiment
to evaluate the effect of maize hybrids and N fertilizer levels on
the 13C-photosynthate distribution among plant organs in 2016.
Six plants of robust and uniform growth were selected in each
plot for 13C-labeling at the third day after silking. Mylar plastic
bags (length 1 m, width 15 cm, and thickness 0.1 mm) were
used to encase the ear leaf. Then, 50 ml of 13CO2 was injected
into the bags. After the enclosed leaves were allowed to continue
photosynthesizing for 60 min, the bags were removed from the
ear leaf in each plot.
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TABLE 1 Effect of nitrogen fertilization level on grain yield component and sink capacity between two maize hybrids in 2015 and 2016.

Year Genotype N level KNP TKW GY SC NPF TNF
(ear−1) (g) (kg ha−1) (g m−2) (No.) (No.)

2015 XY335 N0 335± 13.5d 233± 3.3e 5445± 31.8f 626± 33.1f 478± 1.1e 396± 11.7d

N150 410± 4.4c 271± 4.5c 8992± 48.0d 940± 6.0d 698± 4.7c 500± 10.8c

N300 505± 13.0a 286± 3.6b 12313± 28.8a 1258± 14.4a 760± 7.2a 601± 3.5a

ZD958 N0 336± 4.8d 253± 1.3d 6073± 33.3e 681± 7.7e 472± 4.4e 389± 7.7d

N150 415± 12.6bc 283± 1.3b 9568± 82.9c 999± 10.3c 662± 8.8d 499± 12.2c

N300 432± 16.0b 315± 4.5a 11387± 19.0b 1184± 20.3b 717± 8.3b 565± 11.0b

2016 XY335 N0 321± 16.0d 229± 0.5f 4778± 52.5f 588± 28.1f 538± 4.0d 384± 4.6d

N150 460± 12.0bc 280± 1.9d 8984± 23.4d 1068± 20.1d 727± 9.0b 539± 4.2c

N300 535± 10.1a 328± 2.3b 12627± 35.6a 1438± 12.2a 771± 5.9a 633± 17.0a

ZD958 N0 312± 2.0d 273± 1.6e 5485± 50.4e 681± 6.8e 524± 5.3d 360± 20.0d

N150 449± 1.2c 317± 2.3c 9602± 69.4c 1128± 16.7c 675± 14.5c 518± 28.0c

N300 480± 16.0b 340± 3.7a 11836± 39.3b 1339± 25.3b 702± 19.0bc 590± 19.7b

ANOVA Year (Y) *** *** NS *** *** *

Nitrogen (N) *** *** *** *** *** ***

Genotype (G) *** *** * * *** ***

N× G *** NS *** *** *** NS

Y× N× G *** NS *** NS *** **

KNP, Kernel number per ear−1 ; TKW, 1,000-kernel weight; GY, Grain yield; SC, Sink capacity; NPF, Number of pollinated florets; TNF, Total number of florets. N0, N150, and N300
indicate 0, 150, and 300 kg ha−1 N applied, respectively.
Different letters indicate significant differences between treatments at a 5% level.
*, **, and *** indicate different significance at 5, 1, and 0.1% level, respectively.
NS, no significance.

Labeled plants from each plot were harvested at two time
points. The first set of three plants was sampled 24 h after
the 13C-labeling of leaves. The remaining three 13CO2-labeled
plants were harvested when they reached the physiological
maturity stage (R6). All plant samples were divided into ear
leaves, other leaves, stem, sheath, cob, ear bracts, and grain. All
plant materials were heated at 105◦C for 1.5 h and then dried
to constant weights at 80◦C before milling into fine powders.
Using 5 mg of each powdered sample, we determined isotopic
abundance using an Isoprime 100 instrument (Isoprime100,
Cheadle, United Kingdom). Significance analysis was performed
on the same growth stage between treatments at a 5% level.
For C and N content determination in 2016, all leaf fractions
from each plant were mixed together as a single leaf sample and
then analyzed along with the remaining stem and grain samples
according to the method mentioned in a previous study (27).

Vascular bundles number and area and matter
transport efficiency

At the maize milking stage of the 2016 growing season,
the plant fractions of the basal-stem, peduncle internode, and
cob internode were obtained from five plants per in each plot
according to Piao et al. (28). The plant samples were fixed
using the Kano fixative solution (Vaceticacid/Valcohol = 1:3) and
were stored in 70% ethanol solution before obtaining images
of vascular bundle structure. Images were captured using a

Zeiss Axio Scope with a 5 × /0.3 numerical aperture and a
10 × /0.3 NA Axio HRc camera (Carl Zeiss Inc., Ontario, CA,
United States). Then, we analyzed images using the ZEN analysis
system (Axio Lab A1, Zeiss, Germany) to obtain relevant data
regarding the area occupied by large and small vascular bundles
and xylem and phloem per vascular bundle. The average values
from 18 adjacent vascular bundles were recorded for each
treatment. Significant analysis was performed on the same
positions between treatments at a 5% level.

Root bleeding sap was collected from at the basal internode
of the stem. The protocol for the collection of sap was according
to the method described in previous studies by Piao et al.
(28). Then, the total areas of big/small vascular bundles were
calculated according to Eq. 3. The matter transport efficiency
(MTE, mg mm−2 h−1) was calculated using Eq. 4 (28).

Total area of big / small vascular bundle

= signal area of big /small vascular bundle

×total number of big /small vascular bundle (3)

MTE = RBS / VAB (4)

Here, RBS refers to the rate of root bleeding-sap collected
from 17:00 to 05:00 of the next day (mg h−1), and VBA refers to
the vascular bundle area in the basal stem internode (mm2).
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FIGURE 1

Dynamics of 100-kernel weight and grain filling rate of two maize hybrids after pollination under various N levels applied in 2015 and 2016. N0,
N150, and N300 indicate 0, 150, and 300 kg N ha-1 applied, respectively. The values shown are the mean ± SE (n = 3).

Count of florets, grain yield, kernel number per
spike, and 1,000-kernel weight

On the 10th day after maize pollination in 2015 and 2016,
the husk leaves were removed from 10 ears selected from each
plot after the total number of florets per ear was recorded. The
number of pollinated florets included two counts by simply
shaking: Both falling and withered silks in ovary silk junction
were counted as the number of fertilized florets. The number
of fresh silk that was not fell off was recorded as the number of
unpollinated florets (29).

At the maturity stage of maize, four rows of maize in each
plot were harvested to determine grain yield (grain yields were
standardized to 14% moisture), kernel number per plant, and
1,000-kernel weight. Sink capacity was determined by Eq. 5 as
described by Yoshinaga et al. (30).

Sink capacity =KNP × KW × plant number per unit area
(5)

Here, KNP refers to the kernel number per ear−1, KW is
kernel weight and the plant numbers per unit area were obtained
from a 1 m2 area in each plot.

Results

Grain components, grain yield, and
sink capacity

There were significant effects from the factors of Year (Y),
Nitrogen (N), and Genotype (G) on kernel number per ear−1

(KNP), 1,000-kernel weight (TKW), grain yield (Y effect on
grain yield not included), sink capacity, number of pollinated
florets (NFP), and the total number of florets (TNF) (Table 1).
For both varieties, increasing the levels of N applied to soils
significantly increased KNP by an average of 10.8% and TKW by
9.2% between N150 and N300. Increasing the levels of N applied
grain yield increases by an average of 22.7% and sink capacity
by an average of 20.6% between N150 and N300. Interestingly,
averagely a lower TKW (6.4%) but a higher NPF (7.3%) and
KNP (12.4%) were observed for XY335 compared to those for
ZD958, which contributed to 7.5% (2015) and 6.3% (2016)
increases in KWP of XY335 from that of ZD958 under the N300
treatment. Conversely, under the N0 and N150 treatments,
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KWP values for ZD958 compared to those for XY335 appeared
greater but without significant difference (Table 1).

Grain filling characteristics

After maize pollination, the changes in 100-kernel weight for
both varieties appeared in three stages of increasing change from
gradual to rapid to slight increases over time (Figure 1). Initially,
there was no obvious difference between varieties, when the
weights were gradually increased. Then the 100-kernel weight
of XY335 rose higher than that of ZD958 when both weights
were rapidly increasing in the N0 and N150 treatments in 2015.
Accordingly, for grain-filling rate, XY335 presented higher and
lower values at the time periods of 14–32 and 35–60 days after
pollination compared to that of ZD958 in 2015, respectively.
Similar trends were observed in the 2016 growth season as well
but with slightly higher and lower differences between varieties.
Generally, XY335 achieved Gmax sooner than ZD958 achieved it
in each study year (Figure 1).

In general, increasing N levels promoted Wmax, Gmax, and
Gmean for both maize varieties, particularly in N300. Higher
Gmax and Gmean values were observed for ZD958 in comparison
to those of XY335 in N0 and N150 conditions, whereas the Gmax

and Gmean values obtained from ZD958 were on average 8.1 and
7.1% lower than the respective values from XY335 in the N300
conditions. Notably, XY335 had shorter GFPs on averages of 5.3,

2.7, and 15.4% than those of ZD958 in the N0, N150, and N300
levels, respectively (Table 2).

C and N contents and C/N ratio in
maize organs

In maize stems, N application (N150 and N300) significantly
increased C and N contents at both the silking and maturity
stages compared to those of N0 (Figure 2). At both growth
stages, the C/N ratio in stems decreased gradually with the
increase in amounts of applied N. Additionally, significantly
greater N contents were measured in ZD958 stems than in
XY335 stems grown under N-treated conditions, which resulted
in higher C/N ratios in the stems of XY335 than in ZD958.
Most notably, significantly lower C contents were recorded from
leaves of XY335 than from leaves of ZD958 at the silking stage
in the N0 and N150, while in the N300 treatment they showed
the opposite observations in the N0 and N150 treatments. The
leaf C and N contents were observed significantly lower in
XY335 than that of ZD958 at the maturity stage. As a result, the
grains of XY335 were, respectively, 19.8–12.3% and 13.7–3.5%
lower in C and N contents compared with those in the grains
of ZD958 in the N0 and N150, while higher 16.5% for C and
11.8% for N contents than those of ZD958 in N300 treatment.
XY335 performed 5.4% higher C/N ratios than ZD958 under
N300 conditions (Figure 2), probably suggesting that differences

TABLE 2 Effect of nitrogen fertilization level on grain filling parameters between two maize hybrids in 2015 and 2016.

Year Genotype N level Wmax(mg kernel−1 d−1) Tmax(d) Gmax(mg kernel−1 d−1) GFP(d) Gmean(mg kernel−1 d−1)

2015 XY335 N0 132.2± 1.52d 26.3± 0.33c 8.8± 0.04d 44.9± 0.73d 0.29± 0.00d

N150 128.8± 4.20d 25.5± 2.04c 8.4± 0.38d 46.2± 0.90c 0.28± 0.01d

N300 149.9± 0.41b 25.9± 0.30c 10.2± 0.12a 44.2± 0.63d 0.34± 0.00a

ZD958 N0 138.9± 3.27c 30.1± 0.61a 9.0± 0.26bc 46.5± 0.36c 0.30± 0.01c

N150 147.0± 0.38b 29.3± 0.22ab 8.9± 0.06c 49.8± 0.44b 0.30± 0.01c

N300 163.8± 0.71a 28.1± 0.39b 9.2± 0.02b 53.6± 0.37a 0.31± 0.01b

2016 XY335 N0 129.9± 2.16f 31.3± 0.16b 9.5± 0.09c 40.9± 0.96c 0.32± 0.01c

N150 145.8± 1.24d 22.0± 0.39d 9.6± 0.37c 45.5± 2.10b 0.32± 0.01c

N300 161.4± 1.68b 22.4± 0.50d 11.1± 0.24a 43.7± 1.15b 0.37± 0.01a

ZD958 N0 139.7± 0.68e 32.7± 0.43a 9.5± 0.23c 44.1± 1.27b 0.32± 0.01c

N150 151.9± 1.63c 24.6± 0.05c 10.2± 0.08b 44.7± 0.51b 0.34± 0.00b

N300 174.7± 0.70a 25.1± 0.12c 10.4± 0.01b 50.4± 0.27a 0.35± 0.00b

ANOVA Year (Y) *** *** *** *** ***

Nitrogen (N) *** *** *** *** ***

Genotype (G) *** *** NS *** NS

N× G * NS *** *** ***

Y× N× G *** NS NS ** NS

Wmax , kernel weight increment achieving maximum grain-filling rate; Tmax , the days reaching the maximum grain-filling rate; Gmax , maximum filling rate; GFP, active filling phase; Gmean ,
mean grain-filling rate. N0, N150, and N300 indicate 0, 150, and 300 kg ha−1 N applied, respectively.
Different letters indicate significant differences between treatments at a 5% level.
*, **, and *** indicate different significance at 5, 1, and 0.1% level, respectively.
NS, no significance.
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FIGURE 2

N content, C content, and C/N ratio in stem, leaf, and grain of two maize hybrids at silking and maturity stages under various N levels applied in
2016. N0, N150, and N300 indicate 0, 150, and 300 kg N ha-1 applied, respectively. Different letters indicate significant differences at a 5% level.
The values shown are the mean ± SE (n = 3). The values shown are the mean ± SE (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ns, no
significance.

between the two cultivars in matter translocation from source to
sink occurred from the silking to maturity stages of maize.

Root activity and malondialdehyde
contents

Root activity (Year effected on root activity in 30–60 cm
not included) and malondialdehyde (MDA) contents were
significantly affected by the factors Year (Y), Nitrogen (N),
genotype (G), and N × G. Root activity levels gradually raised
with the increase of N inputs, while MDA was reduced with
increased N rate. As soil depth increased, root activity was
reduced, and MDA was observed as an enhanced trend in each
N level condition (Figure 3). During 2 years, root activity within
the 0-60 cm soil layer samples from XY335 was significantly
lower than that of ZD958 in the N0 (17.4%) and N150 (15.4%)
treatments. Conversely, greater root activity was observed in
XY335 higher than those in ZD958 by averages of 8.9% at the
N300 levels. MDA contents in root were higher for XY335 than
those for ZD958 by averages of 9.3 and 10.0% in N0 and N150

treatment, while lower 9.7% in XY335 than that of ZD958 at the
N300 N level (Figure 3).

Distribution of 13C-photosynthates in
tissues at maize silking and maturity
stages

The distribution of 13C-photosynthates in each tissue of
two maize cultivars was significantly affected by the levels of
applied N; however, significant effects on two varieties were
only observed from the 13C-photosynthates distributions in the
sheath, grain, and cob tissues (Table 3). At the silking stage,
similar distribution patterns of 13C-photosynthates in tissues
were obtained in the same N-treated plants of both cultivars.
Moreover, significantly higher amounts of 13C-photosynthates
were distributed in the stems and husk leaves of crops from
the N150 and N300 treatments relative to those from the N0
treatment. Accordingly, those labeled-13C captured by other
leaves and sheaths were lower in N input treatments than those
in treatment without N fertilizer. These results indicated that
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FIGURE 3

Root activity and malondialdehyde (MDA) content of two maize hybrids at the milking stage under various N levels were applied in 2015 and
2016. N0, N150, and N300 indicate 0, 150, and 300 kg N ha-1 applied, respectively. The values shown are the mean ± SE (n = 3). *p < 0.05,
**p < 0.01, ***p < 0.001, ns, no significance.

N input accelerated 13C-photosynthate allocation to stem and
husk leaves at the silking stage.

At maturity, the 13C photosynthetic products in source
tissues were transferred to grains in large quantities, and grains
as sinks then became the organs containing the most 13C
photosynthetic products. XY335 exhibited relatively higher 13C-
photosynthate allocation ratios in grain, cob, and husk leaves
than ZD958 exhibited in the corresponding tissues. As expected,
XY335 exhibited relatively lower 13C-photosynthate allocation
in other tissues than ZD958 exhibited in tissues, particularly in
leaves. The ratio was lower by 9.8, 18.6, and 25.8% in XY335 than
that in ZD958 in the respective N0, N100, and N300 treatments.
13C-photosynthate allocation was significantly reduced in other
leaves, sheath, and cob, while it was greater in grains for
both maize varieties due to the increased N inputs. Under
N300 conditions the ratio of 13C-photosynthate allocation was
increased by 14.7% for XY335, and 12.0% for ZD958 from that
in N0 and N150 treatment (Table 3).

Traits of vascular bundles in internodes
of maize

Overall, the area, number, and density of vascular bundles,
regardless of whether the sizes of bundles were categorized as
small or large, were significantly affected by N fertilization.
Furthermore, the area and number of small vascular bundles
and vascular bundle density were significantly influenced by
the factor of genotype (Table 4). Increased N fertilization levels
vastly raised vascular bundle area, and increasing trends were
observed in the xylem and phloem of basal-stem, peduncle, and
cob samples for both genotypes at the milking stage. In N0
and N150 treatments, XY335 had a relatively lower total area
and total phloem area of small vascular bundles than ZD958.
However, in the N300 treatment, XY335 had a relatively higher
total area of small vascular bundles than ZD958, particularly
in peduncles because of the significantly larger area of phloem.
Similar results were also observed for the area of small vascular
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TABLE 3 Effect of nitrogen fertilization level on the distribution of 13C-photosynthates among tissues of two maize hybrids at silking and maturity
stages in 2015 and 2016.

Year Growth stages Genotype N level 13C-photosynthates distribution in different tissues of maize (%)

Stem Ear leaf Other leaf Sheath Husk leaf Grain Cob

2015 Silking XY335 N0 37.0± 1.05c 2.7± 0.20c 35.1± 1.39ab 20.6± 0.54a 4.5± 0.40bc – –

N150 40.5± 0.42b 2.9± 0.16c 33.5± 1.01b 17.4± 1.22c 5.6± 0.20a – –

N300 43.3± 0.48a 3.5± 0.21ab 31.4± 1.10c 16.5± 0.46cd 5.3± 0.51ab – –

ZD958 N0 36.6± 1.33c 3.1± 0.27bc 36.4± 0.90a 19.3± 0.37b 4.6± 0.22bc – –

N150 41.5± 1.21b 3.6± 0.16a 33.7± 0.01b 16.9± 0.66cd 4.4± 0.38c – –

N300 44.4± 0.51a 3.3± 0.14bc 30.8± 0.47c 15.8± 0.76d 5.7± 0.42a – –

Maturity XY335 N0 17.9± 0.07c 1.3± 0.13a 14.0± 0.48b 7.1± 0.67b 6.4± 0.38a 45.5± 0.39d 7.5± 0.60a

N150 18.7± 0.35b 0.9± 0.16ab 10.5± 0.28c 6.6± 0.47bc 6.5± 0.17a 51.9± 0.42c 5.1± 0.28bc

N300 18.7± 0.59b 0.9± 0.02ab 8.6± 0.21d 6.0± 0.43c 6.6± 0.08a 54.9± 0.37a 4.6± 0.22c

ZD958 N0 16.3± 0.19d 1.2± 0.10a 15.3± 0.98a 9.7± 0.35a 5.5± 0.24ab 45.0± 0.52d 6.9± 0.97a

N150 18.5± 0.34b 0.9± 0.12ab 12.4± 0.58c 6.1± 0.61c 5.5± 0.46ab 50.8± 0.49c 5.8± 0.23b

N300 19.5± 0.47a 0.8± 0.02b 10.4± 0.52c 6.0± 0.53c 4.9± 0.25b 53.3± 1.18b 5.2± 0.14bc

2016 Silking XY335 N0 36.1± 1.47c 3.8± 0.20a 33.3± 1.85a 23.8± 0.53a 3.0± 0.16c – –

N150 43.2± 0.69b 3.2± 0.13c 29.9± 0.68bc 18.5± 0.69bc 5.2± 0.52a – –

N300 46.2± 1.96a 3.5± 0.16ab 28.0± 2.63bc 16.9± 1.11c 5.4± 0.46a – –

ZD958 N0 35.7± 0.97c 3.2± 0.17c 34.2± 2.27a 22.6± 1.15a 4.3± 0.69b – –

N150 42.6± 0.94b 3.4± 0.19bc 29.0± 0.73bc 19.8± 1.02b 5.2± 0.15a – –

N300 47.3± 1.58a 3.3± 0.11bc 26.2± 1.64c 18.1± 0.53c 5.1± 0.31a – –

Maturity XY335 N0 18.6± 0.78b 1.9± 0.11ab 11.9± 0.29b 11.2± 0.33a 4.5± 0.53a 44.2± 0.44d 7.7± 0.07a

N150 18.1± 0.54bc 1.4± 0.02b 9.6± 0.19c 7.3± 0.24cd 4.6± 0.32a 52.4± 0.65b 6.6± 0.12b

N300 19.1± 0.70b 1.6± 0.02b 6.9± 0.23d 6.1± 0.22e 3.9± 0.05b 56.6± 0.68a 5.9± 0.37bc

ZD958 N0 17.1± 0.80c 2.0± 0.57a 13.2± 0.18a 11.9± 0.63a 3.4± 0.44b 46.0± 0.99c 6.4± 0.77b

N150 18.2± 0.74bc 1.7± 0.06ab 11.8± 0.43b 7.7± 0.85bc 3.7± 0.32b 51.0± 0.92b 5.9± 0.23bc

N300 20.3± 0.18a 1.5± 0.11b 9.3± 0.28c 6.5± 0.52de 2.1± 0.08c 55.1± 0.54a 5.2± 0.22c

ANOVA Year (Y) NS NS NS NS *** *** **

Nitrogen (N) * * *** *** *** *** *

Genotype (G) NS NS NS * NS ** ***

N× G NS NS NS NS NS NS *

Y× N× G NS NS NS NS NS NS **

N0, N150, and N300 indicate 0, 150, and 300 kg ha−1 N applied, respectively.
Different letters in the same column indicate significant differences between treatments at a 5% level for each growth stage.
*, **, and ** indicate different significance at 5, 1, and 0.1% level, respectively.
NS, no significance; –, no data for use.

bundles due to the larger area of either the xylem or phloem in
basal stems and cobs of maize in the N300 treatment.

Similar to the results of the vascular bundle area, the
numbers of both large and small vascular bundles were
significantly increased by N inputs to both maize varieties. In
addition, the number of small vascular bundles was respectively
greater on average by 10.6 and 7.8% in the peduncle and cob
tissues of XY335 than of ZD958 in the N300 treatment (Table 4).
Combining the results of area and number of vascular bundles,
XY335 clearly produced a higher vascular bundle density than
ZD958 in each tissue of maize no matter what level of N
was supplied. The micrographs of vascular bundles of different
internodes are presented in Appendix Figures 1, 2.

Root bleeding-sap and matter
transport efficiency

Maize crops grown under the N150 and N300 conditions
for both varieties produced approximately 1.5–2.8-fold more
root bleeding-sap than crops grown under the N0 treatment
produced at the silking stage (Table 5). XY335 had a lower
cross-sectional area than that of ZD958 both under N150 and
N300 conditions, while no significance was observed in the
total vascular bundle area in the stem between the two hybrids.
Notably, XY335 had a 14.3 and 1.8% lower amount of root
bleeding sap than that of ZD958 across the N0 and N150 levels,
while 10.4% higher than that of ZD958 in the N300 level. Similar
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TABLE 4 Effect of nitrogen fertilization level on vascular bundle traits of two maize hybrids at milking stage in 2016.

Position Genotype N level Area of big vascular
bundle (mm2)

Area of small vascular
bundle (mm2)

Number of
vascular bundle

Vascular bundle

Xylem Phloem Total Xylem Phloem Total Big Small density (mm−2)

Basal-stem XY335 N0 3.76± 0.16d 0.75± 0.07e 8.34± 0.36d 2.30± 0.31cd 1.55± 0.02f 17.42± 1.27c 115.4± 5.4d 574.8± 19.3c 2.85± 0.22a

N150 6.27± 0.67b 1.61± 0.23c 13.16± 1.43b 3.81± 0.71b 2.05± 0.01d 19.18± 0.99b 187.2± 10.3b 666.0± 23.5bc 3.10± 0.19a

N300 10.19± 0.55a 3.65± 0.23a 27.99± 1.61a 4.70± 0.47a 3.39± 0.06a 28.55± 0.85a 289.7± 9.3a 758.9± 16.2a 2.87± 0.08a

ZD958 N0 4.95± 0.14c 1.09± 0.06d 10.56± 0.33c 2.03± 0.08d 1.66± 0.02e 13.86± 0.82d 141.5± 1.3c 450.4± 17.0d 2.46± 0.15b

N150 6.20± 0.39b 1.43± 0.08c 14.30± 0.75b 3.00± 0.18c 2.48± 0.02c 16.53± 0.72c 184.7± 10.4b 562.5± 10.2c 2.47± 0.16b

N300 10.27± 0.46a 3.30± 0.16b 27.73± 1.37a 4.26± 0.37b 2.96± 0.17b 27.52± 0.82a 280.9± 12.9a 756.4± 17.1a 2.49± 0.08b

Peduncle XY335 N0 2.24± 0.38c 1.16± 0.19c 6.18± 0.24c 1.31± 0.21d 0.30± 0.02f 4.48± 0.41d 111.9± 4.4c 230.1± 12.2d 3.86± 0.09b

N150 3.84± 0.88b 2.07± 0.27bc 12.36± 1.05b 2.20± 0.25c 0.61± 0.02d 9.00± 0.12c 144.9± 5.6b 350.4± 7.1c 4.82± 0.26a

N300 9.23± 1.24a 4.91± 0.60a 22.92± 1.63a 3.71± 0.11a 1.45± 0.03a 14.54± 0.29a 224.6± 4.1a 456.7± 8.9a 4.72± 0.24a

ZD958 N0 2.30± 0.08bc 1.24± 0.13c 6.74± 0.74c 1.28± 0.20d 0.40± 0.04e 5.23± 0.72d 116.5± 2.8c 224.7± 10.7d 2.77± 0.29d

N150 3.32± 0.26bc 1.77± 0.12c 11.57± 0.63b 2.15± 0.01c 0.73± 0.01c 10.05± 0.42c 131.1± 8.2b 343.1± 1.0c 3.23± 0.08bc

N300 8.72± 1.26a 4.74± 0.55a 22.11± 1.43a 3.11± 0.05b 1.27± 0.04b 12.26± 0.37b 219.3± 7.3a 408.5± 2.5b 3.51± 0.14bc

Cob XY335 N0 0.97± 0.22c 0.49± 0.08c 5.20± 0.82d 0.65± 0.06d 0.12± 0.01e 1.77± 0.20e 57.5± 7.7c 91.0± 7.4d 0.64± 0.01bc

N150 1.79± 0.09b 1.39± 0.10b 6.32± 0.33bc 1.47± 0.13c 0.26± 0.01d 3.74± 0.09d 63.8± 3.8bc 145.6± 4.8b 0.71± 0.02a

N300 3.02± 0.16a 1.87± 0.10a 8.75± 0.11a 2.74± 0.08a 0.49± 0.03a 7.03± 0.32a 80.8± 1.0a 158.6± 7.7a 0.75± 0.02a

ZD958 N0 1.09± 0.20c 0.47± 0.08c 5.42± 0.95cd 0.69± 0.04d 0.16± 0.01e 2.12± 0.08e 58.0± 5.0c 93.9± 5.9d 0.58± 0.03c

N150 1.99± 0.13b 1.46± 0.07b 7.10± 0.31b 1.37± 0.26c 0.32± 0.02c 4.33± 0.24c 72.2± 3.2ab 138.4± 3.0bc 0.62± 0.01bc

N300 3.14± 0.17a 1.84± 0.07a 8.92± 0.35a 2.11± 0.24b 0.45± 0.01b 6.50± 0.55b 82.6± 1.3a 146.2± 7.8b 0.61± 0.03bc

ANOVA Nitrogen (N) *** *** *** *** *** *** *** *** ***

Genotype (G) NS NS NS *** *** *** NS ** ***

N× G NS NS NS NS *** * NS NS NS

N0, N150, and N300 indicate 0, 150, and 300 kg ha−1 N applied, respectively. AVE indicates the average value from the N treatment.
Different letters in the same column indicate significant differences between treatments at a 5% level for each tissue position.
*, **, and *** indicate different significance at 5, 1, and 0.1% level, respectively.
NS, no significance.
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TABLE 5 Effect of nitrogen fertilization level on root bleeding sap and matter transport efficiency of basal-stem internode (MTE) of two maize
hybrids at milking stage on N application levels in 2016.

Genotype N level Cross sectional area vascular bundle area Root bleeding sap MTE
(mm2) (mm2) (mg h−1) (mg mm−2 h−1)

XY335 N0 242.7± 4.2e 25.8± 1.5c 537.5± 12.1e 20.0± 0.2f

N150 275.7± 7.1d 32.3± 0.7b 979.2± 5.2c 30.4± 0.8d

N300 365.3± 12.8b 56.5± 0.8a 2096.9± 10.3a 37.1± 0.4a

ZD958 N0 241.1± 8.0e 24.4± 0.5c 626.9± 23.5d 25.7± 0.9e

N150 302.5± 8.6c 30.8± 0.9b 996.9± 4.6c 32.3± 0.8c

N300 417.9± 14.8a 55.3± 2.1a 1878.1± 15.8b 34.0± 0.7b

ANOVA Nitrogen (N) *** *** *** ***

Genotype (G) ** * ** ***

N× G * NS *** ***

MTE, Matter transport efficiency. N0, N150, and N300 indicate 0, 150, and 300 kg ha−1 N applied, respectively.
Different small letters within a column indicate significant differences between treatments at a 5% level for each tissue position.
*, **, and *** indicate different significance at 5, 1, and 0.1% level, respectively; NS, no significance.

to the response of root bleeding-sap, treatments with N input
showed dramatically higher MTE relative to those treatments
without applied N. Additionally, greater MTE values were found
for XY335 by 8.4% compared with those for ZD958 under N300
treatments (Table 5).

Principal component analysis

Principal component analysis was employed to evaluate
correlations between indicators tested in this study, and it
showed that three principal components contributed to 57.3,
33.7, and 4.5% of the total variation. The 95.5% of the
total variation in this study was explained by three principal
components (Figure 4). Interestingly, we found that the grain-
filling rates (Gmean and Gmax), total number of fertilized florets,
matter transport efficiency of the basal-stem internode, grain
C, N, and grain C/N ratio at the maturity stage, total phloem
area of small vascular bundle in peduncle and cob tissue (TAC),
and number of small vascular bundles in peduncle and cob
tissues were more related to maize sink capacity than to other
indicators included in PC1. Another cluster contained the root
activity at the milking stage and the active-filling phase (GFR)
was represented by PC2. In addition, root MDA contents at the
milking stages contributed to PC3 (Figure 4).

Discussion

Nitrogen × Hybrids: Grain yield and
sink capacity

Researchers have demonstrated that higher grain yield
occurred through the superior sink capacity (KW × KNP)
(31). An appropriate increased N application combined with
right maize hybrids could improve dry matter accumulation
and distribution to reproductive organs to achieve high sink

capacity (15, 24, 25). In this study, the N rate, genotype, and
their interaction affected maize sink capacity and grain yield.
XY335 performed 9.3 and 9.8% lower sink capacity and grain
yield than ZD958 under low N conditions (N0 and N150),
whereas N × genotype interaction leads to higher sink capacity
and grain yield in XY335 than ZD958 under N300 condition.
Although XY335 had a lower 1,000 kernel weight (TKW) than
that of ZD958, kernel number per ear (KNP) played a supportive
role in compensating for the lower TKW. This compensation
observed in XY335 likely contributes to its greater sink capacity
and yield (Table 1). Furthermore, the higher KNP of XY335 was
attributed to its greater fertilized florets, which was one of the
key factors to determine the final kernel number (32, 33), and
it is also influenced tremendously by N availability and crop
genotype (34).

Grain filling, sink capacity, and grain
yield

Grain filling is an important indicator of sink potential
and grain yield that significantly and positively correlate with
photosynthetic assimilate production and translocation (4, 31,
35). Grain filling is driven by grain filling rate (GFR), grain
filling period (GFP), or both, which were greatly affected by
N application and genotype (2). Our previous research has
shown that an appropriate increase in N application could
achieve sufficient and efficient assimilates supply to grain, which
contributed to the grain-filling rate for obtaining a higher
grain yield of the same hybrid (9). However, our previous
studies and other research mainly focused on the effect of
grain filling on KW, and less information research on sink
capacity in response to GFR or GFP between different genotype
hybrids (32, 33, 35). Sink capacity is determined by KNP and
potential kernel weight, and the maximum of single kernel
weight is likely genetically determined, and thus the further
supply of C assimilates could not raise the maximum weight
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FIGURE 4

Principal component analysis (PCA) of grain filling parameters, vascular bundle structures, grain C, N contents, and leaf enzyme activity. Gmean

and Gmax, mean, and maximum grain filling rate; MTE, matter transport efficiency; MGC, MGN, and MGCN, grain C, N contents, and C/N ratio at
maturity stage; RA0, RA30, and RA60, root activity in 0–15 cm, 15–30 cm, and 30–60 cm soil layer at milking stage, respectively; MDA0,
MDA30, MDA60, and malondialdehyde contents in 0–15 cm, 15–30 cm, and 30–60 cm soil layer at milking stage, respectively; NSP and NSC,
number of small vascular bundle in peduncle and cob; TAP and TAC, total phloem area of small vascular bundle in peduncle and cob; GFP,
active filling phase; NPF, number of pollinated florets; SC, Sink capacity.

(11, 13). In the determined model of increasing 100-kernel
weight over time, we found that the grain weight of XY335 had
reached 95.6% of its potential weight at approximately 45 days
after pollination, while ZD958 had only reached 86.8% of its
potential kernel weight at the same time (Figure 1), which
resulted in a shorter GFP and higher Gmean and Gmax for
XY335 compared to those of ZD958 (Table 2). These results
reveal that lower maximum single-kernel weight in XY335
contributed to relatively shorter GFP and higher KNP, which
was likely the main factor influencing the increase in GFR.
Results of the PCA analysis confirmed these results showing
that the GFR belongs to PC1, while GFP is a part of PC2

(Figure 4). Previous studies also reported that GFR had a slightly
and strongly positive correlation with GY than with GFP (4,
9, 35).

Grain filling and C, N translocation and
distribution

Simultaneously, the grain filling process of crops not only
reflects assimilates supply, but also C and N transport and
distribution between organs (36, 37). Increased N supply
promotes larger quantities of carbohydrates translocating to
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FIGURE 5

Schematic from this study showing the differences in filling parameters and the response of vascular bundle structure, matter transportation,
and source–sink relationship on N input levels between maize varieties ZD958 and XY335. RBS, root bleeding sap; MTE, matter transport
efficiency; Gmean and Gmax, mean and maximum grain filling rate; GY, grain yield. Different sizes of the same letter represent value differences.

grains, thereby increasing grain yield (38, 39). The present
study demonstrated divergent responses in C and N contents
in leaf tissues at the silking and maturity stages between two
maize hybrids under conditions with various N supplies, which
contributed to higher C and N contents in XY335 grains
compared to the corresponding contents in ZD958 grains
under N300 conditions. In addition, according to the 13C
tracer analysis at maturity, generally lower 13C assimilates in
XY335 were distributed in the stem, leaf (ear leaf and other
leaf), and sheath tissues, but higher values were distributed in
husk leaf, grain, and cob tissues compared to those in ZD958,
especially in N300 conditions (Table 3). These results reflect
the higher MTE from source to sink in XY335 relative to that
in ZD958, which was likely attributed to the higher GFR in
XY335. Furthermore, the C/N ratio plays a greater role in
matter translocation between crop tissues rather than C or
N contents individually, balance C/N ratio within crops can
regulate assimilates translocation from leaves to grains, thereby
increasing dry matter accumulation and grain matter (36, 40). In
our case, a lower C/N ratio was observed in XY335 grains than
that in ZD958 grains at the maturity stage of from N0 and N150
groups, while there were higher ratios of XY335 at the treatment
of N300. Also, higher C and N contents were measured in XY335
grains than in ZD958 grains as mentioned above (Figure 2).
Thus, it could be concluded that not only a stronger C and
N translocation from the vegetative organs to grains, but also
balanced C/N ratios are required in maize grains applied with

appropriate N levels, which is also important in regulating the
grain-filling process to achieve high grain yield.

Grain filling is associated with the
bleeding sap and vascular bundle
structure

Research on bleeding sap primarily aimed to elucidate
the mechanism of matter transfer from roots to shoots (41).
Bleeding-sap transport nutrient matter between aboveground
and underground, which represents the higher amount of N
and kernel number, may explain the variations of grain filling
between two maize genotypes supplied with contrasting N
fertilizer (42, 43). The collected bleeding sap indicated that a
lower bleeding sap ratio was observed in XY335 than that in
ZD958 at the milking stage in N0 and N150 groups, while there
were significantly higher values in XY335 than that from ZD958
at N300 treatment (10.4%). In this study, similar results were
also observed for root activity (Figure 3). Morita et al. (44)
and Noguchi et al. (45) reported that the root-bleeding rate was
closely related to root traits in maize, and it could be used to
evaluate the physiological activity of root activity. Strong root
activity is necessary to increase the accumulation of post-silking
dry matter and grain filling (46, 47). Moreover, higher MDA
contents will enhance superoxide enzyme activity, which leads
to plant senescent (48). XY335 exhibited lower MDA contents
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than ZD958 (Figure 3). These findings suggested that the N
rate significantly increased root activity and decreased MDA
content, thus boosting higher bleeding sap in XY335 than that
in ZD958 under sufficiency N application.

The structure of the vascular bundle, as the main channel,
determines bleeding sap transport ability (42, 49). They also
regulate endosperm C metabolites through translocating sugars
and N between tissues (13). For instance, as much as 80% of C
assimilated in leaves was transported via the phloem to satisfy
the metabolic needs of other plant organs (50). Increasing N
application can increase the number of small vascular bundles
to boost kernel number, and enhanced phloem areas of small
vascular bundles are beneficial for assimilation transport to
grain (9), determining the total accumulation of assimilation
in sink capacity, which affects grain filling characteristic under
various conditions (9, 51, 52). However, how the N × genotype
interaction changes the number and area of the vascular bundle,
and the relationship between the vascular bundle characteristic
and the grain filling are still unclear. In this study, there was
no significant difference in NSP and NSC under lower N
conditions between the two hybrids, while the N300 treatment
significantly increased both NSP and NSC more in XY335
than those in ZD958 (Table 4). Moreover, the TAP and TAC
values showed similar trends to those of NSP and NSC as N
inputs increased (Table 4). Higher NSP and NSC together with
larger TAP and TAC contributed to the significantly higher
MTE in XY335 relative to that of ZD958 (Table 5). The PCA
analysis showed that TAC, NSP, NSC, and MTE correlated
well with PC1 (Figure 4), suggesting that these responses
related to vascular bundles in XY335 are especially important
in promoting bleeding sap and grain filling. The better vascular
system benefited MTE, and simultaneously might contribute to
the increase in GFR and C and N translocation to florets, which
ultimately resulted in the final stronger sink capacity and grain
yield (53).

Conclusion

The factors of crop genotype and N fertilizer interacted with
optimization of vascular bundle structure of ear tissue in XY335,
thus increasing 10.4% bleeding sap and 8.4% MTE than those
in ZD958 under N300 condition. Moreover, the regulation of
the C/N ratio in XY335 under higher levels of N treatments
provided more C assimilates to facilitate floret development
and increase the final kernel number. Therefore, these results
indicate that the sufficient N input can improve root activity
and optimize the vascular bundle system in the ear to boost
matter transport efficiency, in turn, increase the transport of C
and N into grains and balance the C/N ratio in XY335, which
promote a favorable grain filling rate ultimately for enhancing
sink capacity and grain yield (Figure 5). These findings, to some
extent, could be used to inform maize breeding and cultivation
that higher grain-filling rate, sink capacity, and allocation of

matter into kernels are significant factors for striving to attain
higher grain yields. Moreover, future studies should also focus
on optimizing the vascular bundle system in maize peduncle and
cob tissues to improve grain yields.
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Appendix

APPENDIX FIGURE 1

The micrograph of big vascular bundles structure at the basal stem internode of XY335 (a–c), ZD958 (d–f), the peduncle internode of XY335
(g–i) and ZD958 (j–l), and the cob internode of XY335 (m–o) and ZD958 (p–r). N0, N150, and N300 indicate N applied at 0, 150, and 300 kg
ha-1 levels, respectively.

APPENDIX FIGURE 2

The micrograph of small vascular bundles structure at the basal stem internode of XY335 (a–c), ZD958 (d–f), the peduncle internode of XY335
(g–i), and ZD958 (j–l), and the cob internode of XY335 (m–o) and ZD958 (p–r). N0, N150, and N300 indicate N applied at 0, 150, and 300 kg
ha-1 levels, respectively.
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