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Abstract
Although the remobilization of vegetative nitrogen (N) and post-silking N both contribute to

grain N in maize (Zea mays L.), their regulation by grain sink strength is poorly understood.

Here we use 15N labeling to analyze the dynamic behaviors of both pre- and post-silking N

in relation to source and sink manipulation in maize plants. The results showed that the

remobilization of pre-silking N started immediately after silking and the remobilized pre-silk-

ing N had a greater contribution to grain N during early grain filling, with post-silking N impor-

tance increasing during the later filling stage. The amount of post-silking N uptake was

largely driven by post-silking dry matter accumulation in both grain as well as vegetative

organs. Prevention of pollination during silking had less effect on post-silking N uptake, as a

consequence of compensatory growth of stems, husk + cob and roots. Also, leaves continu-

ously export N even though grain sink was removed. The remobilization efficiency of N in

the leaf and stem increased with increasing grain yield (hence N requirement). It is sug-

gested that the remobilization of N in the leaf is controlled by sink strength but not the leaf

per se. Enhancing post-silking N uptake rather than N remobilization is more likely to

increase grain N accumulation.

Introduction
Although nitrogen (N) fertilization is a powerful tool for increasing crop yield, associated N
loss from a cropping system can be a major source of environmental pollution [1]. In China,
for example, from 1977 to 2005, the total annual grains production increased by 71%while syn-
thetic N fertilizer application increased by 271%. Since the 1990s, such low N use efficiency has
contributed to severe environmental problems [2]. Because population growth along with
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increasing consumption of high-calorie and meat-intensive diets are expected to roughly dou-
ble human food demand by 2050 [3], the breeding of high-yielding genotypes that use N effi-
ciently is an urgent priority [4].

The relationship between cereal yield and N use has been widely studied [5]. In maize (Zea
mays L.), two processes contribute to grain N content: remobilization of vegetative N and
post-silking N uptake [5–8]. In general, about 35 to 55% of grain N is derived from post-silk-
ing N uptake, with the remaining obtained from remobilization of vegetative N [4]. Com-
pared with older senescent hybrids, stay-green cultivars typically show higher post-silking N
uptake and lower N remobilization [9–14]. Grain N concentration has been gradually
decreasing with the use of modern stay-green cultivars [15, 16], suggesting that decreased N
remobilization may have a negative effect on grain N concentration. Increasing N remobiliza-
tion efficiency might be an effective strategy to increase grain N concentration and N utiliza-
tion efficiency [14].

During grain-filling in maize, N uptake and N remobilization are not independent pro-
cesses. Absorbed N is not transported directly to grain; instead, it is first carried into vegetative
organs and then at a later stage translocated into grain. In vegetative organs, N input and
export occur simultaneously [6, 17, 18]. To trace these complex nitrogen trajectories, the stable
N isotope 15N has become an essential technique. By using this method, scientists found that in
maize the recovery of fertilizer N ingrain and silage was about 50% [19, 20]. In field experi-
ments, the stalks and leaves are the major source of kernel N, with the roots having a much
smaller contribution [17, 21–24]. Nevertheless, information is scare concerning the dynamic
distribution of pre- and post-silking N in each organ, information that is essential for under-
standing their relative contribution to grain N accumulation.

The regulation of pre-silking N remobilization and post-silking N uptake in relation to
grain N accumulation is poorly understood. In one study, the average proportion of post-silk-
ing N allocated to the kernels was 83% [7], but in general the remobilization of pre-silking N
and post-silking N uptake are expected to be affected by genotype as well as external environ-
mental factors including N supply itself [25, 26] and within-plant source-sink relationship [21,
27–29]. In addition, Rajcan and Tollenaar [28] concluded that the proportion of N derived
from post-silking N uptake in grain is positively associated with the competition among sinks.
The accumulation of starch and protein in grain seems to be closely linked [30]. Reed et al. [31]
suggested that the supply of post-silking N to grain may be limited by the amount of photosyn-
thate partitioned for nitrate uptake and reduction during grain filling. Nevertheless, how the
grain sink coordinates post-silking N uptake and the remobilization of pre-silking N is largely
unknown.

Most of the studies on source-sink regulation on pre-silking N remobilization and post-silk-
ing N uptake are based on the apparent balance of the N in different organs. However, the
export of pre-silking N and the import of post-silking N happen simultaneously in the vegeta-
tive organs. The impact of grain sink on pre-silking N remobilization and post-silking N uptake
cannot be evaluated accurately without the use of 15N labeling. Here, we used 15N to analyze
the dynamic behavior of both pre- and post-silking N in various organs of maize throughout
grain filling in a 2-year greenhouse experiment. Source and sink adjustment (prevention of pol-
lination, removal of grains or partial pollination, defoliation, and covering leaves with alumi-
num foil) was used to elucidate the effect of source-sink relationships on pre-silking N
remobilization and post-silking N uptake. This information is critical to identify the key physi-
ological processes regulating pre-silking N remobilization or post-silking N uptake and grain N
accumulation.
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Material and Methods

Plant culture
Experiments were conducted in 2013 and 2014 in a greenhouse at China Agricultural Univer-
sity, Beijing, China. A stay-green hybrid of maize (Zea mays L.), cv. ZD958, was used. Maize
plants were grown in pots (32.5 cm wide × 26 cm high) for 126 days in 2013 and 128 days in
2014. Each pot contained 14 kg clayey soil. The chemical characteristics of the soil in 2013 and
2014, respectively, were as follows: pH, 8.27 and 8.30; total N, 0.50 and 0.63 g kg−1; Olsen-P,
2.75 and 5.86 mg kg−1; NH4Ac-K, 103.9 and 94.3 mg kg−1; organic matter, 8.3 and 10.5 g kg−1.
Before planting, 4.3 g urea (46% N), 16.9 g calcium superphosphate (16% P2O5) and 7.7 g
potassium sulfate (52% K2O) were mixed into the soil of each pot.

Two maize seeds per pot were planted on 18 April 2013 and 13 April 2014. Plants were
thinned to one seedling per pot 12 days after germination and were harvested at physiological
maturity (when black-layer formed in the grains) on 23 August 2013 and 17 August 2014. All
the pots were arranged in a randomized design, and were re-randomized every two weeks.
Plants were watered regularly to avoid water stress. At silking stage, 2L of Hoagland’s solution
was added to each pot.

15N labeling
Two 15N labeling treatments were applied, one at the V6 stage (when the sixth leaf is expanded)
and the other at silking. A solution of 2.5 mg 15N-labeled potassium nitrate (at 10% 15N atom
excess) in 1 L water was applied to soil surface of each pot. The same amount of potassium
nitrate was applied to the control pots. Gallais et al. [7] reported that almost all of the 15N
applied at V6 stage is taken up and assimilated by plants before silking. Consistent with their
results, we observed that when applied at the V6 stage, 15N did not increase in plants after silk-
ing. To check for differences of plants in 14N and 15N absorption, we additionally set up a con-
trol without 15N labeling in 2013. No differences in 14N and 15N absorption were observed.

Source-sink adjustments
Five source-sink adjustment treatments were applied to plants labeled with 15N at V6 stage: (i)
control; (ii) no pollination; (iii) reduced sink; (iv) defoliation; and (v) covering of middle leaves.
In the control treatment, the plants were fully pollinated. For the no-pollination treatment, the
tassels and silks upon appearance were covered with paper bags to prevent pollination. As a
result, no grains were formed on the cob. For the reduced-sink treatment, about half of the
grains were removed using a knife at 30 days after silking (DAS) in 2013. Considering that N
remobilization at this stage may be largely finished, this treatment was adjusted in 2014 in the
following way. At silking stage, around one-third of the silks were covered with paper bags, and
the remaining two-thirds were pollinated manually. For the defoliation treatment, two leaves
above and two leaves below the ear-leaf were removed at the silking stage. Considering that
defoliation treatment changes N content in total vegetative organs, a leaf shading treatment
was added in 2014. For this treatment, two leaves above and two leaves below the ear-leaf were
covered with aluminum foil to prevent photosynthesis from silking until physiological matu-
rity. This treatment was only conducted in 2014. Each treatment had four replicates.

Plant sampling
Plants were sampled at silking (on 2 July 2013 and 28 June 2014) and every 10 days after silking
(DAS) until physiological maturity. The sampled plants were divided into roots, stems (includ-
ing sheaths and tassels), leaves, cobs, husks, and grains. All senesced leaves were carefully
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collected. After sampling, all plant organs were heat-treated at 105°C for 30 min, dried at 70°C
to a constant weight, weighed to obtain dry matter weight (DM), and then ground into fine
powder for N measurement. Four uniform plants were collected per treatment on each sam-
pling date.

Determination of N content and 15N abundance
Subsamples (40 to 80 mg) of the ground samples were carefully weighed in aluminum capsules
and used for total N determination in a Flash 2000 Organic Elemental Analyzer (Thermo
Fisher Scientific, Villebon, France). The abundance of 15N was analyzed by isotope ratio mass
spectrometry (DELTA Plus XP; ThermoFinnigan, Germany).

15N calculations
Abundance of 15N, defined for a given organ as the ratio of the amount of 15N to the total
amount of N (14N + 15N), was calculated according to Gallais et al. [7] for the 15N labeling
treatment at the V6 stage. Qsilk(o) and Qmat(o), which represent plant organ 15N amount at
respectively, silking and maturity, as well as Psilk(o) and Pmat(o), which represent the proportion
of 15N in each organ at silking and maturity, as follows:

QsilkðoÞ ¼ NsilkðoÞ � ðasilkðoÞ � a0Þ ð1Þ

Qmat ðoÞ ¼ NmatðoÞ � ðamat ðoÞ � a0Þ ð2Þ

PsilkðoÞ ¼ QsilkðoÞ=QsilkðwpÞ ð3Þ

PmatðoÞ ¼ Qmat ðoÞ=QmatðwpÞ ð4Þ

where a0 is the natural
15N abundance, asilk(o) and amat(o) are plant organ

15N abundances at
silking and maturity, Nsilk(o) and Nmat(o) are the amounts of total N in the plant organ at silking
and maturity, and Qmat(wp) and Qsilk(wp) are the total summarized 15N abundances in the whole
plant during these time.

The quantity of N coming from post-silking absorption (Nabs) and from remobilization of
the N accumulated before silking (Nrem) were calculated for the whole plants using the follow-
ing equation:

NabsðwpÞ ¼ NmatðwpÞ � NsilkðwpÞ ð5Þ

Because 15N applied at V6 was no longer absorbed by plants after silking, N remobilization—
the process of 15N redistribution to different organs—was calculated for each organ as follows:

NremðoÞ ¼ NsilkðwpÞ � ðPsilkðoÞ � PmatðoÞÞ ð6Þ

NabsðoÞ ¼ NmatðoÞ � ðNsilkðoÞ � NremðoÞÞ ð7Þ

Ncon% ¼ Nrem=abs=Ngrain � 100 ð8Þ

NresðoÞ ¼ NsilkðoÞ � NremðoÞ ð9Þ

where Nabs(wp) is whole-plant N after silking, Nmat(wp) and Nsilk(wp) are total N content in
whole-plant at silking and maturity, respectively, Nrem(o) is the quantity of remobilized N in
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each organ, Nabs(o) is the quantity of absorbed N in each organ, Nres(o) is the quantity of pre-
silking N residual in each organ, P'mat(o) is the proportion of 15N label applied at silking in each
mature organ and Ncon% is the contribution of remobilized or absorbed N (Nrem/abs) to grain
N (Ngrain). The same formulas were applied to calculate N remobilization at other sampling
stages.

Analysis of variance (ANOVA) was conducted using the GLM procedure of IBM SPSS Sta-
tistics 20.0. Significant differences among means were separated by LSD at the P� 0.05 proba-
bility level. Plant DM and N uptake and remobilization were subjected to two-way ANOVA to
assess the effects of source-sink treatments. Figures were constructed in GraphPad Prism 6.0,
and regression analyses were conducted in Curve Expert 1.3.

Results

Plant growth and N accumulation
At silking stage, the whole plant DM was significantly lower in 2013 than in 2014 (Table 1),
possibly because hours of sunshine were less in 2013 than in 2014 (S1 Fig). At physiological
maturity, no difference was observed in grain yield between two years but the DM of total vege-
tative organs in 2014 was 22% higher than in 2013. In both years, post-silking DM production
was ~12% greater than grain yield. This surplus DMmainly accumulated in cobs, leaves and
husks (S1 Table). Whole plant N accumulation at silking and maturity was 8% higher in 2013
than in 2014 (Table 1). At maturity, the higher N content in 2014 was in the grains, while N
amount in total vegetative organs was the same between the two years. At maturity, N concen-
trations in roots, stems, husks and cobs, but not leaves, were higher in 2013 than in 2014 (S2
Table).

Distributions of pre- and post-silking 15N in organs and their
contributions to grain N
To understand the dynamic allocation of pre-silking N in different organs during grain-filling,
plants were labeled with 15N at the V6 stage. The amount of pre-silking 15N in grains began
increasing at the onset of grain-filling, indicating that pre-silking N was readily remobilized
from vegetative organs into grain (Fig 1a and 1b). In 2013, the remobilization of pre-silking
15N among vegetative organs started much earlier from the stem (right after silking) than from
leaves (20 days after silking). While in 2014, the remobilization of pre-silking 15N occurred at
the start of silking in both leaves and stems. The amount of pre-silking15N remained relatively
constant in roots throughout grain-filling.

We also applied 15N labeling at silking to understand the dynamic allocation of N absorbed
subsequently (Fig 1c and 1d). In agreement with the results described above (Table 1), plants
took up much more 15N during the post-silking phase in 2013 than in 2014. Between the two

Table 1. Dry matter (DM) and nitrogen (N) accumulation in vegetative organs in 2013 and 2014.

Dry matter (g plant-1) Nitrogen (g plant-1)

Root Shoot Total vegetative organs Grains Root Shoot Total vegetative organs Grains

At silking 2013 10.6a 57.9b 68.5b 0.20a 1.23a 1.43a

2014 11.7a 73.1a 84.8a 0.13b 1.21a 1.33b

At maturity 2013 9.1a 68.6b 77.7b 78.0a 0.16a 0.73a 0.89a 1.45a

2014 9.1a 85.5a 94.7a 76.7a 0.13a 0.70a 0.82a 1.29b

Values followed by different letters indicate significant differences (P < 0.05) in the same organs between two years.

doi:10.1371/journal.pone.0162201.t001
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years, there was significant difference in the accumulation of post-silking 15N in grain. In vege-
tative organs, the accumulation of post-silking 15N in the leaves took place until physiological
maturity.

Although a large difference was observed in pre- and post-silking N uptake pattern between
the 2 years, the distribution of pre- and post-silking 15N in each organ at physiological maturity
differed only slightly. In regard to the distribution of total pre-silking N, ~60% was mobilized
to grains, while around 10 to 20% remained in stems and leaves, and 5% or less remained in
husks, cobs, and roots (Fig 2a and 2b). As for the allocation total post-silking nitrogen, the
grains were even more dominant, receiving more than three quarters of the total, with less than
10% going to stems and leaves (Fig 2c and 2d).

Fig 1. Changes in pre-silking (a and b) and post-silking (c and d) 15N content of different maize organs from silking to physiological maturity in
2013 and 2014. All data are based on 15N results. Data are means ± SE.

doi:10.1371/journal.pone.0162201.g001
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Using the data for pre-silking 15N accumulation in grain, we estimated the dynamic contri-
bution of pre- and post-silking N to grain (Fig 3). In both years, the remobilized pre-silking N
had a greater contribution to grain N throughout grain-filling, though the contribution of
post-silking N uptake gradually increased with the grain filling process. As assessed by the 15N
method, the contribution of remobilized pre-silking N to grain N was 60% in 2013 and 65% in
2014.

Fig 2. Percentages of pre-silking (a and b) and post-silking15N (c and d) distributed in different organs at physiological maturity. Pre- and post-
silking15N labeling was applied at V6 stage and silking stages, respectively.

doi:10.1371/journal.pone.0162201.g002
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Effects of sink regulation on post-silking N uptake and remobilization of
pre-silking N
When the grain sink was removed by preventing pollination, the whole-plant DM was reduced
(Table 2, Figs 4, 5a and 5b). However, the vegetative organ DM increased and the total plant N
accumulation was hardly affected. Compared to that of the control plants, DM and N content
in the roots and stems of the sink-removed plants were much higher (Fig 5). The results of the
15N-tracing experiment suggest that post-silking N uptake increased in all vegetative organs as
a consequence of grain sink removal (Table 3). Nevertheless, large remobilization of pre-silking
N still took place in the leaves (Table 3). In the non-pollinated plants compared to control
plants, residual pre-silking nitrogen accumulated to a greater extent in the stems, roots, husks,
and cobs, but was equal in leaves.

Fig 3. Changes in the percentage contribution of pre- and post-silking nitrogen (N) to grain N in 2013 (a) and 2014 (b). Data are based on the results
of 15N labeling at the V6 stage.

doi:10.1371/journal.pone.0162201.g003

Table 2. Effects of source and sink regulation on grain yield and its components, grain nitrogen concentration, plant dry matter, and harvest
index.

Year Treatments Yield (g
plant−1)

Grain number
(ear−1)

100 grain weight
(g)

Grain N concentration
(mg g−1)

Plant N (g
plant-1)

Plant DM (g
plant−1)

2013 Control 78.0±1.5a 296±14a 26.4±1.2a 18.6±0.3b 2.34±0.05a 155.7±1.5a

No pollination 2.38±0.04a 154.9±4.4a

1/2 grain
removal

41.1±0.7c 154±3b 26.8±0.4a 19.6±0.4a 2.01±0.06b 141.0±3.4b

Defoliation 70.9±2.5b 268±7a 25.9±0.9a 18.1±0.2b 1.93±0.05b 131.8±5.1b

2014 Control 76.7±0.8a 320±6a 24.0±0.6ab 16.8±0.1b 2.10±0.04a 171.4±0.6a

No pollination 2.03±0.05a 149.4±4.1b

Partial
pollination

52.4±1.6b 213±12b 24.8±1.2a 17.1±0.5b 1.95±0.03a 173.2±5.8a

Defoliation 43.4±1.6c 181±9c 24.1±1.3ab 18.5±0.1a 1.68±0.08b 128.6±6.7c

Cover leaves 44.7±2.6c 223±11b 20.3±2.0b 19.0±0.7a 1.65±0.06b 113.7±5.1d

Data are means ± SE (n = 4). Within columns, different letters indicate significant differences at P < 0.05 between different source sink treatments in a year.

doi:10.1371/journal.pone.0162201.t002
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Fig 4. Effects of source and sink regulation on grain development.Other than a 50% grain removal
treatment performed 30 days after silking in 2013, all treatments were conducted at the silking stage.

doi:10.1371/journal.pone.0162201.g004

Fig 5. Effect of source and sink regulation on drymatter mass (a and b) and nitrogen (N) content (c and d) in different organs at physiological
maturity. Data are means of four replicates. Different letters indicate significant differences in whole plant dry matter or N content between different
treatments (P< 0.05).

doi:10.1371/journal.pone.0162201.g005
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In 2013, the removal of half of the grains per ear at 30 DAS resulted in the reduction of
grain yield per plant by one-half. However, DM of the roots and the stem increased by 40%
and 48% respectively. In accord with this, compared to the control, the root and stem N con-
tent increased by 40% and 63% respectively, and grain N was reduced by 45% (Table 2, Figs 4,
5a and 5c). According to the results of the 15N-tracing experiment, post-silking N accumula-
tion was significantly reduced in the grain and leaves (Table 3). The remobilization of pre-silk-
ing N was reduced in the roots, stems and leaves, but a net accumulation of pre-silking N
occurred in cobs. In comparison to the control, a larger amount of residual pre-silking N was
present in the roots, stems, and leaves of plant subjected to the grain removal treatment.

In 2014, when approximately one-third of silks were covered to prevent pollination, grain
yield was reduced by 32% (Table 2, Fig 4). Because of compensatory growth of the vegetative
organs (Fig 5b and 5d), the whole-plant DM and N accumulation were unchanged (Table 2).
The 15N-tracing experiment indicated a slight increase in post-silking N in the cobs, but a
decrease in grain (Table 3). The total remobilization of pre-silking N was reduced by 35%. This
reduction occurred to a greater extent in the stem, leaves and roots.

Effects of source regulation on post-silking N uptake and remobilization
of pre-silking N
When source size was reduced by removing four leaves at silking, grain yield was reduced by
9% in 2013 but by 43%in 2014, respectively (Table 2). Despite the difference in yield between
years, whole-plant dry matter and nitrogen content decreased by about 20% in both years
(Table 2). According to the results of the 15N tracing experiment, the accumulation of post-

Table 3. Effects of sink regulation on post-silking N uptake, remobilization of pre-silking accumulated N and residual pre-silking N in each organ
at physiological maturity. All data are based on 15N results.

Year Treatments Organs

Root Stem Leaves Husk Cob Total vegetative organs Grain

Post-silking N uptake (mg plant-1) 2013 Control 24.7b 160.5b 102.8a 16.4b 32.1a 336.4b 573.8a

No pollination 213.5a 544.1a 130.3a 35.0a 33.1a 955.9a

1/2 grain removal 44.4b 193.6b 23.8b 16.3b 41.3a 319.3b 265.5b

2014 Control 38.5b 33.1b 239.5a 4.8b 4.3b 320.1b 447.7a

No pollination 122.6a 315.1a 185.2b 36.4a 31a 690.2a

Partial pollination 55.8b 34.6b 140.8c 9.4b 23.3a 263.8b 349.6b

Remobilization of pre-silking N (mg plant-1) 2013 Control 57.9a 487.8a 245.0a 72.4a 13a 876.1a

No pollination -102.6c -77.2c 157.6b 41.4b -19.2a 0

1/2 grain removal 15.5b 331.0b 150.9b 67.9a -27.6a 537.7b

2014 Control 39.3a 231a 441.4a 41.1a 83.4a 836.2a

No pollination -43.8c -245c 249.5c 2.7b 36.5b 0

Partial pollination 7.8b 121.7b 336.2b 33.9a 45.1b 544.7b

Residual pre-silking N (mg plant-1) 2013 Control 135.4c 139.5c 209.0b 22.4b 42.8b 549.2c

No pollination 295.9a 704.5a 296.4a 53.5a 75.1a 1425.3a

1/2 grain removal 177.7b 296.3b 303.1a 27.0b 83.5a 887.6b

2014 Control 85.1c 180.8c 148.4c 36.7b 47.4b 498.4c

No pollination 168.1a 656.8a 340.2a 75.1a 94.3a 1334.5a

Partial pollination 116.7b 290.1b 253.6b 43.9b 85.7a 789.9b

Data are means ± SE (n = 4). Within columns, different letters indicate significant differences at P < 0.05 between different source: sink treatments in the

same organ in a year. Negative values indicate there was no pre-silking N remobilized from the organ.

doi:10.1371/journal.pone.0162201.t003
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silking N in 2013 and 2014 was reduced by 48% and 12% in the vegetative organs and by 19%
and 33% in the grains, respectively (Table 4). In 2013, when the yield reduction from defolia-
tion was only 9%, no difference was found in the total amount of remobilized pre-silking N in
vegetative organs (Table 4). In 2014 when grain yield was reduced by 43%, defoliation signifi-
cantly reduced the remobilization of pre-silking N because less N was remobilized from the
remaining leaves and stems (Table 4). As a result, more residual pre-silking N was present in
the remaining leaves and stems of plants subjected to the defoliation treatment in 2014
(Table 4).

When four leaves were covered with aluminum foil at silking in 2014, grain number per ear,
grain yield, and whole-plant dry mass decreased by about one third (Table 2, Figs 4 and 5b), as
did nitrogen content in grain and in the whole plant (Fig 5d). According to the 15N tracing
results, post-silking N uptake as a result of the leaf-covering treatment was greatly reduced in
both vegetative organs and grains (Table 4). Remobilization of pre-silking N was reduced in
the remaining leaves, stem and the treated leaves, but increased in the roots.

Discussion

Behaviors of pre- and post-silking N and their contributions to grain N
The processes of pre-silking N export and post-silking N import occur simultaneously in stems
and leaves, suggesting that proteins turnover in these organs [32]. However, the export of
remobilized N was greater than the import of post-silking N, which resulted in a net reduction
in N concentration and N content in aboveground vegetative organs (S2 and S3 Tables). In
grain, N importation from both remobilized N and post-silking N occurred synchronously.

Table 4. Effects of source regulation on post-silking N uptake, remobilization of pre-silking accumulated N and residual pre-silking N in each
organ at physiological maturity. All the data are based on 15N results.

Year Treatments Organs

Root Stem Treated
leaves

Remaining
leaves

Husk Cob Total vegetative
organs

Grain

Post-silking N uptake (mg plant-1) 2013 Control 24.7a 160.5a 56.6 46.2a 16.4a 32.1a 336.4a 573.8a

Defoliation 1.3b 95.4b 45.6a 11.6a 20.8b 174.7b 464.1b

2014 Control 38.5a 33.1ab 72.7a 166.8a 4.8a 4.3ab 320.1a 447.7a

Defoliation 48.5a 66.1a 147.5ab 5.2a 13.8a 281.0ab 300.5b

Cover
leaves

7.7b 0.9b 10.0b 79.3b 3.1a 1.8b 102.7b 232.7b

Remobilization of pre-silking N (mg
plant-1)

2013 Control 57.9a 487.8a 71.9 173.1a 72.4a 13.0a 876.1a

Defoliation 69.8a 480.9a 177.9a 84.2a 9.2a 821.9a

2014 Control 39.3a 231.0a 140.6a 300.8a 41.1a 83.4ab 836.2a

Defoliation 43.0a 144.6b 201.3b 45.3a 68.8b 502.8c

Cover
leaves

64.1a 152.5b 94.9b 169.8b 46.1a 88.3a 615.7b

Residual pre-silking N (mg plant-1) 2013 Control 135.4a 139.5a 67.0 142.0a 22.4a 42.8a 549.2a

Defoliation 123.4a 146.5a 137.2a 10.7b 46.7a 464.4b

2014 Control 85.1a 180.8b 87.4b 61.0b 36.7a 47.4ab 498.4c

Defoliation 81.5a 267.3a 160.5a 32.6a 62.0a 603.8b

Cover
leaves

60.3a 259.3a 133.1a 192.0a 31.8a 42.6b 708.9a

Data are means ± SE (n = 4). Within columns, different letters indicate significant differences at P < 0.05 between different source: sink treatments in the

same organ in a year.

doi:10.1371/journal.pone.0162201.t004
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However, at early in grain filling, remobilized N had the greatest contribution to grain N; later
on, the contribution of post-silking N gradually increased (Fig 3). Masclaux-Daubresse et al.
[8] also suggested that pre-silking N is preferentially used for grain development.

Here, the final distribution of pre- and post-silking N in each vegetative organ at physiologi-
cal maturity was quite similar between the 2 years. On average, the leaves contained 17% of the
total pre-silking 15N and 7% of the total post-silking 15N, while stems contained 11% of the
total pre-silking 15N and 9% of the total post-silking 15N. As the major N sinks, grains accumu-
lated 62% of the pre-silking 15N and 76% of the post-silking 15N (Fig 2). Cliquet et al. [17]
reported that 42% of labeled 15N at the stem elongation stage is recovered in grains. Weiland
and Ta [23] estimated that under high and low N fertility, 60% and 62% respectively of labeled
15N at the 12-leaf stage is allocated to grains at physiological maturity. In addition, Gallais et al.
[7] reported that 83% of post-silking N is allocated to kernels, with the remaining 17% allo-
cated to the stover. Taken together, these data imply that grain N content is more likely to
increase when post-silking N uptake is high. Consistent with this assumption, higher N uptake
during the post-silking stage in 2013 brought about a higher grain N concentration (S2 Table),
similar to results seen in other hybrids [10].

Regulation of post-silking N accumulation
Previous studies using various varieties [14, 33, 34] and N levels [35] show that higher post-
silking DM accumulation is more likely to lead to higher post-silking N uptake and grain yield.
Under normal growth conditions, almost all photosynthate is used for grain starch and protein
synthesis, which are processes requiring N [30]. With increasing DM production, more carbon
can flow into the roots to enhance N uptake [36]. The results from source-sink adjustment
treatments support the idea that aboveground DM accumulation regulates post-silking N
uptake. Covering four leaves with aluminum foil or removing them is expected to reduce total
canopy photosynthesis. When these treatments were applied, the DM weight of all organs was
reduced by 15 to 34% (Table 2). Accordingly, post-silking N accumulation was reduced by 24%
to 56% (Table 4).

When the grain sink was completely removed by preventing pollination in both years, post-
silking N accumulation was hardly affected (Table 3). Apparently, the reason is that the growth
of stems, husks, and roots was greatly enhanced, which became alternative sinks for N deposi-
tion. Similar results were found for grain removal in 2013 and partial pollination in 2014 (Fig
5), although to different extents. Pan et al. [37] suggested that grain filling and root functions
compete for photosynthate, with grain filling usually having a higher priority than root func-
tions. When the grain sink is eliminated, more photosynthate is allocated to the roots and
stem. The enhancement of root growth might in turn help promote post-silking N uptake [38].

Regulation of pre-silking N remobilization
Although N accumulation in grain was limited during the first 10 days after silking, N remobi-
lization from the leaves and stem was started, together with post-silking N uptake. Therefore,
the onset of N remobilization from the leaves and stem seemed not triggered by the balance
between grain N demand and N supply from N uptake. Consequently, the current data counter
the idea that the occurrence of N remobilization is due to the supply of post-silking N uptake
being insufficient to meet grain development demands [8, 39]. Ta andWeiland [40] also con-
cluded that N remobilization is independent of post-silking N uptake.

To understand the relationship between grain yield (sink size) and pre-silking N remobiliza-
tion efficiency in vegetative organs, we normalized all 15N experimental data by setting the
highest value of grain yield each year to 100% (Fig 6). For leaves, pre-silking N remobilization
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efficiency was 33% even though grain yield was zero (no pollination), suggesting that the start
of N remobilization from the leaves is independent of the existence of a grain sink. Without a
grain sink, this remobilized N from the leaves may be accumulated in other organs (stems,
roots, and husk + cob). In a classic experiment, Christensen et al. [21] also found that N export
from leaves continues even when ears were removed.

It is seen in Fig 6 that, when there is a grain sink, the remobilization efficiency of pre-silking
N depends largely on grain yield, thus grain N requirement. By simulation, the maximum N
remobilization efficiency in the present study was similar for the leaves (63%) and the remain-
ing vegetative organs (60%). In 2013, when the yield reduction from defoliation was only 9%,
the remobilization of pre-silking N was hardly affected (Table 4). But in 2014, when grain yield
was reduced by 43% by defoliation, total remobilization of pre-silking N was reduced signifi-
cantly. Similarly, compared to the control, lower grain yield in the leaf-covering treatment also
resulted in a significant decreased in N remobilization (Table 4). Grain N requirements thus
appear to be fulfilled by regulating both pre-silking N remobilization and post-silking N
uptake.

Conclusion
Nitrogen export from the leaves could start right after the onset of pollination when there was
no symptom of leaf senescence. Accordingly, grain N was mostly contributed by pre-silking N
at early rather than late grain filling stage. Compared to pre-silking N, a larger fraction of post-
silking N was allocated to grain, implying that grain N content is more likely to increase when
more post-silking N uptake occurs. The amount of post-silking N uptake was largely regulated
by post-silking DM accumulation in both grains and vegetative organs. The remobilization effi-
ciency of the total pre-silking N was regulated by grain N demand, however, N remobilization
from the leaves was not dependent on the existence of the grains. It seems that the leaf per se is
not the factor determining the efficiency of N remobilization in the leaves.

Fig 6. Correlations between relative grain yield and pre-silking nitrogen remobilization efficiency of
the total vegetative organs, the leaves and the remaining vegetative organs (stem + root + husk +
cob).Data from all source and sink treatments during 2 years were pooled for the correlation analysis. The
grain yield in the control treatment in each year was set to 100%. *P < 0.05; *** P < 0.001.

doi:10.1371/journal.pone.0162201.g006
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