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Abstract

Nitrogen fertilization strategies were widely adopted to enhance grain production and improve nitrogen
utilization in rice all over the world. For fertilization timing strategy, ear fertilization was usually
employed in recent years. For fertilization amount strategy, nitrogen fertilization would continually
increase to meet the demands of increasing people for food. However, under heavy ear fertilization as
well as great nitrogen amount (NA), physiological N-use efficiency (PE, defined as grain production per
unit nitrogen uptake by plants) decreased. Under three NA and two ratios of fertilization given during
ear development period to total NA (ear fertilization distribution ratio, EFDR), net photosynthetic rate
(Pn), Pn to nitrogen content per unit area (photosynthetic N-use efficiency, Pn/N), nitrogen accumula-
tion in plant tissues and PE of three rice (Oryza sativa L.) genotypes, Jinyou 253, Liangyoupeijiu and
Baguixiang were screened in the first and second seasons in 2002 so as to understand the fluctuation pat-
terns of Pn/N and nitrogen distribution in leaf blades under great NA & EFDR and relationship with
PE in rice. Results showed that under greater NA & EFDR, Pn in flag leaves at heading and plant
nitrogen accumulation at maturity always increased and PE & Pn/N always decreased in spite of
increased grain production. Rice distributed more nitrogen in leaf blade under greater NA and EFDR.
PE indicated significantly (P < 0.05) positive relationship with Pn/N and negative relationship with
nitrogen distribution ratio in leaf blades at heading and maturity, and no association with Pn in two
growing secasons. Results suggested that low PE in rice under great NA and heavy ecar fertilization is
associated to more nitrogen distribution in leaf blades and decreases in photosynthetic efficiency.

Abbreviations: EFDR — ear fertilization distribution ratio; NA — nitrogen amount; PE — physiological
N-use efficiency; Pn — net photosynthetic rate; Pn/N — photosynthetic N-use efficiency.

Introduction

Extravagant nitrogen fertilization in rice has
resulted in decrease of physiological N-use effi-
ciency (PE), defined as grain production per unit
nitrogen uptake by plants, and serious environ-

* E-mail: jlg323@263.net

mental pollution, scientists have paid more and
more attention to PE improvement. There are
two main approaches, i.e. improvement in ger-
mplasm and resource management, to improve
PE in rice. Because of the tremendous variance
among genotypes (Broadbent et al., 1987; De
Datta and Broadbent, 1990; Jiang et al., 2003),
germplasm improvement is commonly regarded
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as the most ideal and cheap measure to improve
PE in rice. De Datta et al. (1993) and Ladha
et al. (1998) have documented the basic relation-
ship of PE in rice genotypes with agronomic and
physiological properties such as tiller growth,
panicle size, dry matter accumulation, the ratio
of leaf weight to plant dry weight, chlorophyll
and nitrogen in leaves, grain nitrogen concentra-
tion, and leaf nitrogen loss between panicle initi-
ation and harvest. PE in rice genotypes also
indicated great association with photosynthetic
features, rice genotypes with higher PE acquired
higher photosynthetic N-use efficiency (Pn/N,
Wu and Tao, 1995) or higher net photosynthetic
rate (Pn) at lower Rubisco content (Debabrata
et al., 2003).

Nitrogen fertilization strategies were widely
adopted to enhance grain production and
improve PE in rice all over the world. Timing
and amount were the two main aspects of nitro-
gen fertilization strategies. For timing strategy,
nitrogen fertilizer was implemented into paddy
field as basal fertilization, or tillering fertilization,
or ear fertilization. Heavy ear fertilization during
panicle development has been popular to
improve population dynamics and enhance pani-
cle weight in China in recent years (Lin, 2000).
At IRRI and PRRI, ear fertilization was also
adopted to increase grain yield and nitrogen
recovery efficiency (Peng and Cassman, 1998).
For amount strategy, to achieve 50-70% of fer-
tilizer-N recovery of total quantity applied,
N-fertilizer should be applied in the proper
amount (Schnier et al., 1990; Peng et al., 1996a,
b; Peng and Cassman, 1998). To meet the
demands of Asia people for food in 2025, nitro-
gen fertilization would increase from 7.0 Mt to
19.6 Mt — nearly a 300% increase (Fisher, 1998).
However, great nitrogen amount (NA) and heavy
ear fertilization usually resulted in low PE in rice
(Jiang et al., 2004). Though the relationship of
PE in rice genotypes with agronomic and physio-
logical properties has been documented in many
literatures, we still have not enough knowledge
to understand the mechanism of low PE in rice
genotypes under greater NA and heavy ear fertil-
ization. We conducted field experiments with
three genotypes, three NA and two ratios of fer-
tilization given during ear development period to
total NA (ear fertilization distribution ratio,
EFDR) to elucidate the reasons why greater NA

& EFDR resulting in low PE in rice, and our
work focused on the fluctuation patterns of flag
leaf photosynthetic efficiency and nitrogen distri-
bution in leaf blades under different nitrogen
managements and relationships with PE.

Materials and methods
Field experiments

Three rice (Oryza sativa L.) genotypes (Baguixi-
ang, Liangyoupeijiu, and Jinyou 253) with obvi-
ous difference in PE, selected from thirty rice
genotypes in previous experiments (Jiang et al.,
2003), were planted in field at Guangxi Univer-
sity Experiment Station, Nanning, China in the
first and second seasons in 2002, respectively.
The soil was a Laterite contained a total N of
1.9 mg g~', organic matter of 19.3 mgg™', ex-
changed K of 0.104 mg g~!, available Olsen P of
0.052 mg g™, efficient Si of 0.046 mg g', extract-
able NH;-N of 0.156 mg g~ and pH of 6.24. To
acquire PE of these three genotypes under differ-
ent NA and EFDR, three NA were implemented
as 0 g Nm™> 9.8 gNm2and 15.7 g N m™ for
each genotype, and for each of the NA, two
EFDR 1ie. 1/3 and 2/3, were implemented. The
ear fertilization was split into two applications,
the first at ear emergence stage and the second at
the day seven after the first ear fertilization. The
remaining N was incorporated into the fields as
basal before transplanting. Besides the basal N,
118 gm™ K and 3.0 gm™> P were applied as
basal fertilization. This experiment was a split-
split design, with genotype as main plot, NA as
the subplot and EFDR as the sub-subplot and
with three replications. Two 4-leaf-age old seed-
lings per hill were transplanted at the hill space
of 13 cm x 30 cm. Low banks around the sub-
subplot of 14 m? size were made to prevent pene-
tration of fertilizer nutrients across the plots.
Other management practices followed the local
production standard.

Sampling and measurement

At heading stage, 20 flag leaves were collected
from each plot for nitrogen content
measurement. After area measurement with a
Laser Area Meter (CI203, USA), leaves were



oven-dried at 80 °C till constant weight, and
nitrogen content were determined with a VAP50
Kjeldahlmeter (Gerhart, Germany). At the same
time, net photosynthetic rate (Pn) of about seven
flag leaves were measured in field with a porta-
ble photosynthetic system (CID310, USA) at
PPFD of 1000 gmol m™" s™', leaf temperature of
30 °C, mass flow of 0.3 mol m™s™'. At heading
and maturity, 30 hills of plants were investigated
for calculation of the average panicle numbers
per hill. Then, four representative hills of plants
from each plot based on the investigation were
separately sampled and divided into leaf blades,
stems plus sheathes, and panicles. The samples
were oven-dried at 80 °C till constant weight,
and then nitrogen contents in plant tissues were
determined by the Kjeldahl method. Grain yields
were obtained from all plant harvest in field at
maturity.

Data analysis

Total nitrogen accumulation was calculated as
the sum of nitrogen accumulation in leaf blades,
stems plus sheathes and panicles at maturity. PE
was defined as grain production per unit nitrogen
uptake by plants (Ladha et al., 1998). Single flag
leaf nitrogen accumulation at heading was
obtained from leaf dry weight and nitrogen con-
tent, the ratio of single leaf nitrogen accumula-
tion to single leaf area was calculated and
defined as leaf nitrogen content per unit area.
Then ratios of Pn to nitrogen content per unit
area in flag leaves were calculated, and defined as
photosynthetic N-use efficiency (Pn/N). Nitrogen
distribution ratio in leaf blades was quantified as
the ratio of nitrogen accumulation in leaf blades
to total nitrogen accumulation in plants. After
calculations, correlation analyses were made
between PE and Pn, Pn/N, nitrogen distribution
ratio in leaf blades with SAS procedures (SAS,
1988).

Results

Grain yield, nitrogen accumulation and
physiological N-use efficiency

Jinyou 253 harvested grain from 0.6759 kg m™>
to 0.7752 kg m™2 in the first season and 0.4564—
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0.6256 kg m™ in the second season. For Lian-
gyoupeijiu and Baguixiang, the grain yields were
0.6949-0.7758 kg m~> and 0.5726-0.6731 kg m™>
in the first season and 0.5910-0.6940 kg m™~2 and
0.4720-0.6220 kg m™> in the second season,
respectively. Rice indicated higher grain yield at
greater NA within the range of 0-15.7 g N m™>
regardless of genotypes and growing seasons.
Under smaller NA (9.8 ¢ N m™), rice obtained
more grain at greater EFDR (2/3). However,
under greater NA (15.7 g N m™2), rice harvested
more grain at smaller EFDR (1/3). The differ-
ences of grain yield between two NA and
between two EFDR were not significant
(P > 0.05) in both seasons (Table 1).

Jinyou 253 accumulated 8.435-14.220 g N m™>
in the first season and 5.116-11.526 ¢ N m™ in
the second season. Liangyoupeijiu and Baguixi-
ang accumulated 9.169-16.063 g N m™> and
8.959-14.482 ¢ Nm™ in first season, 6.563—
13.564 ¢ N m™2 and 6.210-12.497 ¢ N m~? in the
second season, respectively. Nitrogen accumula-
tion in three genotypes showed similar respon-
siveness to nitrogen supply. Compared among
different NA treatments, rice indicated more
nitrogen accumulation at greater NA. Under the
same NA, rice plant accumulated more nitrogen
at greater EFDR. The differences of nitrogen
accumulation in the same genotype among nitro-
gen treatments were significant (P < 0.05) in
both seasons (Table 1).

Physiological N-use efficiency (PE) in three
genotypes ranged 42.12-80.14 g ¢! in the first
season and 49.29-90.05 g g”! in the second sea-
son, differing with genotypes, NA and EFDR.
Unlike nitrogen accumulation, three genotypes
indicated larger PE at smaller NA and at smaller
EFDR under the same NA (Table 1).

Net photosynthetic rate (Pn) and photosynthetic
N-use efficiency

Pn in flag leaves at heading varied with geno-
types and nitrogen managements. Of three geno-
types, Jinyou 253  presented  significant
(P < 0.05) higher Pn than Liangyoupeijiu and
Baguixiang, and the difference of Pn between
Liangyoupeijiu and Baguixiang was not signifi-
cant (P > 0.05) in both growing seasons.
Although the differences of Pn among nitrogen
treatments in some cases were not significant,
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Table 1. Grain yields, nitrogen accumulations and physiological N-use efficiencies (PE) in three rice genotypes under different
nitrogen amounts (NA) and EFDR in the first and second season in 2002. Grain yield was the grain sun-dried weight from all
plant harvest in field. EFDR was defined as the ratio of nitrogen fertilization given during ear development period to total NA.
Nitrogen accumulation was quantified as the sum of nitrogen accumulation in leaves, stems + sheathes, and panicles at maturity,
nitrogen was quantified by employing Kjeldahl’s method with VAP50 (Gerhart, Germany). PE was defined as the ratio of grain

yield to nitrogen accumulation in plants

Genotype NA EFDR  Grain yield (kg m™>) N accumulation (g m™2) PE (gg™")
(gm™) First season Second season First season Second season First season Second season
Jinyou253 0 0.6759 0.4564 8.435 5.116 80.14 89.13
9.8 1/3 0.7502 0.5455 12.297 7.648 60.99 71.26
9.8 2/3 0.7752 0.5520 13.918 8.373 55.68 65.93
15.7 1/3 0.7621 0.6256 13.794 8.904 55.24 70.31
15.7 2/3 0.7277 0.6185 14.220 115.26 51.20 53.62
Mean 7.38 5.59 125.33 83.13 60.65 70.05
Liangyoupeijiu 0 0.6949 0.5910 9.169 6.563 75.80 90.05
9.8 1/3 0.7675 0.6244 11.886 10.407 64.53 59.96
9.8 2/3 0.7709 0.6576 12.987 11.656 59.37 56.45
15.7 1/3 0.7758 0.6940 13.704 12.039 56.63 57.65
15.7 2/3 0.7664 0.6736 16.063 13.564 47.69 49.69
Mean 7.55 6.48 127.62 108.46 60.80 62.76
Baguixiang 0 0.5726 0.4720 8.959 6.210 63.96 76.01
9.8 1/3 0.5565 0.5971 11.298 9.083 58.06 65.73
9.8 2/3 0.6624 0.6042 11.611 9.385 57.01 64.36
15.7 1/3 0.6731 0.6220 13.307 11.290 50.57 55.09
15.7 2/3 0.6102 0.6155 14.482 12.497 42.12 49.29
Mean 6.35 5.82 119.31 96.93 54.35 62.10

three genotypes always showed higher Pn at
greater NA and EFDR in spite of the growing
seasons. Pn/N indicated contrary responsiveness
to nitrogen supply. That is, when NA was con-
sidered, three genotypes presented greater Pn/N
at lower NA, when EFDR was considered, three
genotypes presented greater Pn/N at smaller
EFDR. Compared among genotypes, Jinyou 253
showed significantly (P < 0.05) higher Pn/N
than Liangyoupeijiu and Baguixiang (Table 2).

Nitrogen distribution in plants

Three rice genotypes distributed more than 40%
nitrogen in leaf blades at heading and more than
10% at maturity in both growing seasons.
Greater ratios of nitrogen in leaf blades were
seen at heading and maturity under greater NA
and EFDR in spite of genotypes and seasons.
Compared among genotypes, Liangyoupeijiu at
heading and Jinyou 253 at maturity distributed

the least nitrogen in leaf blades in both growing
seasons, while Baguxiang distributed the most
nitrogen in leaf blades in spite of growing stages
and seasons.

Relationship of PE with Pn, Pn/N and nitrogen
distribution in leaf blades

PE synthetically presented the ability of rice
producing grain with absorbed nitrogen on the
level of population. Similarly, Pn and Pn/N indi-
cated the ability of rice producing matter and the
efficiency of rice producing matter with nitrogen
in flag leaves on the level of stoma, respectively.
Theoretically, some relationship between PE and
Pn, Pn/N would be existed. In this study, PE was
not related to Pn in flag leaves at heading (Fig-
ure 1), but significantly (P < 0.05) related with
Pn/N (Figure 2) in flag leaves at heading as
reported by Wu and Tao (1995), Debabrata et al.
(2003). PE also indicated significantly (P < 0.05)
association with nitrogen distribution ratios in
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Table 2. Photosynthetic rate (Pn) and photosynthetic N-use efficiency (Pn/N) in flag leaves at heading in three rice genotypes under
different nitrogen managements in the first and second seasons in 2002. Pn — flag leaf photosynthetic rate at heading, measured
with hand portable photosynthetic system (CID310, USA) at PPFD of 1000 umol m™' s™', leaf temperature of 30 °C, mass flow of
0.3 mol m~2 s™!. Pn/N — flag leaf photosynthetic N-use efficiency at heading, defined as the ratio of Pn to nitrogen content per unit
leaf area in flag leaf at heading, leaf area was measured with a Laser Area Meter (CI203, USA). EFDR was defined as the ratio of
nitrogen fertilization given during ear development period to total NA

Genotype NA EFDR Pn Pn/N
(umol cop m™*s7") (umol cor g™ Ns™")
(g m2) First season Second season First season Second season
Jinyou253 0 21.10 25.12 17.14 18.34
9.8 1/3 21.98 25.70 15.51 18.09
9.8 2/3 22.68 26.91 14.44 17.09
15.7 1/3 22.06 25.70 14.67 17.32
15.7 2/3 23.65 26.96 14.53 17.24
Mean 22.29 26.08 15.26 17.62
Liangyoupeijiu 0 18.25 20.17 14.93 17.61
9.8 1/3 19.98 20.77 15.49 14.88
9.8 2/3 20.61 21.22 14.71 14.67
15.7 1/3 18.63 20.15 13.41 14.80
15.7 2/3 19.68 22.53 13.16 14.76
Mean 19.43 20.97 14.34 15.34
Baguixiang 0 18.77 20.08 16.94 16.38
9.8 1/3 19.87 20.17 14.82 15.66
9.8 2/3 20.34 21.36 14.21 15.49
15.7 1/3 19.35 21.41 15.12 15.99
15.7 2/3 20.62 21.85 12.96 14.70
Mean 19.79 20.97 14.81 15.64
100
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Figure 1. Relationship between physiological N-use efficiency
(PE) and photosynthetic rate Pn in flag leaves at heading in the
first and second seasons. PE was defined as grain production
per unit nitrogen uptake by plants, grain yield was the grain
sun-dried weight from all plant harvest in field, nitrogen con-
tents in plant tissues were determined with a VAPS50 Kjeldahl-
meter (Gerhart, Germany). Pn in flag leaves were measured in
field with a portable photosynthetic system (CID310, USA) at
PPFD of 1000 umol m™' s™', leaf temperature of 30 °C, mass

flow of 0.3 mol m~2 s~

ing the potential grain production in developing
countries. Therefore, nitrogen strategy has been
well documented in many literatures. When
nitrogen strategy is involved, grain production
and PE are two major factors considered. How-
ever, grain production and PE in some cases
showed different responsiveness to nitrogen strat-
egy. In our results, three genotypes presented
higher grain production at 1/3 of EFDR under
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Figure 2. Relationship between physiological N-use efficiency
(PE) and photosynthetic N-use efficiency (Pn/N) in flag leaves
at heading in the first and second seasons. PE was defined as
grain production per unit nitrogen uptake by plants, grain
yield was the grain sun-dried weight from all plant harvest in
field, nitrogen contents in plant tissues were determined with
a VAP50 Kjeldahlmeter (Gerhart, Germany). Pn in flag leaves
were measured in field with a portable photosynthetic system
(CID310, USA) at PPFD of 1000 umol m™' s™', leaf tempera-
ture of 30 °C, mass flow of 0.3 mol m™2 s~'. Photosynthetic
N-use efficiencies in flag leaves were calculated as ratios of Pn
to nitrogen content per unit area in flag leaves

greater NA, or at 2/3 under smaller NA, yet PE
at 2/3 of EFDR were lower than those at 1/3 of
EFDR in spite of NA (Table 1).

Nitrogen accumulation and grain production
are two different and correlative physiological
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processes in rice plant. It has been reported that
53% of nitrogen applied at panicle initiation was
absorbed by rice plant within 10 days (Cassman
et al., 1998), and maximum nitrogen uptake rates
of 0.9-1.2 gm™ d™" were observed over the 4-d
period following nitrogen application (Peng and
Cassman, 1998). These observations suggested
that nitrogen uptake was a relative simple pro-
cess and most fertilizer-N uptake by rice plant
was finished within a quite short time at a quite
rapid speed, therefore three genotypes indicated
higher nitrogen accumulation under greater NA
and EFDR (Table 1). However, grain yield is the
integrated results of events occurring throughout
growth and development of the plant and deter-
mined by various factors related to the plant and
the environment. Therefore, grain production is a
much more complicated physiological process
than nitrogen accumulation, increase in nitrogen
accumulation would not always resulted in pro-
portioned increase in grain production. This may
explain why nitrogen accumulation and grain
production sometimes indicated different respon-
siveness to nitrogen supply.

Nitrogen in plants occurred in different forms,
some are related to photosynthesis, the others are
not. Rubisco is one of the most important kinds of
nitrogenous compounds in leaves related to photo-
synthesis. Rubisco was accounted for above 25%
of total nitrogen and above 50% soluble nitrogen
in leaves (Makino et al., 1984) and usually became
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Figure 3. Relationships of physiological N-use efficiency (PE) with nitrogen distribution ratios in leaf blades at heading and matu-
rity in the first and second seasons in 2002. PE was defined as grain production per unit nitrogen uptake by plants, grain yield was
the grain sun-dried weight from all plant harvest in field, nitrogen contents in plant tissues were determined with a VAP50 Kjel-
dahlmeter (Gerhart, Germany). Nitrogen distribution ratios were calculated as nitrogen accumulation in leaf blades to total nitro-

gen accumulation in plants.
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Table 3. Nitrogen distribution in plants of three rice genotypes at heading and maturity in the first and second seasons in 2002.
Four representative hills of plants based on field investigation were separately sampled and divided into leaf blades, stems +
sheathes, panicles. Nitrogen contents in plant tissues were determined by the Kjeldahl method. Nitrogen distribution ratios in plant
tissues were quantified as the ratios of nitrogen accumulation in the tissue to total nitrogen accumulation in plants

Genotype NA EFDR Heading Maturity
(gm™>) Stem + sheath Leaf blade Panicle Stem + sheath Leaf blade Panicle
(%) (%) (%) (%) (%) (%)
First season
Baguixiang 0 31.26 50.58 18.16 14.52 18.93 66.55
9.8 1/3 31.02 53.78 15.20 14.03 22.52 63.45
9.8 2/3 30.15 54.38 15.47 13.91 22.54 63.55
15.7 1/3 32.00 54.85 13.15 14.84 23.35 61.81
15.7 2/3 30.40 55.33 14.27 1543 24.51 60.06
Jinyou 253 0 32.27 49.89 17.84 12.08 14.24 73.68
9.8 1/3 31.01 51.43 17.56 15.00 17.91 67.09
9.8 2/3 30.93 53.9 15.17 14.38 17.94 67.68
15.7 1/3 30.52 55.12 14.36 13.96 19.25 66.79
15.7 2/3 30.82 55.31 13.87 14.58 20.01 65.41
Liangyoupeijiu 0 37.32 41.86 20.82 14.44 13.94 71.62
9.8 1/3 34.97 45.86 19.17 15.62 17.72 66.66
9.8 2/3 35.26 49.06 15.68 15.42 19.36 65.22
15.7 1/3 35.22 49.25 15.53 16.83 19.91 63.26
15.7 2/3 3543 51.27 13.30 17.47 26.52 56.01
Second season
Baguixiang 0 34.52 47.98 17.50 19.34 12.99 67.67
9.8 1/3 33.09 53.07 13.84 20.36 14.00 65.64
9.8 2/3 33.17 54.01 12.82 20.52 14.78 64.70
15.7 1/3 31.63 54.64 13.73 22.96 17.14 59.90
15.7 2/3 33.61 55.39 11.00 22.10 19.54 58.36
Jinyou 253 0 35.79 45.98 18.23 19.50 11.43 69.07
9.8 1/3 33.32 49.19 17.49 18.27 12.21 69.52
9.8 2/3 33.06 50.66 16.28 18.70 13.13 68.17
15.7 1/3 31.67 53.73 14.60 18.08 14.23 67.69
15.7 2/3 30.55 55.42 14.03 19.79 15.58 64.63
Liangyoupeijiu 0 36.11 43.72 20.17 17.79 11.31 70.90
9.8 1/3 35.78 46.86 17.36 19.27 11.83 68.90
9.8 2/3 34.84 48.05 17.11 18.72 13.31 67.97
15.7 1/3 35.75 49.87 14.38 21.07 14.85 64.08
15.7 2/3 36.06 51.46 12.48 20.90 16.38 62.72

the limiting factors to photosynthesis under
enough light (Makino et al., 1983). However, Ru-
bisco content in rice plants was 30-40% lower
than those of other C; plants such as wheat (Evans
and Austin, 1986; Makino et al., 1988), and its
proportion to leaf nitrogen have remained almost
unchanged regardless of rice breeding which
maybe explain why rice breeding have not resulted
in the enhancement of leaf photosynthesis (Mae,

1997). In our study, we did not measure Rubisco
content in flag leaves, but determined total pro-
tein-N content in flag leaves. Results showed that
total protein-N content increased with increase of
NA and EFDR, yet its proportion to leaf nitrogen
presented little responsiveness to nitrogen supply
(data are not republished). However, nitrogen dis-
tribution in leaf blades shifted with nitrogen man-
agement. Under greater NA and EFDR, rice
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plants distributed more nitrogen in leaf blades in
spite of genotypes and seasons (Table 3). From
these observations, we suppose that more nitrogen
distribution in leaf blades and little change in pro-
portion of Rubisco to leaf nitrogen under greater
NR and EFDR resulted in decrease in Pn/N, and
decrease in Pn/N resulted in decrease in PE.
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