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Abstract
Background and aims This study aims to investigate
the effect of nitrogen (N) on grain phosphorus (P)
accumulation in japonica rice.
Methods Six cultivars with contrasting agronomic
traits were grown for 3 years (from 2008 to 2010) of
field experiments under seven N treatments and 1 year
(in 2010) of pot experiments with five N treatments to
study the effect of N on grain phosphorus accumula-
tion and to explore its physiological foundation.
Results Grain total P and phytic acid concentration
showed a clearly decreasing trend as N rate increased
for both field and pot experiments. Pot experiment
revealed that application of N increase plant biomass,
but tended to lower plant P uptake, especially for the
split topdressing treatments. Both harvest index (HI)
and P harvest index (PHI) increased with N rate, but
PHI was consistently higher than HI, indicating the
larger proportion of P translocation to grain than that
of dry matter by N. Further, ratio of PHI/HI differed

significantly among genotypes, but was stable across
contrasting N treatments.
Conclusions The combination of decreased plant P
uptake and dilution effect of increased grain yield by
N is proposed as underlying mechanism of the de-
creased grain P concentration by high N.
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Abbreviations
CK Control of N fertilizer treatment
CV Coefficient of variation
H High nitrogen rate
L Low nitrogen rate
M Moderate nitrogen rate
N Nitrogen
P Phosphorus

Introduction

Phosphorus (P) is critical in the metabolism of plants,
playing a role in the transfer and storage of energy from
photosynthesis and the metabolism of carbohydrates. It
is also a structural component of the nucleic acids of
genes and chromosomes and of many coenzymes, phos-
phoproteins and phospholipids. Application of P is rec-
ommend as a major agronomical practice for increasing
crop yield, given the fact that about 5.7 billion hectares
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worldwide lack sufficient available P (Batjes 1997). P is
a non-renewable resource and some commercially via-
ble sources of rock phosphate are likely to be exhausted
in the next century (Lott et al. 2011). Thus, strategies
including breeding P efficient cultivars, optimizing P
fertilizer rates, and minimizing soil P mining had been
proposed for better P management of cropping systems
(Ismail et al. 2007; Rose et al. 2010).

A large fraction of the P taken up by plants during
vegetative growth is translocated to the developing
seed. The phosphorus stored in mature seeds of grain
and legume crops is estimated to represent a sum
equivalent to more than 50 % of phosphate fertilizer
applied annually worldwide (Lott et al. 2000).
Consequently, seed phosphorus has value as a target
in P management. Typically, inorganic P (Pi) consists
of ~10 % of total phosphorus in cereal grains, whereas
the majority of grain phosphorus, accounting for 50–
80 %, occurs in the form of phytic acid (PA), a myo-
inositol hexakisphosphate (Raboy 2007). The poten-
tial negative charges on the phosphate groups of PA
bind various cations, especially K + and Mg2+, to form
a salt called phytate (Raboy 2007). Pi is of higher
bioavailability for humans and animals. By contrast,
PA-P is indigestible for humans and non-ruminant
animals such as poultry, swine, and fish, because they
lack the enzyme to decompose phytic acid. In addi-
tion, phytic acid also forms complexes with proteins,
digestive enzymes and minerals, and as such is con-
sidered to be an anti-nutritional factor (Lia et al. 2008;
Raboy 2001). Substantial efforts have been made to
identify mutants with impaired phytate biosynthesis,
with low PA mutants being available now for key
staple food crops such as barley, rice, and wheat.
This development might offer potential benefits for
the phosphorus nutrition of humans and animals
(Raboy 2009).

Rice is one of the most consumed cereal crops,
contributing a main source of energy, protein, and
other nutrients to half of the world’s population
(Frederick 2004). Rice production has to be improved
sustainably to meet the requirement of this increasing
population. For agronomical practices, nitrogen (N)
fertilization is more efficient for obtaining high rice
yields as compared to P and potassium (K) fertiliza-
tion. In China, there is growing concern over the
current agriculture paradigm of high usage of fertil-
izers mainly N. Overuse of N has not only caused low
N use efficiency and soil acidification (Guo et al.

2010), but also resulted in the deleterious effect on
rice quality especially the appearance quality (Qiao et
al. 2011). Interest in rice quality has greatly increased
in recent years because of the rapid economic devel-
opment, which in return has increased the purchasing
power and need for higher food quality. As a result,
ways must to be found to reduce the detrimental influ-
ence on rice quality through elucidating the mechanisms
of N effect. This will be critical in developing better N
management for both quantity and quality in China’s
rice production.

Our previous investigation of N influence on grain
biochemical composition revealed a negative effect of
N rate on phytic acid concentration in grains of 31
japonica cultivars (Ning et al. 2009). In the present
study, six representative cultivars were subjected to
3 years (from 2008 to 2010) of field experiments with
seven N treatments and 1 year (in 2010) of pot experi-
ments with five N treatments. The main objectives are
to study the effect of N on grain phosphorus and to
explore its physiological foundation. We report the
main results and discuss their significance for human
nutrition, rice quality, and P use efficiency (PUE).

Materials and methods

Field experiments

Field experiments were performed at two different
locations: Jiangning Experimental Station of Nanjing
Agricultural University (31°56′39″N, 118°59′13″E) in
2008 and Danyang Experimental Station (31°54′31″N,
119°28′21″E) in 2009 and 2010. Randomized split-
plot design with seven N treatments split for six ja-
ponica rice cultivars was used with four replications at
Jiangning and three replications at Danyang. The soil
type and fertility including total N, available P, and
exchangeable K were described in our previous study
(Qiao et al. 2011). Seven N treatments with three rates
and two ratios of basal to topdressing were applied as
illustrated by Ning et al. (2010): (1) CK, control of N
fertilizer treatment, with no N being applied whereas P
and K fertilizers being applied before transplanting;
(2) L82 and L55, low N rate (90 kg/ha); (3) M82 and
M55, moderate N rate (180 kg/ha); (4) H82 and H55,
high N rate (270 kg/ha). Basal application was per-
formed before transplanting, while N topdressing was
conducted at panicle initiation stage. The fertilization
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modes of 82 and 55 indicate the ratios of basal/top-
dressing fertilizers are 8:2 and 5:5, respectively.

Seeding, transplanting, and heading dates of 2008
and 2009 were reported by Qiao et al. (2011). In 2010,
cultivars were sown in seedbeds on May 25, trans-
planted to paddy field on June 28, and headed nearly
on the same day as in 2009. In 2010, Zaofeng9
showed unnaturally lower filled grain percentage
(~50 %), and thus Zaofeng9 and its counterpart
Xudao4 were excluded and the remaining four culti-
vars were used. About 100 plants, with similar matu-
rity, were harvested in each replication. The samples
were naturally dried and dehulled. Brown rice was
ground by a stainless steel grinder for three min and
the resulting powders were used for chemical analysis.

For total P analysis, samples about 3.0 g were wet
digested with 15 ml nitric/perchloric acid (3/1, V/V).
Concentration of P in digests was measured spectro-
photometrically with ammonium heptamolybdate-
ammonium vanadate as chromogenic reagent. Phytic
acid was measured by indirect method of iron precip-
itation, as reported by Ning et al. (2009). Phytic acid-P
(PA-P) was calculated as multiplying phytic acid by
0.282, the P content in phytic acid.

Pot experiments

In 2010, pot experiments were conducted at Danyang to
investigate changes in P accumulation and partitioning
in response to N (Supplementary Fig. 1). The plants
were allowed to grow under natural light in 25 L pots
filled with 15 kg of soil from paddy field of Danyang.
The soil is slightly alkaline (pH=8.06), and contains
1.24 g/kg total N, 17.7 mg/kg available P, and
124.0 mg/kg exchangeable K. A basal application of
N, P, and K as urea, calcium superphosphate, and po-
tassium chloride was provided to each pot, with the rate
equivalent to 90 kg/ha, 140 kg/ha, and 186 kg/ha in field
conditions, respectively. Five N topdressing treatments
were performed: (1) CK, control of N fertilizer treat-
ment, with no N being applied whereas P and K fertil-
izers being applied before transplanting; (2) N9-0, low
N rate, equivalent to 90 kg/ha in field conditions, with
topdressing N being applied at panicle initiation (PI)
stage; (3) N6-3, low N rate, topdressing N being split,
60 kg/ha at PI and 30 kg/ha at heading stage; (4) N18-0;
and (5) N12-6. Each treatment had 30 pots.

Seedlings were transplanted on June 17, with three
seedlings per pot. Similarly, Zaofeng9 showed

unnaturally lower filled grain percentage, and thus it
and its counterpart Xudao4 were excluded. About 30
plants were harvested at heading stage and maturity.
The plants were then separated into stem (including
sheath), leaf, and panicle (at heading, hull + rachis; at
maturity, grain + hull + rachis). Samples were ground
by a stainless steel grinder. Total P and phytic acid
were measured as per field experiment. In addition, Pi
in samples was extracted with 0.15 M tri-chloride
acetic acid and measured colorimetrically.

Content of P in plant parts was calculated by mul-
tiplying the P concentration by dry weight, as shown
in Supplementary table 1. The P harvest index (PHI)
was calculated as the content of P in panicle divided
by the total above ground P content (stem P +leaf P +
panicle P).

Statistical analysis

Samples were analyzed in triplicate and mean values
were used for comparisons. Variance analysis was
performed with SPSS (Version 10.0) statistical soft-
ware (Statistical Graphics Corp., Princeton, NJ).
Means were compared by the least significant differ-
ence (LSD) test (P≤0.05).

Results

Effect of N on grain total P, Pi and PA-P concentration

As reported previously, grain yield increased with N
rate both in the 3-year field experiments (Ning et al.
2010; Qiao et al. 2011) and in the pot experiment
(Supplementary Table 2). Variance analysis showed
significant effect of N, cultivar, and their interaction
on TP and PA-P concentration in grains produced
from 3 years of field experiments, with cultivar having
larger effect (Table 1).

Significant cultivar variations were detected among
the cultivars examined. For example, Ningjing2
showed consistently higher concentrations of both
TP and PA-P, whereas Wuyujing3 exhibited lower
values for the 2 years of field experiments (Table 2).
TP concentrations under field conditions were rela-
tively higher, but they fell into the range as reported
by Zeng et al. (2010).

N treatment had a negative effect on TP and PA-P,
as revealed in both field and pot experiments (Tables 2
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and 3). Generally, TP and PA-P concentration showed
a clearly decreasing trend as N rate increased. This
result is in agreement with our previous finding (Ning
et al. 2009), further suggesting the depressing effect of
N on P concentrations in japonica rice.

It should be noted Wuyunjing7, the high-yielding
cultivar, showed a contrasting trend of grain total P ,
which was promoted, depressed, and unaffected by
increased N rate in the field experiments of 2008,
2009, and 2010 (Table 2). This behavior was absent
in pot experiments where Wuyunjing7 exhibited sim-
ilar grain total P pattern as the other three cultivars
(Table 3). This contradictory results may be partially
attributed to the uniformity of experimental soil or the
changes in growing environments especially the tem-
perature and rainfall.

No significant differences existed between the two
contrasting basal/topdressing treatments in field
experiments. Similarly, concentrations of TP and PA-
P were not significantly different between the two
topdressing treatments in pot experiment (Tables 2
and 3). Thus, N rate has more influence on grain P
accumulation than application pattern does.

PA-P constitutes the major part of grain P, with an
average of 64.4 % (PA-P/Total P) across the five N
treatments in the pot experiment (Table 3). Significant
cultivar difference in ratio of PA-P/Total P was ob-
served, with Ningjing2 having the highest whereas
Ningjing1 being the lowest among the four cultivars.
N rate showed no significant effect on this ratio, which
is in agreement with former results (Ning et al. 2009).
In addition, Pi concentrations were not significantly
different among the five N treatments (Table 3).

Response of P uptake and partition to N treatments

To investigate the physiological foundation of the
depressing effect of N on grain P concentrations,
plants of pot experiments were sampled at heading
stage and at maturity, and P in three kinds of sub-
samples of stem (including sheath), leaf, and panicle
were measured.

At heading stage, N did not show a clear effect on
both stem and leaf P concentrations (Table 4), but had
a promoting influence on P concentration in the hull
and rachis. At maturity, a considerable amount of stem
and leaf P was translocated to the grain, and N showed
lowering effect for all the three kinds of subsamples
(Table 4).

Total P content per plant at heading stage and
maturity was calculated by multiplying the P concen-
tration by dry weight (Supplementary Table 1).
Results showed TP increased as N rate increased to
90 kg/ha (N9-0 and N6-3) and then decreased as N
rate increased to 180 kg/ha (N18-0 and N12-6) for
both stages. P uptake during grain filling stage was
calculated by subtracting TP content per plant at head-
ing stage from that at maturity. Typically, plant P
uptake during grain filling stage consisted of 28.1 %
of grain TP. Averaged across the four cultivars, plant P
uptake tended to decrease with N rate, especially for
the split fertilization treatments. However, cultivar
difference was observed. As presented in Fig. 1, ap-
plication of N led to promotion of P uptake during
grain filling for Ningjing2, but had depressing effect in
Ningjing1 and Wuyujing3, and no significant effect in
Wuyujing7.

Table 1 Variance analysis of
effect of cultivar (C) and nitro-
gen (N) on grain phosphorus (P),
inorganic P (Pi), phytic acid-P
(PA-P), total P (TP), and
PA-P/TP in 3 years of field
experiments and 1 year
pot experiment

Data presented are mean squares
aPA-P, is calculated as PA
multiplied by 0.282, the P
content in PA. *, **, significant
at 0.05 and 0.01 probability
level respectively

Year Source of variation df Pi PA-Pa TP PA-P/TP

2008 (field) C 5 0.06** 0.48** 2.60** 144.8**

N 6 0.03** 0.18** 0.60** 158.4**

C×N 30 0.01** 0.02** 0.44** 53.6**

2009 (field) C 5 0.06** 0.37** 1.46** 24.5

N 6 0.031** 0.11** 0.47** 6.9

C×N 30 0.0076** 0.02* 0.11* 17.3

2010 (field) C 3 0.0087** 0.21** 0.68** 58.7**

N 6 0.0003** 0.05** 0.02 20.0**

C×N 18 0.0002** 0.02** 0.04* 19.2**

2010 (pot) C 3 0.0063** 0.35** 0.44** 152.2**

N 4 0.0001** 0.21** 0.57** 17.9

C×N 12 0.0001** 0.01 0.01 13.4
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Table 2 Grain phytic acid-phosphorus (PA-P) and total P (TP) concentrations (mg/g) of six japonica cultivars under seven N treatments
in 3-year field experiments from 2008 to 2010

Cultivars CK a L82 L55 M82 M55 H82 H55 Mean

2008 PA-P Ningjing1 2.26a b 2.19ab 2.27a 2.27a 2.16ab 2.07b 2.08b 2.19

Ningjing2 2.32a 2.20ab 2.13b 2.18b 2.15b 2.15b 2.22ab 2.19

Wuyujing3 2.20a 1.95b 1.90b 1.96b 1.75c 1.69c 1.66c 1.87

Wuyunjing7 2.01a 1.94a 1.98a 2.01a 1.89a 1.98a 1.95a 1.97

Xudao4 2.24ab 2.27a 2.22ab 2.13bc 2.14bc 2.06c 2.02c 2.15

Zaofeng9 2.25a 2.02bc 2.23a 2.10b 1.96c 1.99bc 1.93c 2.07

Mean 2.21a 2.10b 2.12b 2.11b 2.01c 1.99c 1.98c

TP Ningjing1 4.64a 3.98c 3.77c 4.09bc 4.38ab 3.84c 3.88c 4.08

Ningjing2 4.64ab 4.08c 3.32d 4.46b 4.60ab 4.37bc 4.91a 4.34

Wuyujing3 3.93a 3.35bc 3.49b 2.92d 3.21bcd 3.17bcd 3.08cd 3.31

Wuyunjing7 3.45c 3.49c 3.63c 3.73c 4.27b 4.64a 4.69a 3.99

Xudao4 4.35a 3.93bc 4.15ab 3.99abc 3.86bc 3.75c 3.85bc 3.98

Zaofeng9 4.28a 3.41c 4.07ab 3.53c 3.42c 3.54c 3.89b 3.73

Mean 4.21a 3.71e 3.74e 3.79de 3.96bc 3.89cd 4.05b

2009 PA-P Ningjing1 2.03abc 2.16ab 2.18a 2.00abc 2.01abc 1.89c 1.95bc 2.03

Ningjing2 2.57a 2.44ab 2.35b 2.29bc 2.35b 2.14c 2.12c 2.32

Wuyujing3 2.13ab 2.18a 2.03ab 2.11ab 2.05ab 1.96ab 1.94b 2.06

Wuyunjing7 2.43a 2.34ab 2.09c 2.25abc 2.23abc 2.18bc 2.23abc 2.25

Xudao4 2.51a 2.37abc 2.41ab 2.19c 2.26bc 2.33abc 2.26bc 2.33

Zaofeng9 2.11ab 2.19ab 2.12ab 2.15ab 2.09ab 2.23a 1.99b 2.13

Mean 2.30a 2.28a 2.20b 2.17b 2.17b 2.12bc 2.08c

TP Ningjing1 3.75a 3.70a 3.72a 3.43a 3.58a 3.59a 3.55a 3.62

Ningjing2 4.90a 4.48b 4.34bc 4.08bc 4.02c 3.95c 3.88c 4.23

Wuyujing3 3.96a 3.81ab 3.79ab 4.00a 3.73ab 3.65ab 3.46b 3.77

Wuyunjing7 4.52a 4.57a 4.31ab 4.03bc 4.03bc 3.87bc 3.73c 4.15

Xudao4 4.39a 4.14a 4.09a 4.40a 3.94a 4.21a 4.38a 4.22

Zaofeng9 3.93a 4.02a 3.77a 3.68a 3.78a 3.96a 3.75a 3.84

Mean 4.24a 4.12ab 4.00bc 3.94cd 3.85cd 3.87cd 3.79d

2010 PA-P Ningjing1 2.23a 2.06bc 2.05bc 1.99cd 1.94d 1.97cd 2.14ab 2.05

Ningjing2 2.17ab 2.24a 2.20a 2.15ab 2.16ab 2.07b 1.96c 2.14

Wuyujing3 2.17a 2.22a 2.13ab 2.07bc 2.04bc 2.06bc 1.99c 2.10

Wuyunjing7 2.46a 2.22b 2.23b 2.32b 2.32b 2.21b 2.23b 2.28

Mean 2.26a 2.18b 2.15bc 2.13cd 2.12cde 2.08e 2.08de

TP Ningjing1 3.42a 3.26ab 3.14bc 3.2abc 2.97c 3.24ab 3.11bc 3.19

Ningjing2 3.25ab 3.26ab 3.20ab 3.29a 3.21ab 3.26ab 3.05b 3.22

Wuyujing3 3.37ab 3.35ab 3.31b 3.34ab 3.30b 3.34ab 3.55a 3.37

Wuyunjing7 3.67a 3.50a 3.60a 3.51a 3.72a 3.48a 3.60a 3.58

Mean 3.43a 3.34ab 3.31ab 3.33ab 3.30b 3.33ab 3.33ab

a CK, control of N fertilizer treatment, no N was applied, whereas P and K fertilizers was applied before transplanting; H, high nitrogen
rate of 270 kg/ha; L, low nitrogen rate of 90 kg/ha; M, moderate nitrogen rate of 180 kg/ha; 82, 80 % nitrogen fertilizer applied as basal
while 20 % as topdressing; 55, nitrogen fertilizer applied equally between basal and topdressing
b Data with different letter are significantly different at 0.05 probability level
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Effect of N on P harvest index (PHI)

Harvest index (HI) varied significantly with cultivar.
Wuyunjing7 had the highest HI of 54.3 % while
Ningjing1 showed lowest value of 45.0 %. Cultivars
with lower HI do not necessarily have lower P harvest
index (PHI). For instance, Ningjing1 had the lowest
HI but had highest PHI among the four cultivars.

Both HI and PHI increased with N rate, showing
that N promotes the translocation of both dry matter
and P from the vegetative organs to the grain.
Moreover, PHI of the four cultivars under the five
treatments was consistently higher than HI, indicating
a larger proportion of P translocation to grain than that
of dry matter.

The ratio of the PHI/HI, which describes the pro-
portion of grain P compared to the proportion of grain
carbon, was calculated and shown in Fig. 2. This ratio
differed significantly among genotypes, ranging from
1.22 for Ninging1 to 1.31 for Wuyujing7. Moreover,

PHI/HI of a given cultivar was stable across contrast-
ing N treatments, which serves as further evidence that
the ratio of PHI/HI can be used as a criterion in the
breeding programs aiming for high P use efficiency
(Rose et al. 2010).

Discussion

Positive effect of N on grain P accumulation

P is one of the most limiting mineral nutrients for crop
production in many low input agricultural systems.
The use of genetically enhanced plants with improved
P acquisition efficiency has been proposed as the most
sustainable solution to increase crop yields in these
systems (Ramaekers et al. 2010). However, as yield
increases, the removal of all nutrients including P from
soil will also increase (Rengel et al. 1999). Recently, a
novel strategy has been proposed to lower ‘mining’ of

Table 3 Grain inorganic P (Pi), phytic acid-phosphorus (PA-P), and total P (TP) concentrations (mg/g) of six japonica rice cultivars
under five N treatments in pot experiment of 2010

Cultivars CK N9-0 N6-3 N18-0 N12-6 Mean

PA-P Ningjing1 2.21a 2.05b 2.10ab 1.78d 1.91c 2.01

Ningjing2 2.46a 2.40a 2.44a 2.26b 2.10c 2.33

Wuyujing3 2.29a 2.20ab 2.13b 1.97c 1.98c 2.11

Wuyunjing7 2.16a 2.05ab 1.98b 1.92b 1.93b 2.01

Mean 2.28a 2.18b 2.16b 1.98c 1.98c

Pi Ningjing1 0.158a 0.149bc 0.156a 0.154ab 0.146c 0.120

Ningjing2 0.119ab 0.123a 0.124a 0.123a 0.113b 0.112

Wuyujing3 0.116a 0.120a 0.109b 0.108b 0.105b 0.128

Wuyunjing7 0.120c 0.128b 0.128b 0.137a 0.129b 0.153

Mean 0.128a 0.130a 0.129a 0.130a 0.123b

TP Ningjing1 3.68a 3.43ab 3.58a 3.13bc 3.07c 3.38

Ningjing2 3.73a 3.57a 3.60a 3.24b 3.25b 3.48

Wuyujing3 3.48a 3.40a 3.27ab 3.03b 2.97b 3.23

wuyunjing7 3.19ab 3.24a 3.21ab 2.89b 2.90b 3.09

Mean 3.52a 3.41a 3.42a 3.07b 3.05b

PA-P/TP Ningjing1 60.11a 60.00a 58.53a 56.95a 62.53a 59.62

Ningjing2 66.22a 67.46a 67.74a 69.76a 64.79a 67.19

Wuyujing3 66.10a 64.76a 64.99a 65.29a 67.09a 65.65

Wuyunjing7 67.59a 63.39a 61.80a 66.67a 66.73a 65.24

Mean 65.01a 63.90a 63.27a 64.67a 65.28a

a CK, control of N fertilizer treatment, no N was applied, whereas P and K fertilizers was applied before transplanting; N9-0, low N rate,
equivalent to 90 kg/ha, with all topdressing N at panicle initiation stage; N6-3, low N rate, split topdressing, 60 kg/ha at PI and 30 kg/ha
at heading stage; N18-0, 180 kg/ha, all at panicle initiation; N12-6, split topdressing of 180 kg/ha
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soil P by reducing the amount of P in rice grains (Lott
et al. 2000; Raboy 2001; Dorsch et al. 2003). Large
genotypic variations in grain P concentration exists,
suggesting the possibility of breeding rice with lower
grain P concentration to reduce the depletion of P from

rice field (Rose et al. 2010). In this context, one of the
potential favorable effects of N on grain P accumulation
may be associated with the decreased grain P concen-
tration, which should be helpful for sustainable use of
soil P by lowing the rate and degree of P mining.

Table 4 TP concentrations (mg/g)in stem, leaf, and panicle of four japonica rice cultivars in response to N fertilization

Cultivars Heading stage Maturity

CK N9-0 N6-3 N18-0 N12-6 Mean CK N9-0 N6-3 N18-0 N12-6 Mean

Stem Ningjing1 2.47b 2.46b 2.79a 2.28b 2.24b 2.45 1.56a 1.10bc 1.26b 0.77d 0.94cd 1.13

Ningjing2 2.56a 2.28b 2.58a 2.23b 2.36ab 2.40 1.87ab 1.97a 1.95a 1.17c 1.63b 1.72

Wuyujing3 2.14c 2.38ab 2.54a 2.25bc 2.54a 2.37 2.44a 2.31ab 2.1bc 1.65d 1.83cd 2.06

Wuyunjing7 2.41a 2.45a 2.48a 2.34a 2.51a 2.44 1.69ab 1.25c 1.87a 1.53b 1.10c 1.49

Mean 2.39b 2.39b 2.59a 2.28c 2.41b 2.41 1.89a 1.66b 1.79a 1.28c 1.38c 1.60

Leaf Ningjing1 2.49a 2.52a 2.42a 1.98b 2.03b 2.29 1.49ab 1.57a 1.37ab 1.24b 1.44ab 1.42

Ningjing2 2.55a 2.22bc 2.42ab 2.11c 2.27bc 2.31 1.62b 1.76b 1.64b 1.82b 2.34a 1.84

Wuyujing3 2.37c 2.46bc 2.33c 2.82a 2.65ab 2.53 2.18a 2.38a 1.47b 1.26b 1.44b 1.74

Wuyunjing7 2.35ab 2.29ab 2.51a 2.42a 2.19b 2.35 1.61a 1.35b 1.85a 1.79a 1.33b 1.59

Mean 2.44a 2.37ab 2.42a 2.33ab 2.29b 2.37 1.72a 1.76a 1.58b 1.53b 1.64ab 1.65

Paniclea Ningjing1 1.99b 2.25a 2.16ab 2.24a 2.37a 2.20 0.78c 1.16a 0.77c 1.08ab 0.96b 0.95

Ningjing2 1.86b 1.91b 2.38a 2.32a 1.90b 2.07 1.93a 1.34b 1.22b 1.33b 1.24b 1.41

Wuyujing3 2.62abc 2.80a 2.51bc 2.71ab 2.44c 2.62 0.86a 0.81a 0.92a 0.81a 0.65b 0.81

Wuyunjing7 2.22b 2.27b 1.85c 2.75a 2.70a 2.36 0.76a 0.71a 0.83a 0.76a 0.72a 0.76

Mean 2.17d 2.31bc 2.23cd 2.50a 2.36b 2.31 1.08a 1.01b 0.94cd 0.99bc 0.89d 0.98

a Data are means of rachis and hull, and the grain P concentrations are shown in Table 3
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Fig. 1 TP content per plant
at heading and maturity
stages as affected by N treat-
ments. CK, control of N
fertilizer treatment, no N was
applied, whereas P and K
fertilizers was applied before
transplanting; N9-0, low N
rate, equivalent to 90 kg/ha,
with all topdressing N at
panicle initiation stage; N6-3,
low N rate, split topdressing,
60 kg/ha at PI and 30 kg/ha at
heading stage; N18-0,
180 kg/ha, all at panicle ini-
tiation; N12-6, split topdress-
ing of 180 kg/ha. TP-H: Total
phosphorus in whole plant at
heading (mg/plant); TP-M:
Total phosphorus in whole
plant at maturity (mg/plant);
TP-U: Phosphorus uptake
from heading to maturity
(mg/plant)
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Another possible beneficial effect of N on grain P
accumulation may be that N application also
improvePUE. As reported in both our previous (Ning et
al. 2010; Qiao et al. 2011) and current study
(Supplementary table 2), increased N rate produced
higher grain yield at the same P fertilizer rate, thus caus-
ing higher agronomic efficiency (Δgrain yield /Δ P fertil-
izer rate). On the other hand, the lower P concentration in
both vegetative and reproductive organs meant higher
ratio of Δgrain yield /Δ P uptake from soil. Thus physio-
logical efficiency was also improved as N rate increased.

Phytic acid is of particular health concern, because
of its contribution to nutritional deficiencies in around
one-third of the world’s population, as well as phos-
phorus pollution in water (Lott et al. 2009). The third
potential favorable effects of N on grain P accumula-
tion may be associated with the decreased phytic acid
concentration, which should have positive effect on
human health. However, unlike wheat, maize, and
barley, rice is consumed as milled grains. During
polishing, outer layers where most of phytic acid is
stored are discard, with little phytic acid remained in
the resultant milled rice. This technical consequence is
quite different from that of wheat milling, during
which a considerable part of phytic acid still exists in
the flour fractions due to incomplete separation of
endosperm from the outer layer (Liu et al. 2008).
The favorable effect of N on human nutrition needs
to be further investigated.

Negative effect of N on grain P concentration

Phytate is stored form of phytic acid that chelated with
K, and magnesium (Mg). The formation of phytate may
be an important physiological process to trap inorganic
metals, mainly P, K, and Mg from developing endo-
sperm (Ogawa et al. 1979). Our previous work showed
that N application can significantly increase rice yield
through elevating panicle number per area and grain
number per panicle (Ning et al. 2009). However, when
the composition of grains was categorized in detail, a
considerable part (about 25 %) of them was imperfect
grains like green rice grain andmalformed rice grain due
to incomplete grain filling (Qiao et al. 2011). High N
application increases the sink volume and promotes the
intensity of starch and protein synthesis in grains, there-
by increasing the requirement of P, K, and Mg. We also
examined K and Mg concentrations in grains produced
from pot experiments, and found a similarly depressing
effect of N fertilization (Supplemental Table 3). We
therefore speculate that the reduction in P accumulation
may be partially associated with the high occurrence of
imperfect rice under high N input. However, more work
needs to be conducted to verify this hypothesis.

Mechanism of N effect on grain P accumulation

The reduction in grain P concentration in rice grains
may be due to (1) the changes in P absorption from the
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Fig. 2 Harvest index (HI),
P harvest index (PHI), and
ratio of PHI/HI of the
four cultivars in response
to N treatments
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soil, (2) the dilution effect because of increased grain
yield, or (3) the changes in the translocation of P from
vegetative organs to grains. Our result showed that N
topdressing at both PI and heading stage resulted in in-
creased plant TP concentration at the N rate of 90 kg/ha,
whereas decreased plant TP concentration was evident at
180 kg/ha. Further, N showed a decreasing influence on
plant P uptake during grain filling stage, especially for the
split treatment (Fig. 1). Although the PHI was elevated by
N and was higher than HI, the amount of translocated P
from vegetative organs is not comparable to that of the
biomass. Thus we suggest the combination of depressing
effect on plant P uptake during grain filling and the
dilution effect of grain yield to be the major mechanism
of the decreased grain P by high N.

Singh and Modgal (1978) investigated the effect of N
treatments on P uptake and translocation for rainfed up-
land indica rice, and found that total grain P concentration
did not varied significantly with N rate, while total P
uptake from soil increased significantly as N rate in-
creased. In the current studywith japonica rice in irrigated
areas, a clear decrease of grain P concentration in re-
sponse to increase N rate was observed. However, P
uptake from the soil during the grain filling stage varied
with cultivar, where Ningjing2 and Wuyunjing7 showed
a positive response to N fertilization, while Ningjing1 and
Wuyujing3 showed a reverse trend. The mechanism un-
derlying the N effect on grain P concentration may there-
fore be genotype (indica and japonica rice) and cultivar
dependent. Up to now, information is still lacking on the
genotypic differences in uptake and translocation to grain.
In addition, the soil bio-physical process of N-P interac-
tion after N fertilization and its effect on P accumulation
in grains are poorly understood. To evaluate ways of
countering the deleterious effect of N on grain filling,
for example lowering the ratio of imperfect grains, inves-
tigations on the efficacy of increasing P basal fertilization
and foliar application are underway in our laboratory.
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