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Abstract:



While improving the efficiency at which rice plants take up fertiliser nitrogen (N) will be critical for the sustainability of rice (Oryza sativa L.) farming systems in future, improving the grain yield of rice produced per unit of N accumulated in aboveground plant material (agronomic N use efficiency; NUEagron) through breeding may also be a viable means of improving the sustainability of rice cropping. Given that NUEagron (grain yield/total N uptake) is a function of harvest index (HI; grain yield/crop biomass) × crop biomass/total N uptake, and that improving HI is already the target of most breeding programs, and specific improvement in NUEagron can only really be achieved by increasing the crop biomass/N uptake. Since rice crops take up around 80% of total crop N prior to flowering, improving the biomass/N uptake (NUEveg) prior to, or at, flowering may be the best means to improve the NUEagron. Ultimately, however, enhanced NUEagron may come at the expense of grain protein unless the N harvest index increases concurrently. We investigated the relationships between NUEagron, total N uptake, grain yield, grain N concentration (i.e., protein) and N harvest index (NHI) in 16 rice genotypes under optimal N conditions over two seasons to determine if scope exists to improve the NHI and/or grain protein, while maintaining or enhancing NUEagron in rice. Using data from these experiments and from an additional experiment with cv. IR64 under optimum conditions at an experimental farm to establish a benchmark for NUE parameters in high-input, high yielding conditions, we simulated theoretical potential improvements in NUEveg that could be achieved in both low and high-input scenarios by manipulating target NHIs and grain protein levels. Simulations suggested that scope exists to increase grain protein levels in low yielding scenarios with only modest (5–10%) reductions in current NUEagron by increasing the current NHI from 0.6 to 0.8. Furthermore, substantial scope exists to improve NUEveg (and therefore NUEagron) in high-yielding scenarios if maintaining current grain protein levels of 7.3% is not essential.
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1. Introduction


Nitrogen (N) is required in large quantities by crops and N deficiency frequently limits rice grain yields in traditional rice (Oryza sativa L.) farming systems [1]. Nitrogen losses from fields result in N fertiliser recoveries of 20–40% where N fertiliser is used in lowland rice production [2]. The majority of these losses are thought to be through NH3 volatilisation and full denitrification of NO3− to N2, as a result of the highly reduced soil conditions that occur in flooded rice systems [3]. Optimising N uptake and minimising potential environmental impacts by predicting the most favourable timing, rate and placement of N fertiliser application to lowland rice crops have thus been the subject of continued research [4,5,6,7].



There is significant interest in improving rice N efficiency through breeding in addition to optimising agronomic management of N fertilisers [1]. However, while yield increases through breeding and agronomy have increased grain yield per unit of applied N, we are unaware of any examples where rice varieties have been specifically bred to have enhanced N efficiency. In theory, gains could be made by improving either the N acquisition efficiency or internal N utilisation efficiency [1,8]. Genotypic variation for N acquisition efficiency appears to be strongly influenced by environment with little correlation between the performance of genotypes between seasons or sites [9]; hence, selection for high N acquisition efficiency traits in breeding programs may be difficult to achieve.



Many definitions of internal N use efficiency exist in the literature, but one of the most common definitions is the grain yield produced per unit of N accumulated in aerial plant biomass, herein referred to as agronomic N use efficiency (NUEagron). Variation for NUEagron in rice is well documented [1,8], but studies have been conducted almost exclusively at sub-optimal N supply (i.e., where grain yields are limited by insufficient N), where NUEagron was quantified as a secondary parameter in experiments primarily designed to identify genotypes with superior N acquisition efficiency at sub-optimal N supply [8]. As such, the results were likely strongly influenced by the degree of N-deficiency stress suffered by each genotype. However, the growing use of N fertilisers over the past 20 years means that an increasing proportion of rice crops are grown at higher N supply. Despite this, we are only aware of one study that has investigated NUE parameters in rice at optimal N supply, and the data were from a multi-N rate trial at a one site in a single season [10].



In comparison, NUEagron in wheat has been widely studied over a range of N rates because of the importance of grain protein in determining wheat quality. Questions have been raised as to whether pursuing NUEagron as a breeding target in wheat is useful since it may compromise grain protein levels [11]. This is because the main components of NUEagron (total shoot N uptake, grain yield, grain N concentration and N harvest index (NHI–the proportion of aboveground N located in the grain at maturity)) are governed by the ‘law of conservation of matter’ [11]. Thus, at any given level of N uptake and grain yield, improvements in grain protein would only be possible if the NHI increases [11]. Given that NHIs in wheat are typically 0.70–0.80 [12], and that rapid movement of N from leaves to grain during grain filling limits photosynthesis, scope for further increases in NHI, and therefore NUEagron, in wheat, seems limited if grain yields are to be maintained at the same level of plant N uptake. High NHIs in modern crop varieties have also been reported in other staple crops including soybeans (0.79–0.86; [13]) and maize (0.74; [14]). In contrast, NHIs in rice cultivars appear to be lower, with reports of NHIs ranging from 0.44 to 0.73 [9,10,15].



NUEagron (grain yield/N uptake) can also be described as the product of HI and the inverse of aerial plant N concentration (total aerial biomass/aerial plant N uptake) as described by:
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(1)







Improvement in NUEagron can therefore be made by either increasing plant biomass production per unit of plant N accumulated, or by increasing grain yields as a proportion of total biomass (i.e., increasing HI). Given that improving HI is already the target of most plant breeding programs, and is not specific to N efficiency, specific improvements in NUEagron can only be made by increasing the total plant biomass produced per unit of N uptake. Since rice plants grown under flooded conditions accumulate around 80% of total plant N prior to flowering [4,16], improving the NUE during vegetative growth (NUEveg = shoot biomass/shoot N content) would be the most efficient way to improve NUEagron.



The extent to which improvement in NUEveg can be made while maintaining current grain yields and grain protein contents depends on the scope to increase NHI. However, if enhancing the protein concentration of rice grains becomes a breeding target to improve nutrition of rice consumers [17], improvement in NUEagron (and therefore NUEveg) may be difficult unless it is also linked to more favourable grain protein composition as opposed to total grain protein levels. Similar to other cereal grains, rice grains contain albumins, globulins, glutelins and prolamins [18] with the concentration of prolamins and glutelins appearing to be linked, such that reduction in one protein fraction is compensated by an increase in the other [19]. The prolamins are less digestible [20] so reducing prolamin content and increasing the content of the more easily digested glutelins would allow for simultaneous improvement in NUEveg and the nutritional quality of rice. In addition, where demand for rice is driven by grain texture, the association between high grain protein levels and lower grain quality [21] may provide an impetus to reduce grain protein levels. Under these circumstances, the scope to improve NUEveg may be significantly greater.



The present study investigated the relationships between NUEagron (grain yield/total N uptake), total N uptake, grain yield, grain N concentration (i.e., protein) and NHI in 16 rice genotypes under optimal N conditions in order to determine if scope exists to improve the NHI and/or grain protein, while maintaining or enhancing NUEagron in rice. We then investigated the accumulation and partitioning of N during grain filling in the elite commercial cultivar, cv. IR64, under optimum conditions at an experimental farm to establish a benchmark for NUE parameters in high-input, high yielding conditions. Using data from these experiments, we simulate theoretical potential improvements in NUEveg that could be achieved in both typical and high-input scenarios by manipulating target NHIs and grain protein levels.




2. Results


2.1. Study 1: Effect of Genotype and Season on N Efficiency Parameters in Field-Grown Rice


2.1.1. Mean Yield and N Efficiency Data across the Dry and Wet Seasons


A significant effect of both season and genotype was observed for all biomass and N parameters, with the exception of non-significant season effects on straw yield and total N (Table 1). Significant season × genotype interactions were also found for all biomass and N parameters with the exception of HI. The average grain yield exceeded 5 t ha−1 in the dry season compared to 3.4 t ha−1 in the wet season and the higher yield during the dry season was a result of both greater total biomass yield (9235 vs. 7666 kg ha−1) and higher HI (0.54 vs. 0.43) while total N uptake was similar across seasons (around 110 kg ha−1) (Table 1). Consequently, grain and straw N concentrations were lower, and NUEagron was higher (46.5 vs. 31.4 kg biomass kg N−1), in the higher yielding dry season trial. Mean grain N concentrations were 17.4 and 13.5 mg g−1 for the wet season and dry season, respectively, which equates to grain protein levels of approximately 9.5% and 7.3% when expressed at 14% grain moisture. NHIs (0.53 in the wet season and 0.62 in the dry season) were around 20% higher than the respective HIs.



Table 1. Means of selected yield and N data parameters across 16 rice genotypes in wet season (WS) and dry season (DS) field experiments conducted between July 2012 and April 2013.







	

	
Biomass Yield

	
N Concentration

	
N Content

	
N Efficiency




	

	
GY

	
StY

	
TB

	
HI

	
GNc

	
StNc

	
GrN

	
StN

	
TotN

	
NUEagron

	
NHI






	
Means

	

	

	

	

	

	

	

	

	

	

	




	
2012 WS

	
3402

	
4265

	
7666

	
0.43

	
17

	
12

	
61

	
59

	
110

	
31

	
0.53




	
2013 DS

	
5056

	
4179

	
9235

	
0.54

	
14

	
10

	
68

	
41

	
109

	
47

	
0.62




	
ANOVA

	

	

	

	

	

	

	

	

	

	

	




	
season

	
***

	
ns

	
***

	
***

	
***

	
***

	
**

	
***

	
ns

	
***

	
***




	
genotype

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
*

	
***




	
interaction

	
**

	
***

	
***

	
ns

	
***

	
***

	
***

	
***

	
***

	
**

	
***








*** significant at p < 0.001, ** significant at p < 0.01, * significant at p < 0.05, ns not significant. Abbreviations and units: grain yield (GY), straw yield (StY), total biomass yield (TB), grain N content (GrN), straw N content (StN) and total biomass N content (TotN) are expressed in kg ha−1; Grain N concentration (GNc) and Straw N concentration (StNc) are expressed in g kg−1; Agronomic N use efficiency (NUEagron = GY/TotN) is expressed in kg biomass kg N−1; and harvest index (HI) and N harvest index (NHI) are expressed as a proportion.









2.1.2. Genotype Variation for Yield and N Efficiency Parameters and Correlation across Seasons


Three-fold differences in mean grain yields were observed among genotypes in the wet season, from 1854 kg ha−1 (N22) to 5996 kg ha−1 (BJ1), and two-fold differences were observed in the dry season, from 3384 kg ha−1 (Sundensis) to 7487 kg ha−1 (Kalubala Vee) (Figure 1a). Similar differences in genotype means were observed for total biomass (4356–14533 kg ha−1 in the wet season and 6025–13,408 kg ha−1 in the dry season; Figure 1b), and total N uptake (64–188 kg N ha−1 in the wet season and 80–163 kg N ha−1 in the dry season; Figure 1c). Interestingly, no strong correlation between seasons was found for either grain yield (R2 = 0.06), total biomass (R2 = 0.20) or total N uptake (R2 = 0.14) or genotypes, i.e., genotype rankings for these parameters were not consistent across seasons.


Figure 1. Correlations between key yield and nitrogen parameters Grain yield (a), total N uptake (b), HI (c), Total biomass (d), Grain N concentration (e) and NHI (f) across the 2012 wet season and the 2013 dry season.
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Grain N concentrations ranged from 14.1 to 21.3 g kg−1 in the wet season and 11.4–15.0 g kg−1 in the dry season, again with no strong association between seasons (R2 = 0.14) (Figure 1d). Harvest indices ranged from 0.32 to 0.51 in the wet season and from 0.48 to 0.63 in the dry season (Figure 1e) and a similar range of variation was observed in NHIs (Figure 1f). Despite no correlation between seasons for HI or NHI, some genotypes did have consistently low or high HIs across seasons. For example, Emata-A-16-34 had the lowest HI in both seasons, while DJ123 had a relatively high HI in both seasons (0.49 in wet season and 0.58 in dry season). The low and high HIs for Emata-A-16-34 and DJ123 were mirrored in their respective NHIs.




2.1.3. Correlations between Yield and N Efficiency Parameters in the 2012 Wet Season (2012WS) and 2013 Dry Season (2013DS)


Grain yields were highly correlated to total crop biomass and to total crop N uptake in both seasons, whereas the correlation with HI was consistently weak (Table 2). Interestingly, there was no significant correlation between grain yield and grain N concentration in either season. Crop NHI was significantly and positively correlated to HI in the dry season (r = 0.68) and wet season (r = 0.74), but was not significantly correlated to total crop N uptake in either season (Table 2). Interestingly, NUEagron had also no significant correlation with crop N uptake in either season, but was significantly yet weakly correlated with grain yield.



Table 2. Correlations between key biomass and N parameters in wet season (WS) and dry season (DS) field experiments.







	

	
2010WS

	
Biomass Yield

	
N Concentration

	
N Content

	
N Efficiency




	
2013DS

	

	
GY

	
StY

	
TotY

	
HI

	
GNc

	
StNc

	
GrN

	
StN

	
TotN

	
NUEagron

	
NHI






	
GY

	

	
0.78

	
0.93

	
0.37

	
−0.07

	
−0.26

	
0.93

	
0.46

	
0.82

	
0.30

	
0.42




	
StY

	
0.73

	

	
0.95

	
−0.27

	
0.21

	
−0.09

	
0.83

	
0.77

	
0.92

	
−0.19

	
−0.03




	
TotY

	
0.95

	
0.91

	

	
0.02

	
0.09

	
−0.18

	
0.93

	
0.67

	
0.92

	
0.04

	
0.18




	
HI

	
0.48

	
−0.23

	
0.19

	

	
−0.39

	
−0.29

	
0.22

	
−0.44

	
−0.09

	
0.8

	
0.74




	
GNc

	
−0.15

	
−0.27

	
−0.22

	
0.13

	

	
0.27

	
0.27

	
0.33

	
0.34

	
−0.67

	
−0.03




	
StNc

	
−0.14

	
−0.23

	
−0.19

	
0.09

	
0.04

	

	
−0.19

	
0.52

	
0.15

	
−0.69

	
−0.73




	
GrN

	
0.92

	
0.62

	
0.85

	
0.51

	
0.23

	
−0.15

	

	
0.53

	
0.90

	
0.08

	
0.41




	
StN

	
0.54

	
0.70

	
0.65

	
−0.13

	
−0.24

	
0.51

	
0.42

	

	
0.85

	
−0.57

	
−0.50




	
TotN

	
0.91

	
0.76

	
0.91

	
0.32

	
0.06

	
0.12

	
0.92

	
0.75

	

	
−0.25

	
0




	
NUEagron

	
0.47

	
0.16

	
0.36

	
0.49

	
−0.52

	
−0.59

	
0.28

	
−0.27

	
0.08

	

	
0.74




	
NHI

	
0.38

	
−0.08

	
0.20

	
0.68

	
0.39

	
−0.59

	
0.54

	
−0.51

	
0.17

	
0.58

	








Statistical significance of correlations: p < 0.05 = 0.29, p < 0.01 = 0.37. Abbreviations and units: grain yield (GY), straw yield (StY), total biomass yield (TotY), grain N content (GrN), straw N content (StN) and total biomass N content (TotN) are expressed in kg ha−1; grain N concentration (GNc) and straw N concentration (StNc) are expressed in g kg−1; agronomic N use efficiency (NUEagron = GY/TotN) is expressed in kg biomass kg N−1; and harvest index (HI) and N harvest index (NHI) are expressed as a proportion.










2.2. Study 2: Accumulation and Partitioning of N during Grain Filling in the High Yielding Rice Mega-Variety IR64 under Optimum Conditions during the Dry Season at the International Rice Research Institute (IRRI)


The crop accumulated 16.8 t ha−1 aboveground biomass and around 175 kg N ha−1 by maturity (Figure 2a), with a grain yield of 10.4 t ha−1 at 11.7 g N kg−1 grain (Supplementary Table S1). The accumulation of N in the grain during the 28-day grain filling period followed a similar pattern to grain biomass accumulation with almost parallel increases for both in the period from five days after anthesis (DAA) until maturity (Figure 2b). In contrast, plants accumulated only around 20% of their final N content during the grain filling period, but accumulated around 50% of their final biomass during this period (Figure 2a), resulting in an overall decline in the concentration of N in total aboveground biomass and in vegetative aboveground biomass during the latter stages of grain filling (Supplementary Table S1). Whole aboveground plant N concentration declined from 17.2 g N kg−1 biomass at anthesis to 10.4 g N kg−1 biomass at maturity, while straw N concentration at maturity was only 8.4 g N kg−1 biomass. At maturity, the harvest index was 0.6 while the NHI was 0.69.


Figure 2. Accumulation of biomass (open triangles) and nitrogen (closed circles) in (a) aerial tissue and (b) grain of rice cv. IR64 grown under optimum conditions. Error bars represent SEM (n = 3).
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2.3. Study 3: Simulated Impact of Changes in Grain Protein and NHI on NUEveg


Using mean varietal data from the farmer field site in Pangil (5 t ha−1 crop) and IRRI (10.4 t ha−1 crop), we first investigated changes in NUEveg at flowering with changes to grain protein levels and NHI.



2.3.1. Low Yielding Germplasm/Environments


If grain protein levels were maintained at the current 8.1% but NHI increased from 0.60 to 0.80, an increase in NUEveg of over 25% (from 57.8 to 77.2 biomass g N−1) is possible because the crop N uptake required to maintain a 5 t ha−1 yield at 8.1% protein is reduced by 27 kg N ha−1 or 25% (Simulation 1, Table 3). Alternatively, if the NHI increased from 0.60 to 0.80, it would be possible to achieve grain protein levels of 12% with only a small additional crop N uptake requirement (120 instead of 108 kg N ha−1). This would increase shoot N concentrations at flowering from 17.3 to 19.2 mg g−1 and reduce the NUEveg by around 10% from 57.8 to 52.1 g biomass g N−1 (Simulation 2, Table 3). However, if grain protein levels were to be increased from 8.1% to 12% through breeding without any change to the NHI, shoot N concentration at anthesis would need to increase from 17.3 mg g−1 to 25.6 mg g−1, resulting in a decrease in NUEveg from 57.8 g to 39.9 g biomass g N−1 (Simulation 3, Table 3).



Table 3. Simulating possible changes in nitrogen uptake and NUEveg in dependence on target levels of grain protein concentrations or NHI. At constant target protein levels breeding for increased NHI would lower the minimum plant N content required to fill grains and that could improve the NUEveg at flowering.







	
Grain Yield (kg ha−1)

	
Grain Protein (%)

	
Grain N (kg N ha−1)

	
NHI

	
Total N Uptake (kg N ha−1)

	
Shoot N Concentration at Flowering (mg g−1)

	
NUEveg at Flowering (g Biomass g N−1)






	
5 t ha−1 grain yield

	

	

	

	

	




	
Pangil data

	
8.1

	
65

	
0.60

	
108

	
17.3

	
57.8




	
Simulation 1

	
8.1

	
65

	
0.80

	
81

	
13.0

	
77.2




	
Simulation 2

	
12

	
96

	
0.80

	
120

	
19.2

	
52.1




	
Simulation 3

	
12

	
96

	
0.60

	
160

	
25.6

	
39.1




	
Simulation 4

	
5

	
40

	
0.60

	
66.7

	
10.7

	
93.5




	
10.4 t ha−1 grain yield

	

	

	

	

	




	
IRRI data

	
7.3

	
121

	
0.69

	
176

	
16.9

	
59.1




	
Simulation 5

	
7.3

	
121

	
0.8

	
151

	
14.6

	
68.5




	
Simulation 6

	
12

	
201

	
0.80

	
250

	
24.0

	
41.7




	
Simulation 7

	
12

	
201

	
0.69

	
291

	
27.8

	
39.9




	
Simulation 8

	
5

	
83.6

	
0.69

	
121

	
11.6

	
86.3








Note: International Rice Research Institute (IRRI) data assumes 10.4 t yield and HI of 0.60, Pangil data assumes 5 t yield and HI of 0.50. The simulation presumes that HI and NHI are not directly affected by grain yield or total N uptake. It is assumed that 20% of the plant N accumulation occurs after anthesis.








If we simulate lower grain protein levels (5%) without any alteration to the NHI of 0.60, shoot N concentrations at anthesis of only 10.7 mg g−1 would be required, i.e., an NUEveg of 93.5 g biomass g N−1 could be achieved (Simulation 4, Table 3). As a consequence, the crop would only be required to take up around 67 kg N ha−1, around two thirds of the uptake required (108 kg N ha−1) at current grain protein levels of 8.1%.




2.3.2. High Yielding Germplasm/Environments


If grain protein levels were maintained at 7.3% but the harvest index was increased to 0.80, an increase in NUEveg of roughly 15% would be attainable (Simulation 5), which is not as dramatic as that observed in the lower yielding scenario because the NHI in the high yielding scenario is already 0.69. While an increase in grain protein without concomitant changes in NHI would have a similar effect on NUEveg to that observed in the low yielding scenario, a 30% reduction in NUEveg would still occur (from to 59.1 g biomass g N−1 to 41.7 g biomass g N−1) if 12% protein was obtained and the NHI increased to 0.80, again as a result of the existing NHI of 0.69 (Simulations 6 and 7). Where the NHI is already relatively high (around 0.7), it seems that any large improvements in NUEveg would only be possible if the grain protein was reduced. If grain protein levels were lowered to 5% without any alteration of the NHI of 0.69, shoot N concentrations at an anthesis of only 11.6 mg g−1 would be required, i.e., an NUEveg of 86.3 g biomass g N−1 (Simulation 8). As occurred in the low yielding scenario, this would consequently reduce the crop N uptake requirement by around a third (from 176 kg N ha−1 to 121 kg N ha−1).






3. Discussion


To improve N use efficiency of rice systems, more grain needs to be produced per unit of N fertiliser applied. From a breeding perspective, this could be achieved by developing rice cultivars that can acquire a larger proportion N fertiliser applied to the crop, or by developing rice cultivars that can maintain current grain yields with lower plant N content. Previous studies have indicated that N acquisition is predominantly driven by environment rather than genetics, suggesting that breeding cultivars with consistently higher N uptake across environments may be difficult to achieve [9]. We therefore focussed on whether scope exists to maintain grain yields of rice with lower plant N content, bearing in mind that grain protein levels have critical implications for grain quality and human nutrition.



The mean grain yields of the modern varieties (IR64, IR8 and IR36) in the wet and dry seasons at Pangil were around the expected average yield of 6 t ha−1 for irrigated fields in the Philippines [22]. The lower yields in the wet season reflected the lower total biomass yields as well as lower HIs that are typically observed under wet season conditions because of higher pre-anthesis temperatures and lower solar radiation [23]. The variation in all yield and N parameters measured in both seasons (Figure 1) is consistent with the wide variation for these parameters reported in a single site, single season study by Singh et al. [9]. However, as has been reported in studies under low N conditions [9], we found little correlation between seasons for these parameters, and significant season × genotype effects were observed for all parameters except HI (Table 1).



Strong genotype, season, and season × genotype interactions were observed for grain protein content. Based on similar observations, Ladha et al. [8] concluded that it would be difficult to select for grain protein because grain N concentration is influenced more by environment than genotype. However, grain protein in wheat is also strongly influenced by environment [11], yet it has been successfully manipulated through breeding to improve grain protein concentrations to meet market demands. Thus, it seems likely that grain protein concentrations in rice could be manipulated if it was prioritised in breeding programs.



In Experiment 1 (typical farmer field conditions), all varieties received the recommended application of N fertiliser (150 kg N ha−1 in the wet season and 180 kg N ha−1 in the dry season), which resulted in grain N concentrations ranging from 14 to 21 g kg−1 in the wet season to 11–15 g kg−1 in the dry season. These concentrations are substantially lower than the grain N concentrations of 18–28 g kg−1 observed across a range of wheat genotypes supplied with optimum N fertiliser [11]. The relatively low grain N concentrations, coupled with relatively low NHIs (mean across varieties was 0.53 in the wet season and 0.62 in the dry season), suggest that there may be scope to improve the NUEagron through improvements in NUEveg in lower yielding genotypes/environments while maintaining the same grain yield and protein levels if NHI could be altered through breeding.



Our simulation suggests that, even if grain protein was maintained at around 8%, increases in NUEveg of over 25% could theoretically be achieved by increasing the NHI from 0.6 to 0.8 (Simulation 1, Table 3). However, in many low-yielding environments in developing countries, increasing grain protein level and composition through breeding has been suggested as a means to increase the protein intake of the population, since cereals often form a large proportion of the diet [17]. With this simulation, it was demonstrated that grain protein levels could be theoretically increased to 12% with as little as a 10% reduction in current NUEagron if the NHI can be increased from 0.6 to 0.8.



A typical yield for farmers’ fields in high-input temperate rice systems is 10 t ha−1 [5], which is similar to the yield of the mega-variety IR64 in our small plots on the IRRI experimental farm but high compared to the average 6 t ha−1 yields for irrigated fields in the Philippines [22]. The relatively high yield of IR64 was likely not only a result of the weed free, high nutrient conditions, but because management of the trial enabled many later flowering tillers to produce grain that contributed to final yields. While this may not be typical of management in farmers’ fields, it provided benchmark NUE parameters for high-input crops to enable simulations of possible improvements in NUEveg that could be achieved in high input, high yielding scenarios.



Interestingly, even with a HI of 0.6 the NHI of cv. IR64 under optimum conditions was only 0.69, which is still lower than NHIs of other crops including wheat (0.70–0.80; [12]), maize (0.74; [14]) and soybean (0.79–0.86; [13]) where the HIs were closer to 0.5. However, even if the NHI in high-yielding scenarios could be increased to 0.8, only modest improvements in NUEveg of around 15% could be attained if current yield and protein levels were maintained (Table 3).



The greatest scope to improve the NUEveg, and therefore the NUEagron, in these high yielding scenarios arises through reductions in grain protein levels. Rice prolamins are poorly digested by humans [20,24] so it is possible that the nutritional value of the rice could be maintained if grain total protein was reduced through large reductions in prolamin content in combination with a smaller increase in glutelin content. Assuming grain protein levels could be reduced to 5%, increases in NUEveg of over 30% could be attained without any change to the current NHI of 0.69.




4. Materials and Methods


4.1. Study 1: Effect of Genotype and Season on N Efficiency Parameters in Field-Grown Rice


Field trials were established in a farmer’s field at Pangil, Laguna, Philippines, in the 2012 wet season (herein referred to as ‘wet season’) and the 2013 dry season (herein referred to as ‘dry season’) in soil of pH 4.7 (1:1 soil-water) and Bray P of 4.1. All trials were composed of 5-row plots with dimensions 1.0 × 3.0 m arranged in a randomised complete block design with three replicates. Seedlings were raised in a glasshouse at the International Rice Research Institute (IRRI), Los Baños, Philippines.



Seeds of all genotypes were sown into trays containing commercial nursery seedling mix in a glasshouse at IRRI. Seedlings were transplanted by hand into the field in rows 0.2 m apart with a hill spacing of 0.2 m within rows (i.e., 25 hills m−2), with one plant per hill. Fields were kept flooded as per typical farmer management. Weeds were controlled by hand and pests (snails and rats) were controlled with chemical treatments when necessary.



In the 2012WS, seedlings were transplanted at 16 days after sowing (DAS) (on 6 July 2012) and basal fertilisers were applied 12 days after transplanting (DAT) on 18 July by broadcasting N, P, K and Zn onto plots at the following rates: (kg ha−1): 90 N, 30 P, 30 K and 2 Zn. A further 30 kg N ha−1 was applied (broadcast as urea) at active tillering (36 DAT) and panicle initiation (56 DAT).



In the 2013DS, seeds were transplanted by hand into the field at 19 DAS (on 9 January 2013) and basal fertilisers were applied at five DAT on 14 January by broadcasting N, P, K and Zn onto plots at the following rates: (kg ha−1): 120 N, 60 P, 60 K and 2 Zn. Higher basal fertiliser rates were used because of the higher yield potential in the dry season. A further 30 kg N ha−1 was applied (broadcast as urea) at active tillering (36 DAT) and panicle initiation (56 DAT). Crop management occurred as per the wet season trial.



4.1.1. Plant Material


Sixteen rice genotypes, including three modern varieties (IR8, IR36, IR64), and 13 traditional cultivars from various regions across Asia belonging to the indica and aus gene pools of rice (indica: Emata-A-16-34, Dawebyan, Mudgo, RTS14, Sadri Tor Misri, Sundensis, Yodanya; aus: BJ1, DJ123, Kalubala Vee, N22, Santhi Sufaid, Surjamkuhi), were obtained from the IRRI gene bank and were cultivated in both trials. Such broad genetic diversity enabled us to look beyond the rather narrow gene pool included in many agronomical studies and to see if a higher degree of variation for NUE-related traits can be found in a more diverse set of rice accessions.




4.1.2. Measurements


Maturity varied among genotypes from 90 to 110 days after transplanting, with Yodanya flowering the earliest and IR64 flowering last of the cultivars. At maturity, eight plants from the middle two rows were harvested by severing shoots 10 mm above the soil surface. Grain was manually threshed from the straw, and all plant material was then dried in an oven at 60 °C for 5 days. Total N in finely ground 0.2 g subsamples of biomass was measured by Dumas combustion using a LECO TruMAC CNS analyser (LECO Corporation, Saint Joseph, MI, USA) with the combustion chamber set at 900 °C. All plant biomass and N content data are presented per ha based on plant spacing given above.





4.2. Study 2: Accumulation and Partitioning of N during Grain Filling in the High Yielding Rice Mega-Variety IR64 under Optimum Conditions


4.2.1. Field Site


The experiment was undertaken at IRRI during the dry season from January to April 2013, within the framework of a larger plant nutrition trial laid out in a randomised block design. Three replicate plots (5 m × 10 m) that had received optimum amounts of N, phosphorus (P) and potassium (K) fertilisers were selected and used to quantify the accumulation and partitioning of N during grain filling. The soil had a pH (1:1 soil-water) 7.3, % C 2.33, % N 0.192, Bray P 8.5 mg kg−1, exchangeable K (meq 100 g−1) 0.54 and available Zn 0.9 mg kg−1. On 4 January 2013, three days prior to transplanting, basal fertiliser was broadcast onto the plots at the following rates (kg ha−1): 90 N, 26 P, 33 K and 2 Zn.




4.2.2. Cultivation of Rice Plants


Rice (cv. IR64) seeds were sown into trays containing commercial nursery seedling mix in a glasshouse at IRRI. Seedlings were transplanted by hand into the field at 21 DAS in rows 0.2 m apart with a hill spacing of 0.2 m within rows (i.e., 25 hills m−2), with one plant per hill. A further 90 kg ha−1 N (as urea) was broadcast in three splits of 30 kg ha−1 N at 20, 40 and 60 days after transplanting. Plants were cultivated under typical fully flooded practice, with weeds controlled by hand and snails controlled by chemical application when required. To achieve maximum potential yields for the simulation study, irrigation during grain filling was managed to enable as many later flowering tillers as possible to reach physiological maturity.




4.2.3. Measurements


Anthesis occurred on the 18 March and plants reached physiological maturity at 28 DAA. Three plants per plot were randomly harvested and pooled at 0, 5, 8–10, 12–14, 17–19, 22–23 and 28 DAA by cutting shoots about 10 mm above the soil surface. The range of days (e.g., 8–10 DAA) reflects the range of maturity dates among plants within the same plot (differing by up to 2 d). For simplicity, harvest time-points are referred to as 0, 5, 9, 13, 18, 23 and 28 DAA.



Plant material was oven-dried at 60 °C for 5 days and then separated into grain (husk plus caryopsis), stem (stem plus leaf sheath), flag leaf (blade), second and third leaves (blade), older leaves (blade) and late tillers. Any grain from tillers that were near physiological maturity but still high in moisture content were dried and recorded in the grain yield. Late tillers therefore only comprised those that had not yet flowered or those that contained grains at or before the milky dough stage. Total N was quantified as per experiment 1, and total N in aboveground tissues was calculated by summing the N content of individual organs. All plant biomass and N content data are presented on a per ha basis.





4.3. Study 3: Simulated Impact of Changes in Grain Protein and NHI on NUEveg


We simulated potential improvements in NUEveg at flowering that could be achieved while adhering to the ‘law of conservation of matter’ by modifying (through breeding) the NHI under a range of desired grain protein levels. Mean yield and N efficiency parameter data from the Pangil trials and data from the IRRI trial were to simulate possible changes in NUEveg in low input (5 t ha−1 yield target, HI of 0.50) and high input (10.4 t ha−1 yield target, HI of 0.60) scenarios, respectively. The model investigating potential changes in NUEveg at flowering as a result of changes in grain protein or NHI used the following four equations:
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The model assumes that 20% of the total crop N uptake occurs during grain filling (see denominator in Equation (5)), and that the NHI can vary independently from grain yield or total N uptake.





5. Conclusions


Scope exists to increase grain protein levels in low yielding scenarios with only modest (5–10%) reductions in current NUEagron by increasing the NHI from 0.6 to 0.8 and substantial scope exists to improve NUEveg (and therefore NUEagron) in high-yielding scenarios if maintaining current grain protein levels is not essential. We suggest attempts to improve NUEagron in rice by exploiting genetic variation should focus on identifying variation for biomass production per unit of plant N uptake during vegetative growth stages (NUEveg) because this ultimately contributes to NUEagron (grain yield per unit of N uptake) and is independent of the HI. We previously developed methods to screen for phosphorus use efficiency at the vegetative stage [25,26], and these methods enabled the successful mapping of loci associated with enhanced phosphorus use efficiency at the vegetative stage [27]. We propose that similar screening techniques could be developed to enable mapping of loci associated with enhanced NUEveg in rice. From an environmental perspective, improving the overall efficiency of N efficiency in rice production systems needs to combine genetic enhancements in NUEagron with greater crop capture of applied N fertiliser, since recoveries of N fertiliser in flooded systems remain low.
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The following are available online at http://www.mdpi.com/2073-4395/7/4/70/s1, Table S1: Nitrogen concentrations in rice (cv. IR64) grain and aboveground biomass during grain filling under high yielding field conditions.
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