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ABSTRACT. Genetic improvement is the fundamental basis for
improving nitrogen-use efficiency. A better understanding of genetic
factors controlling nitrogen uptake and utilization is required for crop
genetic improvement. In this study, we identified the quantitative trait
loci (QTLs) associated with traits of nitrogen uptake and utilization by
using the single-sequence repeat marker method and a recombinant
inbred line (RIL) population derived from a super hybrid Xieyou9308.
All the traits investigated were inherited quantitatively by continuous
variation and showed normal distribution in phenotype with transgressive
segregation in the RIL population. Most of the traits were significantly
correlated with each other except for nitrogen absorption ability
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(NAA) with nitrogen harvest index (NHI) and NHI with agricultural
nitrogen-absorption efficiency (ANAE). At logarithmic odds value of
2.3, total 13 candidate QTLs, including 4 for NAA, 2 for NHI, 2 for
physiological nitrogen-use efficiency, 1 for agricultural nitrogen-use
efficiency (ANUE), and 4 for ANAE, were detected and mapped on
chromosomes 2, 3, 4, 5, 8, 9, 10, and 12. Significant pleiotropic effect
or neighboring expression of QTLs was observed among traits. At
position 64.8 ¢cM on chromosome 4 near the marker RM5757, there was
a QTL cluster of NAA, ANUE, and ANAE, and at chromosome 5 near
the marker RM5968, there was a QTL cluster of NAA and ANUE. The
QTL clusters might provide partial explanation and genetic mechanism
for the observed correlations between nitrogen uptake and utilization
efficiency traits and might form a basis for future breeding programs.

Key words: Nitrogen uptake and utilization efficiency; QTL;
Rice (Oryza sativa L.); Recombinant inbred line

INTRODUCTION

Given the limited arable land area, crop productivity should be improved continuously
to meet food demand of the expanding human population. Nitrogen fertilizer is known to
play an important role in the improvement of crop productivity (Xi, 2003). However, its
usage in enhancing crop yield has been limited within a specific range. Once the nitrogen
fertilizer amount applied exceeds a critical value, there is a decrease in crop yield, resulting
in decreased fertilizer-use efficiency (Jiang et al., 2005). Moreover, excessive application
of nitrogen fertilizer causes not only resource wasting, increased production costs, and
pesticide application and poorer quality, but also a series of environmental problems such
as the greenhouse effect, soil compaction, and groundwater pollution (Harrison et al., 1995;
Edmunds and Gaye, 1997; Smith et al., 1997; Chen et al., 2001; Ju and Zhang, 2003; Zhu et
al., 2007). Therefore, enhancing the nitrogen-use efficiency of crop varieties is an effective
approach to address the conflicts among human population, resources, and environment by
ensuring high crop productivity.

Rice (Oryza sativa L.) is a major food crop, fulfilling approximately 60% dietary
requirement of the world population. In China, the nitrogen fertilizer application rate has
reached an averaged value of 180 kg/hm?, and even over 300 kg/hm? in some regions (Wang
et al., 2006). Nevertheless, the nitrogen-use efficiency in rice is only 28-35%, which is 15-
20% lower than the global average (Li and Tang, 2006). Hence, there is a need to increase the
nitrogen-use efficiency in China. In the soil-crop system, crops play a decisive role in nutrient
uptake and utilization. Hence, genetic improvement of crops might be the most fundamental and
effective way to improve nitrogen-use efficiency. Although significant genotypic differences
in nitrogen uptake and utilization process have been widely reported (Piao et al., 2003; Ju et
al., 2006; Lu et al., 2006; Zhao et al., 2012), no substantial progress has been achieved in the
improvement of nitrogen-use efficiency of rice via genetic selection in breeding practice (Piao
et al., 2004; Huang et al., 2006). This is probably because of the overall complex phenotype
and its evaluation and lack of available genetic methods.
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With the development of molecular techniques and successful establishment of high-
density molecular genetic linkage map, quantitative trait locus (QTL) analysis has become
an important method for genetic research of complex quantitative traits and has been widely
used for most agronomic traits in rice (Nakagawa et al., 2005; Yoshinobu et al., 2007; Fujita
et al., 2012; Liu et al., 2006; 2013). However, there are few reports on its application for
investigating nitrogen uptake and utilization characteristics (Senthilvel, 1999; Senthilvel et
al.,2001; Fang et al., 2001; Shan et al., 2005). In this study, the QTLs associated with nitrogen
uptake and utilization characteristics in rice were mapped using a recombinant inbred line
(RIL) population derived from the combination of XieqingzaoB/Zhonghui9308.

MATERIAL AND METHODS
Plant materials and field experiments

An RIL population consisting of 281 lines was constructed by crossing XieqingzaoB
(XieB) and Zhonghui9308 (9308) and by using the single-seed descent method. The 2 parents
show remarkable differences in nitrogen uptake and utilization characteristics. The F1 between
XieB and 9308, named Xieyou9308, is an elite super hybrid rice combination released by the
China National Rice Research Institute.

Phenotyping experiment was conducted at the breeding base in Sanya City of Hainan
Island (China). The 2 parents (50 plants each) and 275 RILs randomly selected were grown
from November 2008 to April 2009. The germinated seeds were sown on a seedling bed on
November 20, and the seedlings were then transplanted to a paddy field on December 25, with
one plant per hill spacing at 30 x 13 cm.

The experiment was performed in a split-plot design with 3 replications, with plot size of
2.4 m?. Three nitrogen levels were applied, i.e., 321 kg/hm? (H), 208 kg/hm? (M), and 0 kg/hm? (L).
Other managements of the field experiment were in accordance with the local standard practices.

Atphysiological maturity stage, 3 plants per plot were sampled to measure grain weight
(GW), straw weight (SW), N% in stems and leaves (SN%), and N% in grain (GN%). N% was
determined using the Kjeldahl method (Tang et al., 2004) in a reaction system containing
50 mL H,0, 60 mL 2% HBO,, and 100 mL 30% NaOH, with the digestion, distillation,
and reaction times of 5 s, 1.5 h, 240 s, respectively. The parameters nitrogen accumulation
amount (NAA), nitrogen harvest index (NHI), physiological nitrogen-use efficiency (PNUE),
agricultural nitrogen-use efficiency (ANUE), and agricultural nitrogen-absorption efficiency
(ANAE) were calculated using Equations 1-5, where the GW  and N represent the GW and N
at L nitrogen level, respectively.

NAA= (GW % GNwb L ST = SN | (Equation 1)
NHI = GW = GV NAA (Equation 2)
PNUE = G {NAA (Equation 3)
ANUE= GW -Gl JIN - N, (Equation 4)
ANAE =1 NA4- NA4, | N - N, =100 (Equation 5)
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DNA extraction and single-sequence repeat (SSR) marker analysis

The seedlings of the 281 RILs and their parents were harvested at 3.5-leaf age for
isolating genomic DNA by using the CTAB method (Murray and Thompson, 1980); this
procedure was performed in Shenyang City. A total of 1000 SSR markers (Temnykh et
al., 2000; Mccouch et al., 2002) evenly spanning 12 chromosomes were used for parental
polymorphism analysis. In all, 196 markers showing abundant polymorphism were selected
to genotype the RILs. Polymerase chain reaction (PCR) system included 25 ng template
DNA, 5 pmol of each primer, PCR buffer (1.0 mM MgCl,, 0.1 mM dNTPs, and 0.05 U Taq
polymerase) in total volume of 20 uL.. PCR was performed on 96-well plates using a PTC-
200 thermocycler (MJ Research, Watertown, MA, USA). The reaction components were
first predenatured at 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 55°C for 1
min, and 72°C for 2 min, with a final elongation at 72°C for 10 min. The PCR products were
separated on 6% non-denaturing polyacrylamide gel in 1X TBE at 150 V for 1 h by using
the DYCZ-30b gel rig (Liuyi, Beijing, China). The amplified products were visualized using
silver-staining method.

Statistical analysis and QTL mapping

The genetic linkage map was constructed using MAPMAKER/EXP 3.0 (Lander
et al., 1987), with the heterozygous genotype as missing. The markers were classified into
linkage groups with logarithm of odds (LOD) = 3.0 and LOD = 4.0, and the order of markers
within a linkage group was determined with LOD = 2.0. The physical distances of the
markers were transformed into CentiMorgan (cM) using the Kosambi mapping function, and
the chromosome number in linkage groups was determined according to the published map
(Temnykh et al., 2000; McCouch et al., 2002). The genetic linkage map was drawn using the
MapDraw V2.1 software.

QTL analysis was performed using Windows QTL Cartographer 2.5 (Wang et al.,
2006) according to the method of composite interval mapping. An LOD score of 2.3 was
set as a threshold for declaring the presence of QTL. The walking speed chosen for all QTL
analysis was 1 ¢cM. Forward & Backward Method in Model 6: Standard Model was used
for the background control, with P = 0.05 as the threshold. The multiple composite interval
mapping method was used for the detection of epistatic QTLs.

RESULTS
Phenotypic performance

Phenotypic values of parents and distribution in RIL population are shown in Table 1,
and the frequency distribution of the involved traits in the RIL population is shown in Figure 1.
The 2 parents were significantly different (P < 0.05 or P <0.01) from each other in all the traits
at H nitrogen level, in NHI and PNUE at M nitrogen level, but they did not differ significantly
in most traits except for PNUE at L nitrogen condition. For most of the traits, the male parent
9308 was higher than the female parent XieB. For the RIL population, all the traits were
inherited quantitatively, and transgressive segregation of traits was noted.
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Table 1. Phenotypic values of parents and distribution in recombinant inbred line (RIL) population.

Trait Nitrogen fertilizer level Parents RIL population
XieB 9308 F Min Max Mean Skew Kurtosis
NAA H 0.4673 0.5062 58.4%% 0.230 0.841 0.451 0.574 0.523
M 0.3289 0.3550 8.15 0.164 0.770 0.358 1.139 2.595
L 0.2305 0.2188 1.76 0.104 0.423 0.184 1.791 7.613
NHI H 0.6900 0.7479 19.11%* 0.363 0.818 0.646 -0.259 0.040
M 0.7157 0.8245 685.0%* 0.479 0.931 0.670 0.074 0.557
L 0.6537 0.6246 6.52 0.466 0.891 0.697 -0.610 1.169
PNUE H 50.94 57.60 43.9% 29.55 78.24 53.42 0.135 0.276
M 61.01 69.37 561.0%*  37.67 88.93 59.89 0.230 0.592
L 5591 69.92 96.3%*  40.32 91.22 67.33 0.008 0.072
ANUE H 7.73 9.33 54.7* 0.37 26.54 9.29 0.614 0.601
M 7.08 8.50 4.01 -7.68 37.04 10.80 0.519 2.235
ANAE H 17.84 21.51 80.4%* 3.64 50.03 21.50 0.492 0.249
M 10.02 13.95 12.66 -8.9 58.78 21.00 0.497 1.412

* **Indicate significant level at P <0.05 and P < 0.01, respectively. The same as below.
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Figure 1. Frequency distribution of the involved traits in the recombinant inbred line population.
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The averaged values of the RIL population were within the range of parental value in
most of the traits except for NAA, NHI, and ANAE. However, for NAA at H and L nitrogen
levels and for NHI at H and M nitrogen levels, the averaged value of the RIL population was
smaller than the lower parental value. On the other hand, for NAA at M nitrogen level, for NHI
at L nitrogen level, and for ANAE at H and M nitrogen levels, the averaged value was above
the higher parental value. Most traits except for NAA at M and L nitrogen levels showed a
normal distribution with skew and kurtosis less than or close to 1 or -1.

Correlation analysis

The correlation coefficients between the traits in the RIL population were calculated
and are listed in Table 2. Most of the traits were significantly correlated with each other (P <
0.01) except for NAA with NHI and NHI with ANAE at all nitrogen levels. Most traits were
positively correlated with each other except for NAA with PNUE and PNUE with ANAE. This
suggests that trait selection can be realized via other closely correlated traits.

Table 2. Correlation coefficients between traits in the recombinant inbred line (RIL) population.

Trait NAA NHI PNUE ANUE
H

NHI -0.103

PNUE -0.278** 0.742%*

ANUE 0.713%* 0.330%* 0.292%*

ANAE 0.921%* -0.115 -0.294%** 0.784%*
M

NHI 0.107

PNUE -0.264%* 0.613%*

ANUE 0.716** 0.365%* 0.200%**

ANAE 0.878%** 0.080 -0.254%* 0.842%*
L

NHI -0.047

PNUE -0.189%* 0.719%*
QTL detection

Putative QTLs controlling the traits detected in the RIL population are shown in Table
3, and location of QTLs for the involved traits at different N levels on the linkage map is shown
in Figure 2. A total of 13 putative QTLs controlling the 5 traits were detected on chromosomes
2,3,4,5,8,9, 10, and 12, with additive effects.

Four QTLs for NAA, including qNAA4, qNAAS, qNAA10, and qNAA12, were
detected near the markers RM5757, RM5968, RM6142, and RM5364 on chromosomes 4, 5,
10, and 12, with LOD scores of 3.2, 2.9, 4.1, and 2.4, respectively. Among them, gNAA12
was detected at H nitrogen level accounting for 4.3% of phenotypic variation; the other 3
were detected at the M nitrogen level, accounting for 19.3% of phenotypic variation together.
qNAA4, gNAAS, and qNAA12 had positive alleles from 9308, and qNAA10 had positive
alleles from XieB.

Two QTLs for NHI were detected on chromosomes 2 and 12 near the makers RM5812
and RM7003 at H and M nitrogen levels and were named qNHI2 and qNHI12, respectively.
gNHI12 and gNHI2 accounted for 5.3 and 4.7% of phenotypic variation, respectively, and
both had positive alleles from 9308.
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Table 3. Putative QTLs controlling the traits detected in the recombinant inbred line (RIL) population.
Trait N QTL Chromosome Marker Position LOD ADD R? (%)
NAA H qNAAI2 12 RM5364 474 24 0.02 43
M qNAA4 4 RMS5757 64.8 32 0.02 5.7
qNAAS 5 RM5968 176.8 29 0.02 5.0
qNAAI10 10 RM6142 58.5 4.1 -0.02 8.6
NHI H qNHII12 12 RM7003 6.0 2.7 0.02 53
M qNHI2 2 RMS5812 91.9 24 0.01 4.7
PNUE L qPNUE3 3 RMS5761 16.0 2.5 222 6.5
qPNUE4 4 RM1205 38.5 2.5 1.81 4.5
ANUE M qANUE4 4 RM5757 64.8 2.3 1.19 4.4
ANAE M qANAE4 4 RMS5757 64.8 3.7 2.53 6.7
qANAES 5 RM5968 174.8 23 1.99 42
qANAES 8 RM5485 116.0 24 2.1 4.8
qANAE9 9 RM6491 78.1 23 2.06 4.6

Marker = the nearest marker to the QTL; ADD = additive effects, a negative sign means that the positive alleles
come from the parent XieB, while a positive sign means that positive alleles come from the parent 9308; R? (%) =
phenotypic variation explained.
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Figure 2. Location of QTLs for the involved traits at different N levels on the linkage map.
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Two QTLs for PNUE were detected only at L nitrogen level on chromosomes
3 and 4 near the markers RM5761 and RM1205 and were named qPNUE3 and qPNUE4,
respectively. gPNUE3 and qPNUE4 both had positive alleles from 9308 and accounted for
11% of phenotypic variation together.

Only one QTL was detected at M nitrogen level for ANUE on chromosome 4 near
the marker RM5757 and was named qQANUE4. qQANUE4 had positive alleles from 9308 and
accounted for 4.4% of phenotypic variation.

Four QTLs for ANAE were detected only at M nitrogen level on chromosomes 4, 5, 8,
and 9 near the markers RM5757, RM5968, RM5485, and RM6491 and were named qQANAE4,
qANAES, qANAES, and qANAEDY, respectively. These accounted for 20.3% of phenotypic
variation together. Only qANAES had positive alleles from XieB, the others had positive
alleles from 9308.

The QTLs detected varied among different nitrogen levels. For NAA and NHI, QTLs
were detected only at H and M nitrogen levels; for PNUE, only at L nitrogen condition; and
for ANUE and ANAE, only at M nitrogen level. Among the traits, there were significant
pleiotropic effects of QTL, that is, one QTL controlled more than one trait. At the position
64.8 cM on chromosome 4 near the marker RM5757, QTLs including QqNAA4, gQANUE4, and
gANAE4 overlapped with each other. In addition, NAA and ANUE had QTLs close to each
other, that is, qNAAS and qANUES. The traits with overlapped or adjacent QTLs might be
more closely related to each other.

DISCUSSION

A better understanding of genetics is the basis for the genetic improvement of traits.
Plant nitrogen uptake and use efficiencies have been proved to be quantitative traits that are
controlled by multiple genes (Olivier et al., 2003). Nitrogen-use efficiency has been thought
to follow the additive effect model under normal nitrogen levels and the non-additive effect
model under low nitrogen levels (Piao et al., 2005; Hao et al., 2006). According to the results of
Li et al. (2006), nitrogen uptake ability and nitrogen-use efficiency of rice were controlled by
2 major loci and multiple minor ones. Fang et al. (2001) detected both additive and dominant
effects on nitrogen-use efficiency. Our results confirmed the quantitative characteristics of all
the nitrogen uptake and utilization traits from continuous variation in the RIL population, but
just the additive effect was observed.

QTL is a powerful tool for genetic analysis of complex quantitative traits. Fang et
al. (2001) detected 1 QTL for NUE (PNUE of biomass) on chromosome 12 at the interval of
RG241-RG264 at seedling stage, accounting for 18% of phenotypic variation. By using an
F2 population, Senthilvel et al. (2001) detected 4 QTLs for TNUP (NAA) on chromosomes
3, 3, 4, and 8 near the markers RM282, RM293, RM317, and RM38, accounting for 15.7%
of phenotypic variation together; and 5 QTLs for NUE (PNUE) on chromosomes 1, 3, 6, 7,
and 11 near the markers RM246, RM293, RM225, RM2, and RM202, accounting for 15% of
phenotypic variation together. By using an RIL population, Shan et al. (2005) detected 2 QTLs
for WPNA (NAA) on chromosomes 4 and 6 at the interval of G102-RM255 and RM225-C226,
accounting for 23.2% of phenotypic variation together; and 1 QTL for NUEp (PNUE of
biomass) on chromosome 6 at the interval of Waxy-C1496, accounting for 12.9% of phenotypic
variation; this QTL was not on the same chromosome as that detected by Fang et al. (2001). In
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this study, the QTLs controlling nitrogen uptake and utilization characteristics were analyzed
at different nitrogen levels by using an RIL population from XieB/9308. For NAA, 1 QTL was
detected at H nitrogen level on chromosome 12 near the marker RM5364, accounting for 4.3%
of phenotypic variation; 3 QTLs were detected at M nitrogen level on chromosomes 4, 5, and
10 near the markers RM5757, RM5968, and RM6142, accounting for 19.3% of phenotypic
variation together. Although 1 QTL was detected on chromosome 4, which was similar to the
result of Senthilvel et al. (2001) and Shan et al. (2005), the QTLs detected by different research
groups were not on the same position. For NHI, 1 QTL was detected at H and M nitrogen levels,
respectively, on chromosomes 12 and 2 near the markers RM7003 and RM5812, accounting
for 5.3 and 4.7% of phenotypic variation, respectively. There were 2 QTLs for PNUE detected
only at L nitrogen level on chromosomes 3 and 4 near the markers RM5761 and RM1205,
accounting for 11% of phenotypic variation together. Only 1 QTL was detected for ANUE at M
nitrogen level on chromosome 4 near the marker RM5757, accounting for 4.4% of phenotypic
variation. Four QTLs for ANAE were detected only at M nitrogen level on chromosomes 4, 5,
8, and 9 near the markers RM5757, RM5968, RM5485, and RM6491, accounting for 20.3%
of phenotypic variation together. With regard to a specific trait, QTL mapping results varied
among different research groups, mainly depending on the materials and methods adopted.
Therefore, the veracity and practicability of a detected QTL should be verified continuously
and repeatedly. Further, the expression of quantitative characteristics is usually affected
remarkably by environmental factors. In this study, various QTLs were detected under different
nitrogen fertilizer conditions; therefore, further QTL-based marker-assisted selection should be
conducted under the corresponding conditions.

Nitrogen uptake and utilization are the 2 continuous processes deciding nitrogen-use
efficiency and are closely correlated with each other. According to the correlation analysis
results in this study, NAA and ANAE were significantly correlated with PNUE and ANUE,
but not with NHI. This suggests that nitrogen uptake has little relation with the distribution of
nitrogen in grains. Among the QTLs associated with NAA, ANAE, and ANUE detected in this
study, 1 was overlapped, simultaneously controlling these 3 traits, and 1 for NAA expressed
near a QTL for ANAE. This indicates that the traits with overlapped or neighboring QTLs
have more close correlation.

Nitrogen uptake and utilization are complex quantitative characteristics that are
difficult to study and evaluate. The QTLs detected in this study can be used to reveal the
genetic mechanism of nitrogen uptake and utilization and provide evidence for further marker-
assisted selection in nitrogen-use efficiency improvement, especially those with higher LOD
values. Despite the results were based on data collected during 1 year in this study and have
to be verified further and repeatedly, they have certain guiding significance, because the RIL
population adopted was considerably typical from the elite super hybrid rice combination
Xieyou9308, with the 2 parents differing significantly in nitrogen uptake and utilization
characteristics. Further, the experiments were performed at different nitrogen levels, and
hence, the results should be applied in a more targeted manner.
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