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Nitrogen-use efficiency (NUE) in rice is a complex quantitative trait involved
in multiple biological processes and agronomic traits; however, the genetic
basis and regulatory network of NUE remain largely unknown. We constructed
a high-resolution microarray-based genetic map for 261 recombinant inbred
lines derived from two indica parents. Using 2,345 bin markers, comprehensive
analyses of quantitative trait loci (QTLs) of seven key agronomic traits under two
different N levels were performed. A total of 11 non-redundant QTLs for effective
panicle number (EPN), 7 for grain number per panicle, 13 for thousand-grain
weight, 2 for seed-setting percentage, 15 for plant height, 12 for panicle length,
and 6 for grain yield per plant were identified. The QTL regions were as small as
512kb on average, and more than half spanned an interval smaller than 100kb.
Using this advantage, we identified possible candidate genes of two major EPN-
related QTLs. One QTL detected under both N levels possibly encodes a DELLA
protein SLR1, which is known to regulate NUE, although the natural variations of
this protein have not been reported. The other QTL detected only under a high
N level could encode the transcription factor OsbZIP59. We also predicted the
possible candidate genes for another three of the NUE-related QTLs. Our results
provide a reference for improving NUE-related QTL cloning and promote our
understanding of NUE regulation in indica rice.

KEYWORDS

nitrogen-use efficiency, quantitative trait locus, effective panicle number,
QTL-by-environment interaction, QTL cluster, Oryza sativa

Introduction

As one of the major staple cereals, the yield of rice (Oryza sativa) largely depends on
the substantial supply of nitrogen (N) fertilizers. The large application of N fertilizers has
not only increased the economic cost of farming, but has also caused severe environmental
degradation (Guo et al,, 2010; Chen et al., 2014; Lu et al., 2015). Improving the nitrogen-use
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efficiency (NUE) of rice as well as other crops is thus an important
research topic, especially considering the increased requirements
for green and sustainable agriculture (Tilman et al., 2002; Luo
et al,, 2020; Sandhu et al,, 2021). The breeding of high-NUE
varieties is key to reducing the input of N fertilizers, and this
strategy requires the identification and application of elite alleles
responsible for high NUE (Ali et al., 2018; Hawkesford and
Grifhiths, 2019; Liu et al., 2022).

NUE is a complex characteristic and quantitative trait involved
in N sense, uptake, transport, reduction, assimilation, and
signaling as well as the crosstalk between N and other nutrients
(Fan et al., 2017; Lee, 2021). Differences in NUE (and N levels)
impact various morpho-agronomic and physiological traits,
including tiller number (TN), effective panicle number (EPN),
spikelet number, 1,000-grain weight (TGW), plant height (PH),
grain yield per plant (GYPP), leaf color, and dry weight of the
shoots and roots (Ali et al., 2018; Sandhu et al., 2021). Analyses of
quantitative trait loci (QTLs) controlling NUE in rice have been
performed using various traits or characteristics as indicators
based on different biparental populations as well as natural
populations (Tong et al., 2006; Cho et al., 2007; Senthilvel et al.,
2008; Wang et al., 2009; Wei et al., 2012; Yue et al., 2015; Nguyen
et al., 2016; Zhou et al., 2017; Bai et al., 2021; Lv et al,, 2021;
Rakotoson et al., 2021; Shen et al., 2021; Xin et al., 2021; Li
etal., 2022).

Recently, several QTLs involved in NUE were cloned and the
related molecular mechanisms were explored in rice. The gene
gNGRY, which is related to the response of PH and TN to N levels,
encodes a y subunit of G proteins, which is an allele of DEPI
previously known to regulate panicle architecture (Huang et al.,
2009; Sun et al., 2014). DEPI interacts with the o (RGA1) and
(RGBL1) subunits of G proteins, and a lack of DEP1 inhibits N
responses in rice (Sun et al., 2014). The NH,* uptake rate-related
QTL gNGR2 encodes the transcription factor GRF4, which
regulates various genes involved in ammonium transport and
assimilation as well as carbon fixation (Li et al., 2018). The NO;~
uptake-related QTL gDNRI encodes a methionine-specific
aminotransferase regulating auxin homeostasis and thus induces
auxin response factor-mediated activation of nitrate uptake and
metabolism genes (Zhang et al., 2020). The chlorate (toxic analog
of nitrate) sensitivity-related QTL gCHRIO encodes a nitrate-
transporter NRT1.1B, which contributes to the differences in
nitrate-absorption activity between indica and japonica rice, and
the indica allele increases the activity of nitrate uptake and root-
to-shoot transport (Hu et al, 2015). An NADH/NADPH-
dependent NO;~ reductase NR2 encoded by the chlorate
resistance-related QTL qCR enhances nitrite uptake via a feed-
forward interaction with NRT1.1B (Gao et al., 2019b). A genome-
wide association study (GWAS) of PH, EPN, and YPP under
different N levels identified a nitrate transporter OsNPF6.1 and an
NAC transcriptional factor OsSNAC42 involved in NUE, and the
latter directly binds to the promoter of the former to active its
expression (Tang et al., 2019). Another GWAS of the TN response
to N levels identified a transcription factor OsTCP19 that regulates
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the expression of the tiller-promoting gene DLT (Liu et al., 2021).
A 29-bp deletion in the promoter of OsTCP19 was responsible for
high NUE by impacting the repression effect of OsLBD37 and
OsLBD39 proteins on the promoter (Liu et al., 2021).

Although numerous NUE-associated QTLs and multiple
causal genes have been identified, the NUE regulatory network
remains largely unknown considering the complex involvement
of NUE in different biological processes and agronomic traits.
Here, we genotyped a population of recombinant inbred lines
(RILs) using single-nucleotide polymorphism (SNP) microarrays
to generate a high-resolution genetic map, which we used for
comprehensive QTL analyses of seven key agronomic traits [EPN,
grain number per panicle (GNPP), TGW, seed-setting percentage
(SSP), PH, panicle length (PL), and GYPP] related to NUE under
low N (LN) and high N (HN) levels. We identified 33 and 26 QTLs
under LN and HN conditions, respectively, as well as 57 multi-
environment QTLs and eight ratio trait-related QTLs. We also
observed six QTL clusters located in five chromosomes and
examined the possible candidate genes of two EPN-related QTLs
(located in two different QTL clusters)—one detected under both
LN and HN conditions and the other under only HN. Our results
provide new genetic insights into the NUE regulatory network in
indica rice, and the identified narrow regions of QTLs could
promote the cloning of causal genes in the future.

Materials and methods
Plant materials and field experiment

An RIL population (F11:12 generation) consisting of 261 lines
derived from O. sativa ssp. indica cv. Zhanshan97 (ZS97) and HZ5
was used in the study. ZS97 showed LN tolerance, whereas HR5
exhibited N sensitivity (Tong et al., 2011). The sterilized seeds
were sowed in paddy fields at Songjiang, Shanghai, China;
one-month-old seedlings were transplanted. Two replicates were
performed for each condition. In each replicate, for each line, six
rows of plants with a distance of 15cm (six plants for each row,
10-12 cm interval) were planted. For LN conditions, 120 kg urea/
ha was supplied, whereas for HN conditions, N fertilizer was
supplied twice at 187.5 and 112.5kg urea/ha. Excluding the
different N levels, the plants under the two conditions were
managed the same.

Trait evaluation and analysis

The EPNs of 20 plants and GNPPs of three major panicles of
20 plants were counted for each line under each condition. The
SSP was calculated as the percentage of the filled grains of the total
GNPP. The TGW of each line was determined using 1,000 seeds
in each of three repeats. The PHs of 20 plants and PLs of five
panicles of 20 plants were measured. The GYPP was estimated
using the following formula: (EPN x GNPP x TGW x SSP)/1,000.
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The ratio traits were relative ratios of the agronomic trait value
under LN conditions to its counterpart under HN conditions for
each of the agronomic traits. Correlation tests showed a significant
correlation between each pair of replicates, and the final averages
of two replicates of LN/HN conditions were used for analysis in
this study. Correlation analysis and path analysis were performed
using SPSS version 18.0 (IBM, NY, United States).

Genotyping and linkage map
construction

The genomic DNA of the young leaf samples of the RILs and
their parental lines was extracted using the DNeasy Plant Mini Kit
(QIAGEN, Germany). The Quant-iT dsDNA HS assay kit and
Qubit fluorometer (Invitrogen, CA, USA) were used for
quantitating double-stranded DNA in solution. Genotyping was
performed on the Affymetrix GeneChip 3,000 platform using an
updated version of the GeneChip Rice 44K SNP Genotyping
Array (Affymetrix, CA, United States) the
manufacturer’s protocol. Briefly, all DNA samples were normalized
to 50ng/pl. Then, 5pl (250ng) of double-stranded DNA was
digested and ligated to adapters using T4 DNA ligase. Samples
were then PCR-amplified using TITANIUM Taq polymerase
(Takara, Japan) on an ABI9700 machine (Applied Biosystems, CA,
United States), and PCR products were purified followed by
fragmentation. Samples were then injected into cartridges,

following

hybridized, washed, and stained. Mapping array images were
obtained using the GeneChip Scanner 3000. Genotypes were
called using BRLMM software (Affymetrix), and any sample with
a genotype call rate <95% was considered a quality control failure.
After filtering, 47,892 qualified SNPs out of 50,281 SNPs were
obtained. In total, 12,152 effective SNPs (polymorphic between
parents and in the population) were used for map construction.
To remove the redundant markers due to the high linkage
disequilibrium, a sliding-window approach was used and
consecutive 50-kb intervals that lacked a recombination event in
the population were combined into bins. A total of 2,345 bin
markers indicating recombination events across the whole
population were identified and used for linkage map construction
by JoinMap software version 2.0 (Stam, 1993).

Comprehensive QTL analyses

The final averages of two replicates were used as the
phenotypes for QTL analyses. Based on the linkage map
constructed above, the QTL analyses were performed for LN and
HN conditions as well as for ratio traits using the inclusive
composite interval mapping (ICIM) model via the ICIM-ADD
function in QTL IciMapping software version 4.2 (Meng et al.,
2015). The multi-environment QTLs for QTL-by-environment
interaction analysis were identified using the MET module in QTL
IciMapping software. Default parameters were used except for a
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step of 0.1 cM. The threshold of logarithm of odds (LOD) for
agronomic traits was set as 3.0, and that for ratio traits as 2.5.
Major QTLs were defined in this study with a phenotypic variance
explained (PVE) > 10%. Positive and negative values of additive
effect, respectively, indicate positive alleles from ZS97 and HR5.

Candidate gene analysis

Before conducting candidate gene analysis for the examined
QTLs, the RIL lines were divided into two groups according to the
alleles of the QTL. The differences in the six traits between the two
groups were compared for QTL confirmation. The IDs and
annotations of the genes in the QTL regions were extracted from
the MSU Rice Genome Annotation Project database and RAP-DB
database (Sakai et al., 2013). The expression profile data were
derived from the CARMO platform (Wang et al., 2015) and were
visioned using a heatmap. Homology analysis between rice and
Arabidopsis thaliana genes was carried out using BLASTP with
protein sequences of rice genes against Arabidopsis protein
sequences in the TAIR database (Berardini et al., 2015). For
sequencing the candidate gene alleles of the parents, fragments
were amplified using high-fidelity DNA polymerase KOD Plus
Neo (Toyobo, Japan).

Co-expression network analysis

The co-expression network analysis was performed using the
RiceFREND database version 2.0 based on the gene expression
data from RiceXPro (Sato et al., 2012a,b). The weighted Pearson’s
correlation coefficients were calculated to reduce unsuitable
effects, and the mutual rank was used as an index for
co-expression. The top-50 co-expressed genes according to the
mutual ranks were used for further analysis. Gene Ontology (GO)
enrichment analysis was performed by gProfiler server (Raudvere
et al,, 2019). The GO items were considered enriched at a false
discovery rate (FDR) <0.05.

Results

Response of the RIL population and
parents to different N levels

Under LN conditions, the parent ZS97 differed significantly
from the parent HR5 for all examined agronomic traits (all
p<0.0012) except for EPN (p=0.30). Under HN conditions, ZS97
only showed significant differences in GNPP, TGW, and PH
compared with HR5 (all p<7.25E-5; Figure 1A). The EPNs and
GYPPs of both the parents increased in response to HN
(p= 1.30E-4 and 6.01E-07 for ZS97; 2.47E-4 and 2.93E-05 for
HR5); however, the TGWSs of both decreased in response to HN
(p=10.0018 for 2597, 0.018 for HR5; Figure 1A). Additionally, the
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FIGURE 1

Performance of the agronomic traits of the parents (A) and RIL population (B) under two N levels. LN, low nitrogen; HN, high nitrogen. **#*p<0.001,
*#p<0.01, *p<0.05; NS, not significant. The light and dark blue, respectively, indicate LN and HN conditions. The performances of the parents are

marked by arrows.

different N levels also significantly impacted the GNPP and SSP
of ZS97 (p=0.0075 and 0.023) as well as the PH and PL of HR5
(p=4.03E-4 and 3.08E-4; Figure 1A). These data suggest that the
two parents showed distinct responses to different N levels, as
reflected in the agronomic traits measured.

Under both LN and HN conditions, six of the agronomic
traits of the RIL population displayed normal distributions, while
SSP showed a skewed distribution (Figure 1B; Table 1). Different
degrees of transgressive inheritance were observed for all the
agronomic traits, especially for PL (Figure 1B). Strikingly,
although both the parents exhibited a similar performance of EPN
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under either of the conditions, the RIL population showed
extreme phenotypical segregation of EPN, which suggests that
complementary but distinct genetic mechanisms control the EPN
of the parents. One-way analysis of variance (ANOVA) revealed
that the EPNs of the population between the two conditions
showed the most significant differences (p=9.56E-16), followed
by TGW, GNPP, PL, and GYPP (all p< 0.020; p=0.082 for PH,
p=0.50 for SSP). The results of the paired t-tests support
significant differences between the two conditions for all the traits
(all p< 0.004) except for SSP (p=0.36). The difference in EPN
values of the population between the two conditions also received
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TABLE 1 Summary of seven agronomic traits of the RIL population under different N levels.

Trait* Condition® Mean SD¢ cw! Minimum Maximum Ratio® Skewness Kurtosis
EPN LN 5.99 133 0.22 3.30 10.90 330 0.68 0.89
EPN HN 6.99 1.39 0.20 338 1113 330 0.46 0.09
GNPP LN 179.29 44,51 025 78.89 330.22 419 0.11 0.12
GNPP HN 167.72 41.54 025 36.42 314.37 8.63 0.19 0.49
TGW LN 23.89 258 0.11 17.78 30.11 1.69 0.13 —0.37
TGW HN 23.17 245 0.11 16.16 29.80 1.84 0.18 —0.01
SSp IN 82.72 821 0.10 51.28 95.93 1.87 —127 191
SSP HN 8229 7.75 0.09 51.36 96.00 1.87 ~1.06 147
PH LN 98.14 9.24 0.09 70.00 136.38 1.95 ~0.16 112
PH HN 99.42 9.65 0.10 71.88 126.00 1.75 —0.09 0.14
PL LN 24.36 255 0.10 16.67 33.63 2.02 0.44 1.38
PL HN 23.81 2.29 0.10 18.93 32.93 1.74 0.60 1.54
GYPP LN 21.85 5.74 0.26 10.18 43.84 431 0.81 1.26
GYPP HN 20.80 5.36 0.26 6.99 41.30 591 0.24 0.62

“EPN, effective panicle number; GNPP, grain number per panicle; TGW, thousand-grain weight; SSP, seed-setting percentage; PH, plant height; PL, panicle length; GYPP, grain yield per

plant.

°LN, low nitrogen; HN, high nitrogen.
°SD, standard deviation.

4CV, coefficient of variation.

‘Ratio, maximum/minimum ratio.

the smallest p-value (5.70E-29), which is consistent with previous
observations that an increase in tiller numbers is a major response
to N levels (Li et al., 2018; Wu et al., 2020).

Correlation among different agronomic
traits

To further examine the diverse effects of N levels on
different agronomic traits as well as the interactions among
these traits, we performed correlation analyses of the
phenotypes. As expected, all the agronomic traits under HN
conditions showed significant positive correlations with the
corresponding traits under LN conditions, with the highest
correlation obtained for PH (R =0.92) and the lowest correlation
obtained for GYPP (R=0.34) followed by SSP (R=0.41;
Figure 2), which reflects the differing heritability of these traits.
Significant positive correlations were also observed between
GNPP and PH, GNPP and PL, TGW and PH, and PH and PL
under either of the conditions (Figure 2). The EPN showed a
significant negative correlation with each of GNPP, PH, and PL
(Figure 2); the correlation coefficients between EPN and GNPP
were as low as —0.57 (LN) and —0.42 (HN). The GYPP displayed
a significant positive correlation with all examined agronomic
traits under the same condition (Figure 2). We further examined
the relationship between GYPP and four vyield-related
components using path analysis, and found that both EPN and
GNPP mostly contributed to GYPP under both of the conditions
as revealed by the path coefficients [0.80 and 0.77 for EPN
under LN and HN conditions respectively; 0.91 and 0.91 for
GNPP under LN and HN

conditions, respectively
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(Supplementary Table S1)]. This result is consistent with the
observation that large panicle numbers and large panicle sizes
are two major factors related to high GYPP.

Genetic map construction for the RIL
population

After genotyping with an updated version of GeneChip Rice
44 K SNP microarrays, a total of 2,345 bin markers resulting from
12,152 effective SNPs were obtained to construct the linkage map
for the RIL population, with an average of 195 markers per linkage
group S1, S2).
Chromosome 1 possessed the most markers (341), while

(chromosome;  Supplementary  Figures
chromosome 7 had the least (103). The total genetic distance of
the linkage map was 1944.9 cM with an average interval of 0.8 cM
between adjacent bins (Supplementary Figures S1, S2). The
marker density (0.6 cM/marker) was highest on chromosome 12,
while the lowest marker density (1.5 cM/marker) was detected on
chromosome 7. Regarding the physical distances, the marker
density was the highest on chromosome 2 (114.0kb/marker) and
the lowest (288.3 kb/marker) on chromosome 7, with an average
interval of 158.7kb (Supplementary Figures S1, S2). This high-
resolution linkage map enables the precise mapping of QTLs.

QTL mapping for agronomic traits under
two N conditions

Based on the above genetic map, we performed QTL analysis
for these seven agronomic traits under both conditions using the
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ICIM approach (Meng et al., 2015). We identified a total of 33
QTLs (LOD >3.0) for these traits under LN conditions (Figure 3;
Table 2). Among the five QTLs identified for EPN, two major ones
(PVE >10%) with LOD values up to 16.70 and 10.75, respectively,
explained 18.69% and 11.39% of PVE, and the additive effects
were from the ZS97 alleles (Table 2). For the six QTLs of TGW, the
additive effects of five were from the ZS97 alleles, and one major
QTL with a LOD value of 12.03 explained 13.63% of PVE
(Table 2). The additive effects of six of the seven QTLs for GNPP
were from the HR5 alleles, and two major QTLs with LOD values
up to 12.12 and 11.90 explained 11.36% and 11.19% of PVE,
respectively (Table 2). The HR5 alleles also had additive effects for
six of the eight QTLs for PH and five of the six QTLs for PL
(Table 2). In contrast to the major QTL of PH (LOD, 15.04; PVE,
12.43%), the major QTL of PL (LOD, 19.68; PVE, 21.68%) showed
a Z897-derived additive effect (Table 2). Only one QTL was
identified for SSP (Table 2).
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We also identified 26 QTLs for all the agronomic traits under
HN conditions, except for SSP, including four, two, seven, nine,
two, and two QTLs for EPN, GNPP, TGW, PH, PL, and GYPP,
respectively (Figure 3; Table 3). All of the EPN-related QTLs and
four of the TGW-related QTLs, including one major QTL for each
trait (LOD, 11.68 and 11.36; PVE, 16.72 and 10.67), showed
additive effects from the ZS97 alleles (Table 3). All the GNPP-
related QTLs, including a major one (LOD, 6.91; PVE, 11.64),
possessed additive effects from the HR5 alleles. Seven of the
PH-related QTLs and one of the PL-related QTLs also showed
HR5-derived additive effects, but the additive effects of one major
QTL for each of PH and PL (LOD, 38.73 and 10.92; PVE, 19.26
and 15.29) were derived from the ZS97 alleles (Table 3). The
additive effects of two GYPP-related QTLs were from the HR5
alleles (Table 3).

Comparison of the QTLs detected under the two conditions
indicated that 12 QTLs under HN conditions were co-localized with
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FIGURE 3
Summary of QTL locations on the linkage map of the RIL population. The gray lines on the chromosomes show the genetic positions of the
markers. The light blue, dark blue, light green, and dark green symbols on the right of the chromosomes indicate the LN (low nitrogen), HN (high
nitrogen), ME (multi-environment), and ratio trait-related QTLs, respectively. The orange arrows on the left of the chromosomes indicate QTL
clusters.

their counterparts under LN conditions, including one QTL for Multi-environment QTLs and QTL

EPN, two for GNPP, two for TGW, six for PH, and one for PL clusters

(Figure 3; Tables 2, 3). Nearly all major QTLs showed co-localization

between the conditions, except for a major EPN-related QTL under To further examine the genetic basis of NUE, we performed
LN conditions (Tables 2, 3). This comparison also identified 21 QTL-by-environment interaction (QEI) analysis (LN and HN
LN-specific QTLs (four for EPN, five for GNPP, one for SSP, four for environments). We identified 57 multi-environment QTLs,
TGW, two for PH, and five for PL) and 14 HN-specific QTLs (three including 7 for EPN, 7 for GNPP, 14 for TGW, 2 for SSP, 16 for PH,

for EPN, five for TGW, three for PH, one for PL, and two for GYPP; 10 for PL, and 1 for GYPP (Figure 3; Supplementary Table S2). In
Tables 2, 3). These condition-specific QTLs may be partly involved addition to our finding that most of the aforementioned single-
in the responses to different N levels. environment QTLs (except five QTLs) were detected in the QEI
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TABLE 2 QTLs associated with seven agronomic traits of the RIL population under LN conditions.

ID Trait* Chr. Peak L-Marker R-Marker Interval® LODf PVE(%)# Add" Note!
(cM) (position)* (position)?

qEPN-LNI ~ EPN 1 40.5 1_71 (4.96) 172 (5.22) 2573 3.03 2.99 023 specific
qEPN-LN2  EPN 1 225.0 1306 (41.01) 1307 (41.7) 684.5 471 471 —029  specific
qEPN-LN3  EPN 2 170.8 2265 (29.86) 2266 (30.33) 474.0 444 455 029  specific
qEPN-LN4  EPN 3 169.6 3_239 (28.44) 3_240 (28.57) 124.8 16.70 18.69 059  common
gEPN-LN5  EPN 4 145.0 4_151 (31.07) 4152 (31.14) 64.1 10.75 11.39 046  specific
qGNPP- GNPP 1 54.0 195 (6.63) 196 (6.67) 421 5.64 491 —9.89  specific
NI

qGNPP- GNPP 2 159.7 2236 (27.37) 2237 (27.41) 47.1 645 5.66 —10.63  specific
LN2

gGNPP- GNPP 3 178.4 3247 (29.83) 3248 (29.91) 71.7 12.12 11.36 ~1505  common
LN3

qGNPP- GNPP 4 1453 4153 (312) 4154 (31.24) 413 8.67 7.75 —1262  specific
LN4

qGNPP- GNPP 5 111.0 5_85(24.15) 586 (25.62) 1465.9 438 4.18 9.14  specific
LN5

qGNPP- GNPP 7 62.5 7_50 (9.18) 7_51 (16.11) 6934.1 11.90 11.19 —1556  common
LN6

qGNPP- GNPP 12 21 12_6 (0.36) 12_7 (0.48) 120.9 3.08 2.62 —723  specific
LN7

qTGW-LNI TGW 1 52.7 193 (6.5) 194 (6.63) 1222 6.68 7.28 069  specific
qTGW-LN2 TGW 1 164.6 1202 (31.71) 1203 (31.74) 30.4 335 3.50 —049  common
gqTGW-LN3 TGW 2 912 2_101 (14.08) 2102 (15.6) 1520.5 5.62 5.99 0.63  specific
gqTGW-LN4 TGW 3 37 3.9(0.45) 3.10(0.49) 439 427 450 056  specific
qTGW-LN5 TGW 5 37.1 527 (4.79) 528 (4.95) 162.0 12.03 13.63 095  common
qTGW-LN6 TGW 10 112.8 10137 (23.03)  10_138 (23.07) 424 593 6.36 0.65  specific
gSSP-LNT ~ SSP 9 25.8 938 (10.26) 939 (10.35) 85.9 4.03 7.14 216  specific
gPH-LNI ~ PH 1 181.0 1250 (35.11) 1251 (35.13) 142 6.11 4.64 241  common
gPH-LN2  PH 5 104.8 581 (24.11) 582 (24.13) 20.6 468 3.53 211  common
gPH-LN3  PH 6 7.2 6.26(0.91) 627 (1.01) 94.7 620 473 244 common
gPH-LN4  PH 6 69.2 6_106 (11.48) 6_107 (11.64) 151.9 3.89 291 192 specific
gPH-LN5  PH 7 60.4 7_39 (7.07) 7_40 (7.15) 78.0 15.04 12.43 —408  common
gPH-LN6  PH 8 451 8_15 (3.7) 8_16 (4.05) 3459 3.92 3.02 199  specific
gPH-LN7  PH 8 144.6 8_120 (27.34) 8_121 (27.6) 253.6 358 2.67 —185  common
gPH-LNS  PH 10 62.8 10_86 (16.9) 10_87 (17.13) 230.0 454 341 —2.08  common
gPL-INI  PL 1 170.6 1217 (32.94) 1218 (32.99) 55.8 336 318 050  specific
gPL-LN2  PL 2 923 2107 (16) 2108 (16.06) 59.6 19.68 21.68 128  common
gPL-LN3  PL 2 143.0 2181 (23.56) 2183 (23.7) 141.8 3.05 2.92 —047  specific
gPL-LN4  PL 3 190.8 3_272 (31.72) 3_273 (31.75) 29.4 3.70 352 —052  specific
gPL-LN5  PL 4 1235 483 (25.75) 4_84(26.18) 4313 633 6.18 —0.68  specific
gPL-LN6  PL 6 57.2 6_104 (8.89) 6_105 (11.29) 2408.0 3.64 348 —051  specific

“EPN, effective panicle number; GNPP, grain number per panicle; TGW, thousand-grain weight; SSP, seed-setting percentage; PH, plant height; PL, panicle length.
*Chr, chromosome.

‘L-Marker, ID of the left marker. The physical position (Mb) of the marker is given in the brackets.

9R-Marker, ID of the right marker. The physical position (Mb) of the marker is given in the brackets.

‘Interval, the physical interval between the left and right marker.

LOD, logarithm of odds.

SPVE (%), phenotypic variance explained (%).

"ADD, additive effect; positive and negative values, respectively, indicate positive alleles from ZS97 and HR5.

'Specific, LN-specific QTLs; common, common QTLs also detected under HN condition (co-localization).

analysis, two for TGW, one for SSP, four for PH, four for PL, and LOD scores for additive by environment effects >3.0
one for GYPP were newly identified (Figure 3; (Supplementary Table S2), comprising three for GNPP, two for
Supplementary Table S2). There were in total eight QTLs with TGW, and three for PH, which might be related to the N response.
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TABLE 3 QTLs associated with seven agronomic traits of the RIL population under HN conditions.

ID Trait* Chr. Peak L-Marker R-Marker Interval® LODf PVE(%)# Add" Note!
(cM) (position)* (position)?
qEPN-HNI ~ EPN 1 18 1.36 (2.36) 137 (2.37) 135 3.8 5.03 03 specific
qEPN-HN2  EPN 2 158.4 2.232(27.11) 2.233(27.19) 722 445 5.94 033 specific
gEPN-HN3  EPN 3 169.6 3_239 (28.44) 3_240 (28.57) 124.8 11.68 16.72 055  common
gEPN-HN4 ~ EPN 7 56.3 7_26 (5.73) 7.29 (5.97) 2444 4.16 5.54 032 specific
gGNPP-HNI GNPP 3 182.8 3_260 (30.54) 3_262 (30.56) 155 691 11.64 —1333  common
gGNPP-HN2 GNPP 7 56 7_25 (5.65) 7_27 (5.83) 175.6 3.56 5.81 —959  common
qTGW-HNI TGW 1 163.7 1201 (31.68) 1.202 (31.71) 29 5.4 495 —0.6 common
qTGW-HN2 TGW 1 2212 1306 (41.01) 1307 (41.7) 684.5 8.78 8.09 074  specific
qTGW-HN3 TGW 3 28.1 3_81(3.43) 3_82 (3.45) 157 5.86 525 0.6 specific
qTGW-HN4 TGW 4 150.9 4173 (32.37) 4174 (32.6) 228.6 5.18 467 057  specific
gqTGW-HN5 TGW 5 36.7 5.25(4.73) 527 (4.79) 56.4 11.36 10.67 085  common
qTGW-HN6 TGW 6 84.4 6123 (19.5) 6_125 (19.74) 2456 3.94 345 048  specific
qTGW-HN7 TGW 7 56.5 7.29 (5.97) 730 (6.01) 40.5 7.31 6.6 —0.68  specific
gPH-HNI ~ PH 1 178.5 1240 (34.79) 1_241 (34.79) 26 2227 9.43 —4.85  specific
gPH-HN2  PH 1 181.1 1251 (35.13) 1252 (35.16) 26.8 38.73 19.26 692  common
gPH-HN3  PH 5 105.2 582 (24.13) 583 (24.15) 192 393 14 —-1.87  common
gPH-HN4  PH 6 46 6_18 (0.66) 6_19 (0.69) 26.5 6.15 224 236 common
gPH-HN5  PH 7 56.9 7_31(6.05) 7_32 (6.36) 314.1 832 3.1 —2.85  specific
gPH-HN6 ~ PH 7 62.3 7_50 (9.18) 7_51(16.11) 6934.1 9.07 341 304  common
gPH-HN7  PH 8 50.1 8_19 (4.43) 820 (4.54) 1127 10.18 385 —3.17  specific
gPH-HNS  PH 8 1445 8_119 (27.28) 8_120 (27.34) 64.7 4.64 1.67 206  common
gPH-HN9  PH 10 62.1 10_85 (14.91) 10_86 (16.9) 1987.6 7.75 2.95 272 common
gPL-HNI PL 92.1 2104 (15.66) 2105 (15.84) 177.2 10.92 15.29 091  common
gPL-HN2 ~ PL 3 165.3 3.220(27.29) 3_221(27.39) 94.4 319 415 048  specific
qGYPP-HNI ~GYPP 7 61.1 745 (7.94) 7_46 (8.03) 90.7 4.05 6.96 —141  specific
qGYPP-HN2 GYPP 10 46.5 10_75 (14.09) 10_76 (14.45) 360.4 346 6.02 —127  specific

“EPN, effective panicle number; GNPP, grain number per panicle; TGW, thousand-grain weight; SSP, seed-setting percentage; PH, plant height; PL, panicle length; GYPP, grain yield per

plant.
°Chr, chromosome.

L-Marker, ID of the left marker. The physical position (Mb) of the marker is given in the brackets.
dR-Marker, ID of the right marker. The physical position (Mb) of the marker is given in the brackets.

“Interval, the physical interval between the left and right marker.
LOD, logarithm of odds.
SPVE (%), phenotypic variance explained (%).

"ADD, additive effect; positive and negative values, respectively, indicate positive alleles from ZS97 and HR5.

'Specific, HN-specific QTLs; common, QTLs also detected under LN condition (co-localization).

We also performed QTL mapping using ratio traits
(relative ratios of LN to HN for each of the agronomic traits).
All the ratio traits of the RIL population displayed
(Supplementary S35
Supplementary Table S3). Eight QTLs were identified,
comprising three for EPN, one for TGW, one for PL, and three
for GYPP (Figure 3; Supplementary Table S4). One
EPN-related QTL and two GYPP-related QTLs showed
additive effects from the HRS5 alleles, while the other QTLs
possessed those from the ZS97 alleles (Supplementary Table 54).

normal  distributions Figure

Combining these comprehensive QTL analysis results,
we observed six QTL clusters (> 3 traits), including two on
chromosome 1 and one on chromosomes 3, 4, 5, and 7 (Figure 3).
These QTL clusters were mainly related to EPN, GNPP, TGW;, and
PH (Figure 3; Supplementary Figure 54). The largest cluster in
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chromosome 7 comprised 13 QTLs related to five traits (Figure 3).
Among each pair between the seven agronomic traits, the pairs
between EPN and GNPP, and between GNPP and TGW, showed
the highest frequency in these QTL clusters (each in four clusters;
Figure 3; Supplementary Figure S4). These pairs of agronomic
traits generally showed a negative correlation—the so-called
trade-offs between traits.

For all QTLs identified, the QTL regions (the physical
distance between the flanking markers of a QTL) were as small
as 512kb on average; more than half (50.81%) of the QTLs
spanned an interval smaller than 100kb; and one third
(29.03%) than 50kb
(Supplementary Figure S5). The narrow regions of these QTLs

spanned intervals  smaller

indicate the possibility that the candidate genes can
be easily cloned.
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Candidate genes of an EPN-related QTL
for both LN and HN conditions

There was one EPN-related QTL (gEPN-LN4/qEPN-HN3)
detected under both LN and HN conditions, which was located in
the QTL cluster on chromosome 3 (Figure 3; Tables 2, 3).
We grouped the RILs into two groups according to the alleles of
qEPN-LN4/qEPN-HN3 and found significant differences in EPN,
GNPP, and PL under either of the conditions between the two
groups (Figure 4). The ZS97 allele positively impacted EPN, but
negatively impacted GNPP and PL (Figure 4). According to the
physical positions of the flanking markers, the QTL region
spanned 124.80kb from 28.44 Mb to 28.57 Mb and contained 18
annotated genes (Supplementary Table S5). We examined the
tissue expression profiles of these genes and found four genes
showing relatively high expression levels in both the roots and
panicles, and six in either of the roots or panicles (Figure 5A). One
of them (LOC_0s03g49990), which was highly expressed in both
the roots and panicles and that encodes a DELLA protein SLR1,
was recently reported to regulate TN and NUE (Li et al., 2018;
Liao et al., 2019; Wu et al., 2020). Sequencing of the SLR1 alleles
of the parents identified six SNPs in the coding region, among
which three resulted in amino acid changes (Figure 5B;
Supplementary Datasheet S1).

10.3389/fpls.2022.992225

Candidate genes of an EPN-related QTL
for HN conditions only

The HN-specific EPN-related QTL gEPN-HN4 was located in
the QTL cluster in chromosome 7 (Figure 3; Tables 2, 3). The two
groups of RILs with the HR5 or ZS97 alleles of gEPN-HN4 showed
significant differences in five traits under HN conditions
(Figure 6). The ZS97 allele had a positive effect on EPN but a
negative effect on GNPP, TGW, PH, and PL (Figure 6). The
physical positions of the flanking markers of gEPN-HN4 spanned
a region of 244 kb from 5.72 to 5.97 Mb, containing 35 annotated
genes (Supplementary Table S6). The tissue expression profiles of
these genes showed that six genes were relatively highly expressed
in both the roots and panicles and seven were highly expressed in
the roots (Figure 7A).

We then examined the annotation and homology of these
genes, and found that LOC_Os07g10890, one of the genes that was
highly expressed in both the roots and panicles, encodes the
transcription factor OsbZIP59, which is homologous to bZIP16 in
A. thaliana targeting multiple NUE-related genes, including
NRT3.1 (Gaudinier et al., 2018). Sequencing of the OsbZIP59
alleles of the parents revealed five SNPs and two 12-bp indels in
the coding region (Figure 7B; Supplementary Datasheet S1). Two
of the SNPs were non-synonymous mutations, and each of the
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FIGURE 4
Performance of the gEPN-LN4/qEPN-HN3 alleles in the RIL population. ***p<0.001, **p<0.01; NS, not significant. LN, low nitrogen; HN, high
nitrogen.

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2022.992225
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

A e ————— s

| LOC_0s03g49910
LOC_0s03g49930
LOC_0s03g49970
[ LOC_0s03g49980
LOC_0s03g50020
LOC_0s03g50050
_ LOC_0s03g49920
[ LOC_0s03g49900
_ LOC_0s03g50040 %%

B L0C_0s03g49940 *
B LOC_0s03g50010 *

LOC_0s03g49990 %
LOC_0s03g50030 % #
LOC_0s03g49960 *

| LOC_0s03g50090 *

I O 0050020 *
-- LOC_0s03g50070 *

[\ \y A, < [\
GGO} "oo 9% %o, e S L -
%y & % Low High
B
Zs97: T C G T(M) C(P) G(R)
N\ \¢”
246| 435[618|]|682 1025
[ >
HR5: G A C C(T) A(T) A(H)

FIGURE 5

Expression profile of the genes in the gEPN-LN4/qEPN-HN3
locus in different tissues (A) and sequence variations between the
SLR1 alleles of the parents (B). The color bar indicates the relative
expression levels. The genes are clustered according to their
expression profiles. The genes expressed in both or either the
panicle and root are marked by ** or *. The blue rectangle in the
gene model indicates the coding region. The relative positions to
the start codon of the variations are shown. The amino acid
changes induced by non-synonymous mutations are indicated in
the brackets.

indels induced insertion/deletions of four amino acids (Figure 7B).
To further test the possibility that OsbZIP59 is the candidate gene
of gEPN-HN4, we performed co-expression network analysis
considering its function as a transcription factor of the bZIP
family. We used the top-50 co-expressed genes to construct the
co-expression network (Supplementary Table 57) and subjected
these genes to GO enrichment analysis. The GO terms related to
metabolic processes including a term of “regulation of nitrogen
compound metabolic process” (ranked fourth) were significant
enriched (FDR<0.05), and those related to gene expression were
also enriched (Figure 8). Therefore, we suggest that OsbZIP59 is a
possible candidate gene of gEPN-HN4.

A valuable resource for the QTL mapping
for NUE

To promote the use of our QTL mapping results, the genes in
the regions of all QTLs with <500kb intervals are provided in
Supplementary Datasheet S2. We further analyzed the possible
candidate genes of the common QTLs detected under both LN
and HN conditions, as well as those of the ratio trait-related QTLs.
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Through examinations of the tissue expression profiles and
functional annotations, we successfully predicted the possible
candidate genes for three of the examined QTLs. Two genes in the
qTGW-LN2/qTGW-HNI1 locus for TGW showed relatively high
expression levels in the grain, and one of them (LOC_Os01¢g55110)
encodes the RING-type E3 ubiquitin ligase NBIP1 known to
interact with NRT1.1B (Supplementary Table S9; Hu et al., 2019).
In the gTGW-RT1I locus for the ratio trait of TGW, one gene
(LOC_Os10g41430) encodes a cyclin protein CYC U4; 1 that is
highly expressed in the grain (Supplementary Table S9). In the
qPH-LN7/qPH-HN8 locus for PH, one of the genes expressed in
the shoots (LOC_Os08¢43130) encodes the NCK-associated
protein 1 (NAP1)-like protein LPL3 involved in cell morphogenesis
(Supplementary Table S9), and its mutant showed reduced PH
(Zhou et al., 2016).

Discussion

The NUE trait is a complex quantitative trait involved in
multiple biological processes and agronomic traits; however, the
NUE regulatory network remains largely unknown. We used a
high-resolution genetic map to perform comprehensive QTL
analyses of seven key agronomic traits under two different N
levels. Considering the issue of QTL co-localization, we identified
11 non-redundant QTLs for EPN, 7 for GNPP, 13 for TGW, 2 for
SSP, 15 for PH, 12 for PL, and 6 for GYPP (Tables 2, 3;
Supplementary Tables S2, S4). Among them, seven major
non-redundant QTLs were identified for the examined traits
(Tables 2, 3; Supplementary Table 52). Several major QTLs were
co-localized with known cloned QTLs, such as qTGW-
LN5/qTGW-HNS5, which was co-localized with gSW5/GW5/GSE5,
which is related to TGW and grain width (Shomura et al., 2008;
Duan et al,, 2017; Liu et al.,, 2017). These findings confirmed the
effectiveness of our QTL mapping. In the QEI analysis, most of the
single-environment QTLs were detected, and 12 new QTLs were
newly identified (Supplementary Table S2), suggesting that the
QEI analysis was an important complementary analysis in
our study.

The RIL population derived from ZS97 and HR5 was
previously genotyped with simple sequence repeat (SSR) markers.
Tong et al. (2011) used 245 SSR markers from 188 lines of the RIL
population to map the QTLs for grain yield and its components
[GYPP, panicle number per plant (PNPP), GNPP, filled grains per
panicle (FGPP), spikelet fertility percentage (SFP), and 100-grain
weight (HGW)] under three N levels (0, 150, and 300kg urea/ha).
In this study, 2,345 bin markers were obtained from SNP
microarrays for 261 lines. The average interval between two bin
markers was only 158.7kb, which is similar to the previously
reported linkage disequilibrium decay of indica subspecies (Huang
etal, 2010; Zhao et al,, 2011), enabling the precise identification
of QTL locations and candidate genes. Among the six agronomic
traits we examined under two N levels (120 and 300kg urea/ha),
PH and PL were not examined in Tong et al. (2011), and the other
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FIGURE 6
Performance of the gEPN-HN4 alleles in the RIL population under HN conditions. ***p<0.001, *p<0.05; NS, not significant.

traits were similar (PNPP vs. EPN, HGW vs. TGW) or the same
(GNPP, SFP/SSP, GYPP) as in this previous study. However,
among the 57 QTLs (41 non-redundant QTLs) that Tong et al.
(2011) discovered based on a mixed linear model, only three
PNPP-related QTLs, two HGW-related QTLs, and one GYPP-
related QTL were co-localized with the QTLs (EPN-, TGW-, and
GYPP-related, respectively) in our study based on ICIM. A reason
for this difference could be that Tong et al. (2011) used the
averages of the traits obtained from different regions of distinct
photoperiod and climatic conditions. Remarkably, no QTL was
detected for SFP by Tong et al. (2011), while we identified two
non-redundant QTLs for SSP. In particular, the QTL regions
we determined were small (512kb on average), and more than half
of the QTLs spanned an interval smaller than 100kb (Tables 2, 3;
Supplementary Tables S2, S3; Supplementary Figure S5).
Consequently, our results provide the precise mapping of
NUE-related QTLs, promoting the cloning of candidate genes
(discussed in detail below).

Tong et al. (2011) found that SFP had the greatest contribution
to yield at N levels of 150 and 300kg urea/ha, whereas FGPP
contributed the most to yield at an N level of zero. However,
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we observed no response of SSP to different N levels (120 and 300kg
urea/ha). Our path analysis revealed major contributions of both
EPN and GNPP to GYPP (Supplementary Table S1). Recent research
found that a high NUE for yield is associated with a positive role of
N in promoting TN, which consequently increases the total grain
number per plant and thus improves yield with less N fertilizer (Sun
et al, 2014; Wu et al., 2020; Liu et al., 2021). Consistent with this,
we also observed that EPN was a major response of the population
to N levels. Interestingly, the RIL population showed extreme
phenotypical segregation of EPN, although both the parents
exhibited a similar performance of EPN (Figure 1), suggesting
distinct genetic loci controlling the EPN of the parents. In line with
this possibility, we identified a total of 11 non-redundant EPN-related
QTLs. Although several TN-related QTLs responding to N levels
have been cloned (Sun et al., 2014; Liu et al., 2021), most of these
EPN-related QTLs have yet to be cloned (only gEPN-LN3 is
co-localized with gNGR2; Li et al., 2018), suggesting that much about
rice NUE regulation remains to be investigated.

Although the population we used is an RIL population, the
narrow regions of most QTLs allow for candidate gene
analyses. To validate the value of the resource we presented,
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FIGURE 7
Expression profile of the genes in the gEPN-HN4 locus in
different tissues (A) and sequence variations between the
OsbZIP59 alleles of the parents (B). The color bar indicates the
relative expression levels. The genes are clustered according to
their tissue expression profiles. The genes expressed in both or
either the panicle and root are marked by ** or *. The blue
rectangle in the gene model indicates the coding region. The
relative positions to the start codon of the variations are shown.
The amino acid changes induced by non-synonymous mutations
are indicated in the brackets. Only the variations in the exons are
displayed.

we demonstrated five cases of candidate gene analysis. The
possible candidate gene of gEPN-LN4/qEPN-HN3 was
predicted to encode a DELLA protein, SLR1, which has been
recently reported to regulate TN through interacting with a
TN regulator MOCI to inhibit the degradation of the latter
(Liao et al., 2019). SLR1 also interacts with and inhibits the
transcription factor GRF4, which works with the transcription
coactivator GIF1 and another transcription factor MYB61 to
regulate multiple N metabolism genes (Li et al., 2018; Gao
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et al., 2020). It is also reported that SLRI interacts with an
NUE and TN regulator, namely NGR5, to protect its
degradation by the gibberellin receptor GID1 (Wu et al,
2020). Although the known function of SLR1 and its multiple
reported mutants has been discussed (Ikeda et al., 2001; Asano
et al., 2009; Hayashi-Tsugane et al., 2011; De Vleesschauwer
et al., 2016; Jin et al., 2022), the natural variations or elite
alleles have not been identified to date. We identified three
missense SNPs of SLRI between the two parents, which might
be the causal mutations of the alleles. The possible candidate
gene of gEPN-HN4 is inferred to encode the transcription
factor OsbZIP59. We found multiple lines of evidence
suggesting the possibility that OsbZIP59 is involved in
NUE. Additionally, OsbZIP59 has been previously screened as
a brassinosteroid receptor kinase BRI1-interacting protein
(Hirabayashi et al., 2004). Several NUE-related genes are
known to be associated with BR signaling (Sakamoto et al,,
2006; Che et al., 2015; Li et al., 2018; Wu et al., 2020; Liu et al.,
2021). The possible candidate genes of ¢gTGW-
LN2/qTGW-HNI and qTGW-RT1 were predicted to encode
the RING-type E3 ubiquitin ligase NBIP1 and cyclin protein
CYC U4; 1, respectively. NBIP1 is known to be highly
expressed in the roots and leaf blades and is responsible for
degradation of the phosphate signaling repressor SPX4 by
interacting with the nitrate sensor NRT1.1B, which integrates
nitrogen and phosphorus signaling (Hu et al., 2019). We found
that NBIP1 was also highly expressed in the grain and could
regulate TGW. CYC U4; 1 controls cell proliferation and is
regulated by BR signaling at both the gene expression and
protein levels through the transcription factor BES1/BZR1 and
kinase GSK3, respectively. BR signaling modulates grain sizes
as well as NUE, and its multiple components have been
reported to regulate TGW, including BES1/BZR1, GSK3, and
another cyclin protein, CycT1; 3 (Qietal., 2012; Li et al,, 2019;
Gao et al,, 2019a). The candidate gene of gPH-LN7/qPH-HNS,
LPL3, encodes a component of the SCAR/WAVE complex
involved in actin nucleation and function, which controls
epidermal cell morphogenesis by organizing F-actin; a T-DNA
insertion mutant of LPL3 showed moderate dwarfism (Zhou
etal, 2016). However, the relationship between microfilaments
and NUE is unclear. The candidate genes of these QTLs still
require further investigation using transgenes of different
alleles in the future.

We identified six large QTL clusters mainly related to EPN,
GNPP, TGW, and PH (Figure 3; Supplementary Figure $4),
which might be related to the trade-offs between traits. Such
QTL clusters could be a result of the tight linkage of several
QTLs regulating different traits, or alternatively, the pleiotropic
effect of a single QTL. Interestingly, the two major EPN-related
QTLs were located in two QTL clusters. A recent principal
component (PC) analysis on eight typical traits related to the
plant architecture of japonica rice varieties revealed that the first
PCs indicated a trade-off between panicle sizes and numbers,
and a GWAS with the PC scores identified the known genes
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NALI and OsGATA28, as well as a new gene OsSPY, the protein
of which activates SLR1 (Yano et al., 2019). The possible
candidate gene of qEPN-LN4/qEPN-HN3, namely SLRI, is
related to gibberellin signaling and exerts pleiotropic effects,
and additionally, SLR1 also works as a transcription factor of
the GRAS-domain family and regulates many physiological
processes as well as development (Tkeda et al., 2001; Fukao and
Bailey-Serres, 2008; Huang et al., 2015; De Vleesschauwer et al.,
2016; Lu et al., 2020; Mo et al., 2020; Jin et al., 2022). The
molecular function of OsbZIP59 as a transcription factor may
also have a pleiotropic effect on different traits by targeting
different downstream genes. Accordingly, the pleiotropy of the
causal genes may partly contribute to the QTL clusters; however,
the genetic linkage of different QTLs cannot be completely
excluded.

In addition to the increase of TN and EPN, HN has distinct
impacts on different agronomic traits of different varieties, and
even opposite effects (Mae, 1997). The six trait-related QTLs with
narrow candidate regions identified herein provide a convenient
avenue for causal gene cloning, which may help in the elucidation
of the complex network of NUE and promote higher yield with
less N input. Additionally, the high-resolution genetic map for
this population also provides a valuable resource for the QTL
mapping of other and traits in

important complex

indica subspecies.

Data availability statement

The raw data of the effective SNPs of the population and
parents have been deposited in Figshare (https://doi.org/10.6084/
m9.figshare.20411631.v1).

Frontiers in Plant Science

14

Author contributions

ST and SC designed the research, conceived and supervised
the project, and drafted and revised the manuscript. XL, HJ, JY,
JH, and M]J performed the experiments. XL, HJ, MJ, SC, and ST
analyzed the data. HZ and LC provided analysis tools and
materials. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the National Natural Science
Foundation (U19A2025, 32000377, 32172037, and 31870229),
the Strategic Priority Research Program of the Chinese
Academy of Sciences (XDA24010404), the Fundamental
Research Funds for the Central Universities (KJQN202103),
and the Open Project of National Key Laboratory of Plant
Molecular Genetics.

Acknowledgments

The authors are very grateful to Cyrus Tang Innovation Center
for Crop Seed Industry for supporting.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fpls.2022.992225
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.6084/m9.figshare.20411631.v1
https://doi.org/10.6084/m9.figshare.20411631.v1

Liu et al.

Publisher’'s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

References

Ali, J., Jewel, Z. A., Mahender, A., Anandan, A., Hernandez, J., and Li, Z. (2018).
Molecular genetics and breeding for nutrient use efficiency in rice. Int. J. Mol. Sci.
19:1762. doi: 10.3390/ijms19061762

Asano, K., Hirano, K., Ueguchi-Tanaka, M., Angeles-Shim, R. B., Komura, T,,
Satoh, H., et al. (2009). Isolation and characterization of dominant dwarf mutants,
Slr1-d, in rice. Mol. Genet. Genomics 281, 223-231. doi: 10.1007/s00438-008-0406-6

Bai, J., Piao, Z., Wan, C,, Lee, G., Ruan, X., Luo, Z., et al. (2021). SLAF-based
linkage map construction and QTL mapping of nitrogen use efficiency in rice
(Oryza sativa L.). Plant Mol. Biol. Report. 39, 727-738. doi: 10.1007/
s11105-021-01281-y

Berardini, T. Z., Reiser, L., Li, D., Mezheritsky, Y., Muller, R. J., Strait, E. M., et al.
(2015). The arabidopsis information resource: making and mining the “gold standard”
annotated reference plant genome. Genesis 53, 474-485. doi: 10.1002/dvg.22877

Che, R, Tong, H,, Shi, B,, Liu, Y., Fang, S., Liu, D, et al. (2015). Control of grain
size and rice yield by GL2-mediated brassinosteroid responses. Nat. Plants 2:15195.
doi: 10.1038/nplants.2015.195

Chen, X,, Cui, Z., Fan, M., Vitousek, P, Zhao, M., Ma, W, et al. (2014). Producing
more grain with lower environmental costs. Nature 514, 486-489. doi: 10.1038/
naturel3609

Cho, Y.-1,, Jiang, W,, Chin, J.-H., Piao, Z., Cho, Y.-G., Mccouch, S., et al. (2007).
Identification of QTLs associated with physiological nitrogen use efficiency in rice.
Mol. Cells 23, 72-79. PMID: 17464214

De Vleesschauwer, D., Seifi, H. S., Filipe, O., Haeck, A., Huu, S. N., Demeestere, K.,
etal. (2016). The DELLA protein SLR1 integrates and amplifies salicylic acid- and
jasmonic acid-dependent innate immunity in rice. Plant Physiol. 170, 1831-1847.
doi: 10.1104/pp.15.01515

Duan, P, Xu, J., Zeng, D., Zhang, B., Geng, M., Zhang, G., et al. (2017). Natural
variation in the promoter of GSE5 contributes to grain size diversity in rice. Mol.
Plant 10, 685-694. doi: 10.1016/j.molp.2017.03.009

Fan, X., Naz, M., Fan, X., Xuan, W,, Miller, A. J., and Xu, G. (2017). Plant nitrate
transporters: from gene function to application. J. Exp. Bot. 68, 2463-2475. doi:
10.1093/jxb/erx011

Fukao, T., and Bailey-Serres, J. (2008). Submergence tolerance conferred by Sub1A
is mediated by SLR1 and SLRLI restriction of gibberellin responses in rice. Proc.
Natl. Acad. Sci. U. S. A. 105, 16814-16819. doi: 10.1073/pnas.0807821105

Gao, Z., Wang, Y., Chen, G., Zhang, A, Yang, S., Shang, L., et al. (2019b). The
indica nitrate reductase gene OsNR2 allele enhances rice yield potential and
nitrogen use efficiency. Nat. Commun. 10:5207. doi: 10.1038/s41467-019-13110-8

Gao, Y., Xu, Z., Zhang, L., Li, S., Wang, S., Yang, H., et al. (2020). MYB61 is
regulated by GRF4 and promotes nitrogen utilization and biomass production in
rice. Nat. Commun. 11:5219. doi: 10.1038/541467-020-19019-x

Gao, X., Zhang, J.-Q., Zhang, X., Zhou, J., Jiang, Z., Huang, P, et al. (2019a). Rice
qGL3/OsPPKLI functions with the GSK3/SHAGGY-like kinase OsGSK3 to
modulate brassinosteroid signaling. Plant Cell 31, 1077-1093. doi: 10.1105/
tpc.18.00836

Gaudinier, A., Rodriguez-Medina, J., Zhang, L., Olson, A., Liseron-Monfils, C.,
Bagman, A.-M,, et al. (2018). Transcriptional regulation of nitrogen-associated
metabolism and growth. Nature 563, 259-264. doi: 10.1038/s41586-018-0656-3

Guo, J. H,, Liu, X. J., Zhang, Y., Shen, J. L., Han, W. X, Zhang, W. F, et al. (2010).
Significant acidification in major Chinese croplands. Science 327, 1008-1010. doi:
10.1126/science.1182570

Hawkesford, M. J., and Griffiths, S. (2019). Exploiting genetic variation in nitrogen
use efficiency for cereal crop improvement. Curr. Opin. Plant Biol. 49, 35-42. doi:
10.1016/j.pbi.2019.05.003

Hayashi-Tsugane, M., Maekawa, M., Qian, Q., Kobayashi, H., Iida, S., and
Tsugane, K. (2011). A rice mutant displaying a heterochronically elongated

Frontiers in Plant Science

15

10.3389/fpls.2022.992225

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.992225/

full#supplementary-material

SUPPLEMENTARY DATASHEET S1
Sequences of the SLR1 and OsbZIP59 alleles of the parents.

SUPPLEMENTARY DATASHEET S2
List of genes in all QTLs with <500 kb intervals.

internode carries a 100 kb deletion. J. Genet. Genomics 38, 123-128. doi: 10.1016/j.
j8g.2011.02.004

Hirabayashi, S., Matsushita, Y., Sato, M., Oh-I, R., Kasahara, M., Abe, H.,, et al.
(2004). Two proton pump interactors identified from a direct phosphorylation
screening of a rice cDNA library by using a recombinant BRI1 receptor kinase. Plant
Biotechnol. 21, 35-45. doi: 10.5511/plantbiotechnology.21.35

Hu, B, Jiang, Z., Wang, W., Qiu, Y., Zhang, Z., Liu, Y,, et al. (2019). Nitrate—
NRT1.1B-SPX4 cascade integrates nitrogen and phosphorus signalling networks in
plants. Nat. Plants 5, 401-413. doi: 10.1038/s41477-019-0384-1

Hu, B., Wang, W, Ou, S., Tang, J., Li, H., Che, R, et al. (2015). Variation in
NRT1.1B contributes to nitrate-use divergence between rice subspecies. Nat. Genet.
47, 834-838. doi: 10.1038/ng.3337

Huang, X,, Qian, Q, Liu, Z., Sun, H,, He, S., Luo, D,, et al. (2009). Natural variation
at the DEPI locus enhances grain yield in rice. Nat. Genet. 41, 494-497. doi: 10.1038/
ng.352

Huang, D., Wang, S., Zhang, B., Shang-Guan, K., Shi, Y., Zhang, D., et al. (2015).
A gibberellin-mediated DELLA-NAC signaling cascade regulates cellulose synthesis
in rice. Plant Cell 27, 1681-1696. doi: 10.1105/tpc.15.00015

Huang, X., Wei, X, Sang, T., Zhao, Q., Feng, Q., Zhao, Y., et al. (2010). Genome-
wide association studies of 14 agronomic traits in rice landraces. Nat. Genet. 42,
961-967. doi: 10.1038/ng.695

Ikeda, A., Ueguchi-Tanaka, M., Sonoda, Y., Kitano, H., Koshioka, M.,
Futsuhara, Y., et al. (2001). Slender Rice, a constitutive gibberellin response
mutant, is caused by a null mutation of the SLRI gene, an ortholog of the height-
regulating gene GAI/RGA/RHT/DS. Plant Cell 13, 999-1010. doi: 10.1105/
tpc.13.5.999

Jin, Y., Song, X., Chang, H., Zhao, Y., Cao, C., Qiu, X,, et al. (2022). The GA-
DELLA-OsMS188 module controls male reproductive development in rice. New
Phytol. 233, 2629-2642. doi: 10.1111/nph.17939

Lee, S. (2021). Recent advances on nitrogen use efficiency in rice. Agronomy
11:753. doi: 10.3390/agronomy11040753

Li, Q., Lu, X., Wang, C,, Shen, L., Dai, L., He, ., et al. (2022). Genome-wide
association study and transcriptome analysis reveal new QTL and candidate genes
for nitrogen-deficiency tolerance in rice. Crop J. 10, 942-951. doi: 10.1016/j.
¢j.2021.1012.1006

Li, S, Tian, Y., Wu, K,, Ye, Y., Yu, J., Zhang, J., et al. (2018). Modulating plant
growth-metabolism coordination for sustainable agriculture. Nature 560, 595-600.
doi: 10.1038/541586-018-0415-5

Li, N, Xu, R, and Li, Y. (2019). Molecular networks of seed size control in plants.
Annu. Rev. Plant Biol. 70, 435-463. doi: 10.1146/annurev-arplant-050718-095851

Liao, Z., Yu, H., Duan, J., Yuan, K., Yu, C., Meng, X,, et al. (2019). SLR1 inhibits
MOCI1 degradation to coordinate tiller number and plant height in rice. Nat.
Commun. 10:2738. doi: 10.1038/541467-019-10667-2

Liu, ], Chen, J., Zheng, X., Wu, E, Lin, Q., Heng, Y, et al. (2017). GW5 acts in the
brassinosteroid signalling pathway to regulate grain width and weight in rice. Nat.
Plants 3:17043. doi: 10.1038/nplants.2017.43

Liu, Y., Wang, H,, Jiang, Z., Wang, W,, Xu, R., Wang, Q,, et al. (2021). Genomic
basis of geographical adaptation to soil nitrogen in rice. Nature 590, 600-605. doi:
10.1038/541586-020-03091-w

Liu, Q., Wu, K., Song, W, Zhong, N., Wu, Y., and Fu, X. (2022). Improving crop
nitrogen use efficiency toward sustainable green revolution. Annu. Rev. Plant Biol.
73, 523-551. doi: 10.1146/annurev-arplant-070121-015752

Lu, Y, Feng, Z., Meng, Y., Bian, L., Xie, H., Mysore, K. S., et al. (2020). SLENDER
RICEI and Oryza sativa INDETERMINATE DOMAIN2 regulating OsmiR396 are
involved in stem elongation. Plant Physiol. 182, 2213-2227. doi: 10.1104/
pp.19.01008

frontiersin.org


https://doi.org/10.3389/fpls.2022.992225
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpls.2022.992225/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.992225/full#supplementary-material
https://doi.org/10.3390/ijms19061762
https://doi.org/10.1007/s00438-008-0406-6
https://doi.org/10.1007/s11105-021-01281-y
https://doi.org/10.1007/s11105-021-01281-y
https://doi.org/10.1002/dvg.22877
https://doi.org/10.1038/nplants.2015.195
https://doi.org/10.1038/nature13609
https://doi.org/10.1038/nature13609
https://doi.org/17464214
https://doi.org/10.1104/pp.15.01515
https://doi.org/10.1016/j.molp.2017.03.009
https://doi.org/10.1093/jxb/erx011
https://doi.org/10.1073/pnas.0807821105
https://doi.org/10.1038/s41467-019-13110-8
https://doi.org/10.1038/s41467-020-19019-x
https://doi.org/10.1105/tpc.18.00836
https://doi.org/10.1105/tpc.18.00836
https://doi.org/10.1038/s41586-018-0656-3
https://doi.org/10.1126/science.1182570
https://doi.org/10.1016/j.pbi.2019.05.003
https://doi.org/10.1016/j.jgg.2011.02.004
https://doi.org/10.1016/j.jgg.2011.02.004
https://doi.org/10.5511/plantbiotechnology.21.35
https://doi.org/10.1038/s41477-019-0384-1
https://doi.org/10.1038/ng.3337
https://doi.org/10.1038/ng.352
https://doi.org/10.1038/ng.352
https://doi.org/10.1105/tpc.15.00015
https://doi.org/10.1038/ng.695
https://doi.org/10.1105/tpc.13.5.999
https://doi.org/10.1105/tpc.13.5.999
https://doi.org/10.1111/nph.17939
https://doi.org/10.3390/agronomy11040753
https://doi.org/10.1016/j.cj.2021.1012.1006
https://doi.org/10.1016/j.cj.2021.1012.1006
https://doi.org/10.1038/s41586-018-0415-5
https://doi.org/10.1146/annurev-arplant-050718-095851
https://doi.org/10.1038/s41467-019-10667-2
https://doi.org/10.1038/nplants.2017.43
https://doi.org/10.1038/s41586-020-03091-w
https://doi.org/10.1146/annurev-arplant-070121-015752
https://doi.org/10.1104/pp.19.01008
https://doi.org/10.1104/pp.19.01008

Liu et al.

Lu, Y, Jenkins, A., Ferrier, R. C., Bailey, M., Gordon, I. ], Song, S., et al. (2015).
Addressing China’s grand challenge of achieving food security while ensuring
environmental sustainability. Sci. Adv. 1:¢1400039. doi: 10.1126/sciadv.1400039

Luo, L., Zhang, Y., and Xu, G. (2020). How does nitrogen shape plant architecture?
J. Exp. Bot. 71, 4415-4427. doi: 10.1093/jxb/eraal87

Lv, Y,, Ma, J., Wang, Y., Wang, Q., Lu, X., Hu, H,, et al. (2021). Loci and natural
alleles for low-nitrogen-induced growth response revealed by the genome-wide
association study analysis in rice (Oryza sativa L.). Front. Plant Sci. 12:770736. doi:
10.3389/fpls.2021.770736

Mae, T. (1997). Physiological nitrogen efficiency in rice: nitrogen utilization,
photosynthesis, and yield potential. Plant and Soil 196, 201-210. doi: 10.1023/A:
1004293706242

Meng, L., Li, H., Zhang, L., and Wang, J. (2015). QTL IciMapping: integrated
software for genetic linkage map construction and quantitative trait locus mapping
in biparental populations. Crop J. 3, 269-283. doi: 10.1016/j.¢j.2015.01.001

Mo, W,, Tang, W, Du, Y, Jing, Y., Bu, Q,, and Lin, R. (2020). PHYTOCHROME-
INTERACTING FACTOR-LIKE14 and SLENDER RICEL1 interaction controls
seedling growth under salt stress. Plant Physiol. 184, 506-517. doi: 10.1104/
Pp.20.00024

Nguyen, H. T. T., Dang, D. T., Van Pham, C., and Bertin, P. (2016). QTL mapping
for nitrogen use efficiency and related physiological and agronomical traits during
the vegetative phase in rice under hydroponics. Euphytica 212, 473-500. doi:
10.1007/510681-016-1778-z

Qi, P, Lin, Y, Song, X,, Shen, J., Huang, W,, Shan, J,, et al. (2012). The novel
quantitative trait locus GL3.1 controls rice grain size and yield by regulating
Cyclin-T1; 3. Cell Res. 22, 1666-1680. doi: 10.1038/cr.2012.151

Rakotoson, T., Dusserre, J., Letourmy, P, Frouin, J., Ratsimiala, I. R,
Rakotoarisoa, N. V,, et al. (2021). Genome-wide association study of nitrogen use
efficiency and agronomic traits in upland rice. Rice Sci. 28, 379-390. doi: 10.1016/j.
1rs¢i.2021.05.008

Raudvere, U,, Kolberg, L., Kuzmin, L, Arak, T., Adler, P, Peterson, H., et al. (2019).
G:profiler: a web server for functional enrichment analysis and conversions of gene
lists (2019 update). Nucleic Acids Res. 47, W191-W198. doi: 10.1093/nar/gkz369

Sakai, H., Lee, S. S., Tanaka, T., Numa, H., Kim, J., Kawahara, Y., et al. (2013). Rice
annotation project database (RAP-DB): An integrative and interactive database for
rice genomics. Plant Cell Physiol. 54:¢6. doi: 10.1093/pcp/pcs183

Sakamoto, T., Morinaka, Y., Ohnishi, T, Sunohara, H., Fujioka, S.,
Ueguchi-Tanaka, M., et al. (2006). Erect leaves caused by brassinosteroid deficiency
increase biomass production and grain yield in rice. Nat. Biotechnol. 24, 105-109.
doi: 10.1038/nbt1173

Sandhu, N., Sethi, M., Kumar, A., Dang, D., Singh, J., and Chhuneja, P. (2021).
Biochemical and genetic approaches improving nitrogen use efficiency in cereal
crops: a review. Front. Plant Sci. 12:657629. doi: 10.3389/fpls.2021.657629

Sato, Y., Namiki, N., Takehisa, H., Kamatsuki, K., Minami, H., Ikawa, H., et al.
(2012a). RiceFREND: a platform for retrieving coexpressed gene networks in rice.
Nucleic Acids Res. 41, D1214-D1221. doi: 10.1093/nar/gks1122

Sato, Y., Takehisa, H., Kamatsuki, K., Minami, H., Namiki, N., Ikawa, H., et al.
(2012b). RiceXPro version 3.0: expanding the informatics resource for rice
transcriptome. Nucleic Acids Res. 41, D1206-D1213. doi: 10.1093/nar/gks1125

Senthilvel, S., Vinod, K. K., Malarvizhi, P., and Maheswaran, M. (2008). QTL and
QTL x environment effects on agronomic and nitrogen acquisition traits in rice.
J. Integr. Plant Biol. 50, 1108-1117. doi: 10.1111/j.1744-7909.2008.00713.x

Shen, C., Chen, K., Cui, Y., Chen, J., Mi, X, Zhu, S., et al. (2021). QTL mapping
and favorable allele mining of nitrogen deficiency tolerance using an interconnected
breeding population in rice. Front. Genet. 12:616428. doi: 10.3389/fgene.2021.616428

Shomura, A., Izawa, T., Ebana, K., Ebitani, T., Kanegae, H., Konishi, S., et al.

(2008). Deletion in a gene associated with grain size increased yields during rice
domestication. Nat. Genet. 40, 1023-1028. doi: 10.1038/ng.169

Frontiers in Plant Science

16

10.3389/fpls.2022.992225

Stam, P. (1993). Construction of integrated genetic linkage maps by means of a
new computer package: join map. Plant J. 3, 739-744. doi: 10.1111/j.1365-313X.
1993.00739.x

Sun, H,, Qian, Q., Wu, K., Luo, J., Wang, S., Zhang, C., et al. (2014). Heterotrimeric
G proteins regulate nitrogen-use efficiency in rice. Nat. Genet. 46, 652-656. doi:
10.1038/ng.2958

Tang, W,, Ye, J., Yao, X., Zhao, P,, Xuan, W,, Tian, Y,, et al. (2019). Genome-wide
associated study identifies NAC42-activated nitrate transporter conferring high
nitrogen use efficiency in rice. Nat. Commun. 10:5279. doi: 10.1038/s41467-
019-13187-1

Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., and Polasky, S. (2002).
Agricultural sustainability and intensive production practices. Nature 418, 671-677.
doi: 10.1038/nature01014

Tong, H.-H., Chen, L., Li, W.-P,, Mei, H.-W,, Xing, Y.-Z., Yu, X.-Q, et al. (2011).
Identification and characterization of quantitative trait loci for grain yield and its
components under different nitrogen fertilization levels in rice (Oryza sativa L.).
Mol. Breed. 28, 495-509. doi: 10.1007/s11032-010-9499-9

Tong, H.-H., Mei, H.-W,, Yu, X.-Q,, Xu, X.-Y,, Li, M.-S., Zhang, S.-Q,, et al. (2006).
Identification of related QTLs at late developmental stage in rice (Oryza sativa L.)
under two nitrogen levels. Acta Genet. Sin. 33, 458-467. doi: 10.1016/S0379-
4172(06)60073-5

Wang, J., Qi, M., Liu, J., and Zhang, Y. (2015). CARMO: a comprehensive
annotation platform for functional exploration of rice multi-omics data. Plant J. 83,
359-374. doi: 10.1111/tp;j.12894

Wang, Y, Sun, Y.-J., Chen, D.-Y,, and Yu, S.-B. (2009). Analysis of quantitative trait
loci in response to nitrogen and phosphorus deficiency in rice using chromosomal
segment substitution lines. Acta Agron. Sin. 35, 580-587. doi: 10.1016/S1875-
2780(08)60072-3

Wei, D., Cui, K., Ye, G., Pan, ., Xiang, J., Huang, J., et al. (2012). QTL mapping for
nitrogen-use efficiency and nitrogen-deficiency tolerance traits in rice. Plant and
Soil 359, 281-295. doi: 10.1007/s11104-012-1142-6

Wu, K., Wang, S., Song, W., Zhang, J., Wang, Y., Liu, Q,, et al. (2020). Enhanced
sustainable green revolution yield via nitrogen-responsive chromatin modulation
in rice. Science 367:eaaz2046. doi: 10.1126/science.aaz2046

Xin, W,, Wang, J., Li, J., Zhao, H., Liu, H., Zheng, H., et al. (2021). Candidate gene
analysis for nitrogen absorption and utilization in japonica rice at the seedling stage
based on a genome-wide association study. Front. Plant Sci. 12:670861. doi: 10.3389/
fpls.2021.670861

Yano, K., Morinaka, Y., Wang, F, Huang, P, Takehara, S., Hirai, T., et al. (2019).
GWAS with principal component analysis identifies a gene comprehensively
controlling rice architecture. Proc. Natl. Acad. Sci. U. S. A. 116, 21262-21267. doi:
10.1073/pnas.1904964116

Yue, E, Rong-Rong, Z., Ze-Chuan, L., Li-Yong, C., Xing-Hua, W., and Shi-Hua, C.
(2015). Quantitative trait locus analysis for rice yield traits under two nitrogen
levels. Rice Sci. 22, 108-115. doi: 10.1016/j.rsci.2015.05.014

Zhang, S., Zhu, L., Shen, C,, Ji, Z., Zhang, H., Zhang, T., et al. (2020). Natural
allelic variation in a modulator of auxin homeostasis improves grain yield and
nitrogen use efficiency in rice. Plant Cell 33, 566-580. doi: 10.1093/plcell/koaa037

Zhao, K., Tung, C.-W.,, Eizenga, G. C., Wright, M. H., Ali, M. L., Price, A. H., et al.
(2011). Genome-wide association mapping reveals a rich genetic architecture of
complex traits in Oryza sativa. Nat. Commun. 2:467. doi: 10.1038/ncomms1467

Zhou, Y., Tao, Y., Tang, D., Wang, J., Zhong, J., Wang, Y., et al. (2017). Identification
of QTL associated with nitrogen uptake and nitrogen use efficiency using high
throughput genotyped CSSLs in rice (Oryza sativa L.). Front. Plant Sci. 8:1166. doi:
10.3389/pls.2017.01166

Zhou, W,, Wang, Y., Wu, Z., Luo, L., Liu, P, Yan, L., et al. (2016). Homologs of
SCAR/WAVE complex components are required for epidermal cell morphogenesis
in rice. J. Exp. Bot. 67, 4311-4323. doi: 10.1093/jxb/erw214

frontiersin.org


https://doi.org/10.3389/fpls.2022.992225
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1126/sciadv.1400039
https://doi.org/10.1093/jxb/eraa187
https://doi.org/10.3389/fpls.2021.770736
https://doi.org/10.1023/A:1004293706242
https://doi.org/10.1023/A:1004293706242
https://doi.org/10.1016/j.cj.2015.01.001
https://doi.org/10.1104/pp.20.00024
https://doi.org/10.1104/pp.20.00024
https://doi.org/10.1007/s10681-016-1778-z
https://doi.org/10.1038/cr.2012.151
https://doi.org/10.1016/j.rsci.2021.05.008
https://doi.org/10.1016/j.rsci.2021.05.008
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1093/pcp/pcs183
https://doi.org/10.1038/nbt1173
https://doi.org/10.3389/fpls.2021.657629
https://doi.org/10.1093/nar/gks1122
https://doi.org/10.1093/nar/gks1125
https://doi.org/10.1111/j.1744-7909.2008.00713.x
https://doi.org/10.3389/fgene.2021.616428
https://doi.org/10.1038/ng.169
https://doi.org/10.1111/j.1365-313X.1993.00739.x
https://doi.org/10.1111/j.1365-313X.1993.00739.x
https://doi.org/10.1038/ng.2958
https://doi.org/10.1038/s41467-019-13187-1
https://doi.org/10.1038/s41467-019-13187-1
https://doi.org/10.1038/nature01014
https://doi.org/10.1007/s11032-010-9499-9
https://doi.org/10.1016/S0379-4172(06)60073-5
https://doi.org/10.1016/S0379-4172(06)60073-5
https://doi.org/10.1111/tpj.12894
https://doi.org/10.1016/S1875-2780(08)60072-3
https://doi.org/10.1016/S1875-2780(08)60072-3
https://doi.org/10.1007/s11104-012-1142-6
https://doi.org/10.1126/science.aaz2046
https://doi.org/10.3389/fpls.2021.670861
https://doi.org/10.3389/fpls.2021.670861
https://doi.org/10.1073/pnas.1904964116
https://doi.org/10.1016/j.rsci.2015.05.014
https://doi.org/10.1093/plcell/koaa037
https://doi.org/10.1038/ncomms1467
https://doi.org/10.3389/fpls.2017.01166
https://doi.org/10.1093/jxb/erw214

	Comprehensive QTL analyses of nitrogen use efficiency in indica rice
	Introduction
	Materials and methods
	Plant materials and field experiment
	Trait evaluation and analysis
	Genotyping and linkage map construction
	Comprehensive QTL analyses
	Candidate gene analysis
	Co-expression network analysis

	Results
	Response of the RIL population and parents to different N levels
	Correlation among different agronomic traits
	Genetic map construction for the RIL population
	QTL mapping for agronomic traits under two N conditions
	Multi-environment QTLs and QTL clusters
	Candidate genes of an EPN-related QTL for both LN and HN conditions
	Candidate genes of an EPN-related QTL for HN conditions only
	A valuable resource for the QTL mapping for NUE

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

