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Abstract: Growth duration is an important agronomic trait that determines the season and area of
crop growth. Previous experiments showed that overexpression of nitrate transporter OsNRT2.3b
significantly increased rice yield, nitrogen use efficiency, and growth duration. Through screening,
we obtained four ethyl methanesulfonate (EMS)-mutagenized mutants with shorter growth duration
compared with O8 of OsNRT2.3b overexpression line. The nitrogen translocation efficiency and
physiological nitrogen use efficiency of the mutants were not significantly different from O8, which
were increased by 24.4% and 14.2%, respectively compared with WT, but the growth duration of
the mutant was significantly lower than O8. Analysis of O8 and mutants showed that the growth
duration positively correlated with grain weight per panicle, grain yield, and nitrogen recovery
efficiency. In conclusion, our results provide a new idea for balancing rice yield and growth duration.

Keywords: OsNRT2.3b; growth duration; grain yield; nitrogen recovery efficiency; rice

1. Introduction

With the increase in population and decrease in arable land, rice yield increase is
mainly achieved by enhancing the yield per unit area. There are many factors affecting
yield, including grain weight per panicle and growth duration [1–4]. Growth duration is
an important factor that determines the season and area of crop growth [5].

Molecular genetic studies have identified many genes that regulate heading and
flowering. Under long-day conditions (LDs), the clock gene GI (GIGANTEA) influences
the flowering of Arabidopsis thaliana by regulating the expression of FT (FLOWERING
LOCUS T) [6]. The GI (GIGANTEAI)–Hd1 (Heading date 1)–Hd3a (Heading date 3a) pathway
is also found in rice [7–9]. The Hd1 promotes flowering in short-day conditions (SDs) and
inhibits flowering in LDs by regulating Hd3a expression [10]. DTH2 promotes flowering
by regulating the expression of Hd3a and RFT1 under LDs [11]. The rice early heading
gene Ehd1 encodes a rice-specific B-type responsive protein, which promotes flowering
under both LDs and SDs by positively regulating the expression of Hd3a and RFT1 (RICE
FLOWERING LOCUS T 1) [8,12].

Excessive or insufficient supply of mineral elements can change the flowering time of
plants [13,14]. Pharbitis nil, a SDs plant grown under LDs with restricted nutrient supplies
enticed flowering and was inversely regulated under excessive nutrients [15]. The flowering
time of Landsberg erecta in 1% and 5% of Hoagland solution was significantly earlier than
the time in the 25% concentration [16]. The flowering of Arabidopsis thaliana was accelerated
by reducing the availability of mineral nutrients in soil [17]. Nitrogen (N) fertilization
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can also delay flowering, and thus, prolong the maturation times of crops [18–20]. Under
the limited supply of nitrate, the flowering of Arabidopsis was significantly promoted
by LDs or SDs, which is a method independent of vernalization [21]. Wang et al. [22]
showed that rice nitrate transporter gene OsNRT1.1A can affect both N use and flowering
time. Sanagi et al. [23] found that low N supply changed the phosphorylation state of
FLOWERING BHLH 4 and accelerated the flowering of Arabidopsis.

The growth duration affects the yield of cereal crops. The short growth duration could
lead to an insufficient accumulation of plant nutrient, and the long growth duration could
lead to an insufficient accumulation of grain filling [24]. OsNRT2.3b is a high affinity nitrate
transporter located on the plasma membrane [25]. Overexpression of OsNRT2.3b could
enhance the pH-buffering capacity of rice, and increase the uptake of 15NH4

+ and 15NO3
−,

in the meantime, it significantly increases the grain yield and nitrogen use efficiency
(NUE) of rice [25,26]. We carried out a forward genetic screening on an EMS-mutagenized
population in O8 of OsNRT2.3b overexpression line. Through screening, compared with O8,
we obtained four mutants with earlier heading time and shorter growth duration. The four
mutants, with the same background as O8, are ideal materials for analyzing the relationship
between growth duration and rice yield. Furthermore, we analyzed the effects of delayed
growth duration of OsNRT2.3b overexpression lines on grain yield and NUE. This provided
us with a new idea for balancing rice yield and growth duration.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The generation and basic molecular properties of OsNRT2.3b overexpression line (O8)
were previously described by Fan et al. [25] and Feng et al. [26]. O8 was treated with 1%
EMS solution to obtain an EMS mutant population.

From May to October, the rice plants were grown in the experimental field of Nanjing
Agricultural University in Nanjing, Jiangsu under natural long-day conditions (118◦49′

E-30◦10′ N, photoperiod of 13.5 h in the daytime and 10.5 h night in summer). The soil
nutrient status was: Total N content, 0.91 g/kg; exchangeable K, 0.19 g/kg; available P
content, 0.018 g/kg; organic matter, 11.56 g/kg; and pH 6.5. The N 40%, 30%, and 40% as
fertilizer (urea) were applied before transplant, tillering, and the heading stage, respectively.
The total N application was 180 kg/ha.

The surface of rice seeds was sterilized with 10% (v:v) H2O2 for 30 min, washed, then
soaked in water for 3 days, sown evenly in wet soil for 3 weeks and the seedlings were
transplanted to field plots. Each line was planted in the same size with three repetitive plots.
The seedlings were planted in an array of 10 × 10 on a plot of 2 × 2 m. The plants on the
outer edge of the plot were removed and samples were obtained. Four points were selected
randomly in the remaining 8 × 8 rice centers, each containing four rice seedlings [27]. At
the same time, the agronomic traits of rice plants in the three plots were analyzed.

The heading time of rice was recorded when about 50% of the rice panicles were
exposed to leaf sheath and some spikes were at flowering. After flowering, rice went
through the early filling stage, milking stage, waxy period, and mature period. The growth
duration of rice is from seedling emergence to seed maturity. Ten seedlings were randomly
selected from three plots for tracking the days to heading time and growth duration.

2.2. The qRT-PCR Assay

On the 50th day after transplant, the fresh leaves from wild-type (WT), O8, and
mutants were collected and frozen for 10 min in liquid N, then stored at −70 ◦C in a
refrigerator. Three samples were collected from each line for expression analysis. The
total RNA was extracted by TRIzol (Vazyme Biotech Co, Ltd., Nanjing, China) and the
residual genomic DNA was enzymolized with DNase I. RNA reverse transcription kit
(HiScript II, Vazyme) was used to reverse the transcription of total RNA to cDNA for
gene expression analysis. Triplicate quantitative assays were performed with 2 × T5 Fast
qRT-PCR Mix (SYBRGreenI) kit (TsingKe Co, Ltd., Beijing, China) on the Step One Plus
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Real-Time PCR Systems (Applied Biosystems, Bio-Rad, Berkeley, CA, USA) [28]. The
amplification of tobacco α-tubulin was used as an internal control to normalize all of the
data. Relative expression level of each sample was determined by normalizing it to the
amount of OsActin1 (LOC_Os03g50885) detected in the same sample and presented as
2−44CT. All of the primers used for qRT-PCR are listed in Table S1.

2.3. Sequence Analysis of OsNRT2.3b and Growth Duration Genes in O8 and EMS Mutants

Seedlings of O8 and EMS mutants were used for DNA extraction by the DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany). For each line, a single plant was used and the
experiment was conducted in triplicate. The DNA samples of O8 and EMS mutants were
used as templates to amplify the full-length genomic sequence of OsNRT2.3b, OsRFT1,
OsHd3a, OsEhd1, OsHd1, OsGI, and OsLHY by the KOD-FX polymerase (Toyobo, Osaka,
Japan) using specific primers (Table S2). Sequences of OsNRT2.3b, OsRFT1, OsHd3a, Os-
Ehd1, OsHd1, OsGI, and OsLHY from O8 and EMS mutants were aligned and analyzed
using MEGA 7.0.

2.4. Determination of Chlorophyll Content (SPAD Value)

The content of chlorophyll (SPAD value) of flag leaf was determined. At the time of
determination, the leaf’s middle vein was avoided and the middle part of the blade was
selected. Each leaf was measured 10–15 times to remove the maximum error value, and
then the average value was obtained. The Nissan SPAD-502 chlorophyll meter was used as
the measuring instrument.

2.5. NUE and N Translocation Efficiency

After harvest, the samples were heated at 105 ◦C for 30 min, dried at 75 ◦C for 3 days,
and then the dry matter quality was measured. The total N content was measured by
Kjeldahl method [29].

The NUE was calculated as described by Chen et al. [29]. We investigated total N
accumulation at anthesis (TNAA), grain N accumulation at maturity (GNAM), and total N
accumulation at maturity (TNAM). N translocation (NT, g/m2) = TNAA-(TNAM-GNAM);
N translocation efficiency (NTE, %) = NT/TNAA × 100%; post-anthesis N uptake, (PANU,
kg/ha) = TNAM-TNAA; N recovery efficiency, (NRE, %) = TNAM/N supply; agronomic N
use efficiency (ANUE, g/g) = grain yield/N supply; physiological N use efficiency (PNUE,
g/g) = grain yield/TNAM.

2.6. Statistical Analysis

Statistical analysis and one-way ANOVA were performed with Excel software (Mi-
crosoft Office 2010) and SPSS13.0 software. Significant differences between the WT and Os-
NRT2.3b overexpressing lines are indicated by different letters (p < 0.05, one-way ANOVA).

3. Results
3.1. Analysis of Growth Duration of Mutants

We analyzed the growth period of OsNRT2.3b overexpression line O8, and found that
the wild-type (WT) stepped into the heading stage at 76 days after transplant (Figure 1a),
whereas the O8 was 98 days (Figure 1d). WT was fully mature after 120 days of transplant-
ing (Figure 1e), while O8 did not mature until 140 days after transplant (Figure 1f).
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The OsNRT2.3b overexpression line O8 was treated with 1% EMS solution to obtain 
EMS mutant population. About 1000 mutants were obtained, and 80 mutants with no 
change in plant type were selected. Four mutants, X48, X53, X57, and X63 were screened 
with earlier heading time and shorter growth duration, compared with O8. The four mu-
tants showed shorter lower grain yield and growth duration in M4 and M5 generations, 
compared with O8 (Figures 2, 3a, and S1). We analyzed the phenotype of the mutants in 
M6 generation in detail. There was no significant difference in the expression of Os-
NRT2.3b in O8, X48, X53, and X63. Compared with O8, the expression of OsNRT2.3b in 
X57 was significantly lower, but significantly higher than in WT (Figure 3b). Compared 
with O8, the heading time of X48, X53, X57, and X63 was reduced by 5, 9, 16, and 19 days, 
respectively, by 5.1%, 9.1%, 16.2%, and 19.2%, respectively (Figure 3c), and the growth 
duration was reduced by 2.5%, 4.5%, 9.8%, and 12.9%, respectively (Figure 3d). In the ma-
ture period of WT, we measured the chlorophyll content of flag leaves of all plants. Com-
pared with WT, the chlorophyll content of O8, X48, X53, X57, and X63 increased by 30.3%, 
23.5%, 17.5%, 14.6%, and 8.7% respectively, indicating that the growth duration of the 
mutants increased (Figure S2). 

Figure 1. The phenotype difference between WT and O8 in late growth stage. (a) 76 days after
transplant; (b) 84 days after transplant; (c) 88 days after transplant; (d) 98 days after transplant;
(e) 120 days after transplant; (f) 140 days after transplant.

The OsNRT2.3b overexpression line O8 was treated with 1% EMS solution to obtain
EMS mutant population. About 1000 mutants were obtained, and 80 mutants with no
change in plant type were selected. Four mutants, X48, X53, X57, and X63 were screened
with earlier heading time and shorter growth duration, compared with O8. The four
mutants showed shorter lower grain yield and growth duration in M4 and M5 generations,
compared with O8 (Figures 2, 3a and S1). We analyzed the phenotype of the mutants in M6
generation in detail. There was no significant difference in the expression of OsNRT2.3b
in O8, X48, X53, and X63. Compared with O8, the expression of OsNRT2.3b in X57 was
significantly lower, but significantly higher than in WT (Figure 3b). Compared with O8, the
heading time of X48, X53, X57, and X63 was reduced by 5, 9, 16, and 19 days, respectively,
by 5.1%, 9.1%, 16.2%, and 19.2%, respectively (Figure 3c), and the growth duration was
reduced by 2.5%, 4.5%, 9.8%, and 12.9%, respectively (Figure 3d). In the mature period of
WT, we measured the chlorophyll content of flag leaves of all plants. Compared with WT,
the chlorophyll content of O8, X48, X53, X57, and X63 increased by 30.3%, 23.5%, 17.5%,
14.6%, and 8.7% respectively, indicating that the growth duration of the mutants increased
(Figure S2).
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Figure 3. Characteristics of WT, O8, and EMS mutants in M6 generation. (a) Phenotype of O8 and 
EMS mutants in WT at maturity stage. (b) Real-time quantitative RT-PCR analysis of endogenous 
OsNRT2.3b expression in various overexpressing lines and WT plants. RNA was extracted from leaf 
blade I. Error bars: SE (n = 3 plants). (c) Days to heading of WT and overexpressing lines. Days to 
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Figure 2. Growth duration and grain yield of EMS mutants in M4 and M5 generations. Growth
duration of EMS mutants in (a) M4 and (b) M5 generations. Error bars: SE (n = 10 plants). Grain
yield of EMS mutants in (c) M4 and (d) M5 generations. Error bars: SE (n = 3). Significant differences
between the WT and OsNRT2.3b overexpressing lines are indicated by different letters (p < 0.05,
one-way ANOVA).

We analyzed the expression of related genes of heading and flowering in mutants.
Compared with O8, the expression of OsRFT1 in X53, X57, and X63 increased by 37.5%,
59.4%, and 120.7%, respectively (Figure 4a). Compared with O8, the expression of OsHd3a
in X48, X53, X57, and X63 increased by 34.8%, 179.1%, 157.0%, and 232.0%, respectively
(Figure 4b); the expression of OsEhd1 increased by 14.9%, 12.9%, 32.3%, and 43.5%, respec-
tively (Figure 4c). There was no significant difference in OsHd1 expression between O8,
X48, X53, X57, and X63 (Figure 4d). Similarly, no significant difference in the expression
of OsGI in O8, X48, and X53 was detected. Compared with O8, the expression of OsGI
in X57 and X63 decreased by 17.0% and 19.7%, respectively (Figure 4e). There was no
significant difference in the expression of OsLHY in O8, X57, and X63. Compared with
O8, the expression of OsLHY in X48 and X53 increased by 20.3% and 12.4%, respectively
(Figure 4f). Furthermore, we amplified and sequenced the gene sequences of OsNRT2.3b,
OsRFT1, OsHd3a, OsEhd1, OsHd1, OsGI, and OsLHY in O8 and EMS mutants, and no base
mutation was found.
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Figure 3. Characteristics of WT, O8, and EMS mutants in M6 generation. (a) Phenotype of O8 and
EMS mutants in WT at maturity stage. (b) Real-time quantitative RT-PCR analysis of endogenous
OsNRT2.3b expression in various overexpressing lines and WT plants. RNA was extracted from leaf
blade I. Error bars: SE (n = 3 plants). (c) Days to heading of WT and overexpressing lines. Days to
flowering was scored when the first panicle was bolted. Error bars: SE (n = 10 plants). (d) Growth
duration of WT, O8, and EMS mutants. The 90% seeds of the main panicle are fully mature. Error
bars: SE (n = 10 plants). Significant differences between the WT and OsNRT2.3b overexpressing lines
are indicated by different letters (p < 0.05, one-way ANOVA).
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Figure 4. Expression of growth duration genes in WT, O8, and EMS mutants. (a) OsRFT1, (b) OsHd3a,
(c) OsEhd1, (d) OsHd1, (e) OsGI, and (f) OsLHY. RNA was extracted from leaf blade I. Error bars:
SE (n = 3 plants). Significant differences between the WT and OsNRT2.3b overexpressing lines are
indicated by different letters (p < 0.05, one-way ANOVA).
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3.2. Analysis of Yield and Agronomic Characteristics of Mutants

Overexpression of OsNRT2.3b can significantly increase the rice yield per plant [25,26].
Moreover, we found that compared with WT, the yield and dry weight of O8 increased
by 48.0% and 38.7%, respectively (Tables 1 and S3). Compared with O8, the yield of X48,
X53, X57, and X63 decreased by 2.7%, 5.4%, 9.5%, and 9.5%, respectively (Tables 1 and S3,
Figure S3), and the biomass decreased by 2.1%, 4.2%, 7.7%, and 7.7%, respectively
(Tables 1 and S3). The grain-straw ratio of O8, X48, X53, X57, and X63 had no significant
difference, but increased by 12.3% compared with WT (Table 1).

Table 1. Agronomic traits of WT, O8, and EMS mutants.

Genotype WT O8 X48 X53 X57 X63

Total tiller number
per plant 28.03 ± 1.41 a 23.06 ± 2.01 b 24.62 ± 1.66 b 23.00 ± 2.31 b 23.60 ± 1.60 b 24.07 ± 1.65 b

Effective tiller
number per plant 20.77 ± 1.05 a 19.85 ± 1.61 a 21.01 ± 1.54 a 19.50 ± 2.04 a 20.80 ± 1.35 a 20.96 ± 1.34 a

Panicle length (cm) 20.80 ± 1.17 d 29.49 ± 1.13 a 28.75 ± 1.39 ab 27.77 ± 0.61 b 26.46 ± 0.59 c 26.25 ± 0.41 c
Grain number

per panicle 77.69 ± 6.70 d 113.58 ± 3.56 a 110.39 ± 5.32
ab 106.75 ± 3.24 b 100.31 ± 3.16 c 98.89 ± 4.05 c

Seed setting rate (%) 80.63 ± 6.36 a 85.46 ± 3.72 a 83.97 ± 3.73 a 81.67 ± 3.02 a 83.87 ± 5.37 a 80.91 ± 5.89 a
Grain weight
(g/panicle) 1.55 ± 0.10 d 2.24 ± 0.08 a 2.19 ± 0.11 ab 2.11 ± 0.06 b 1.96 ± 0.07 c 1.93 ± 0.09 c

Grain width (mm) 3.11 ± 0.06 a 2.75 ± 0.07 b 2.64 ± 0.05 b 2.72 ± 0.11 b 2.69 ± 0.18 b 2.69 ± 0.11 b
Grain length (mm) 7.28 ± 013 b 8.67 ± 0.09 a 8.73 ± 0.21 a 8.63 ± 0.24 a 8.67 ± 0.22 a 8.66 ± 0.20 a

Grain thickness (mm) 2.25 ± 0.05 a 2.28 ± 0.06 a 2.21 ± 0.04 a 2.29 ± 0.05 a 2.28 ± 0.06 a 2.24 ± 0.04 a
1000-grain weight (g) 23.18 ± 0.12 a 23.63 ± 0.06 a 22.04 ± 0.10 a 22.96 ± 0.08 a 22.16 ± 0.19 a 22.65 ± 0.21 a
Grain yield (kg/m2) 0.50 ± 0.03 d 0.74 ± 0.02 a 0.72 ± 0.02 ab 0.70 ± 0.02 b 0.67 ± 0.01 c 0.67 ± 0.01 c
Dry weight (kg/m2) 1.03 ± 0.06 d 1.43 ± 0.02 a 1.40 ± 0.05 ab 1.37 ± 0.03 b 1.32 ± 0.02 c 1.32 ± 0.02 c

Grain–straw ratio 0.93 ± 0.05 b 1.07 ± 0.07 a 1.05 ± 0.07 a 1.05 ± 0.03 a 1.03 ± 0.05 a 1.02 ± 0.04 a

Statistical analysis was performed on data derived from the M6 generation; n = 3 for each mean.

Furthermore, we analyzed the related agronomic traits. There was no significant
difference in total tiller number per plant, effective tiller number per plant, seed setting
rate, grain width, grain length, grain thickness, 1000-grain weight, and grain–straw ratio
between O8 and EMS mutants (Table 1). Compared with O8, the panicle length of X48, X53,
X57, and X63 decreased by 2.5%, 5.8%, 10.3%, and 11.0%, respectively; the grain number
per panicle decreased by 2.8%, 6.0%, 11.7%, and 12.9%, respectively; the grain weight per
panicle decreased by 2.2%, 5.8%, 12.5%, and 13.8%, respectively (Table 1).

3.3. NUE Analysis of Mutants

The method of measuring NUE usually calculates the plant biomass and yield under
unit N application [30]. We analyzed the total N concentration, dry matter, and total N
content of O8 and EMS mutants. At the anthesis stage, the biomass and total N content of O8,
X48, X53, X57, and X63 increased significantly compared with WT (Figure 5a,c), and there
was no significant difference in total N concentration between WT, O8, and EMS mutants
(Figure 5b). At the maturity stage, the biomass and total N content of O8 and EMS mutants
increased significantly compared with WT (Figure 5d,f), and the total N concentration of
leaves of O8 and EMS mutants decreased significantly compared with WT (Figure 5e).

NUE can further define the components, including N uptake efficiency, N utilization
(assimilation) efficiency, apparent N recovery rate, agronomy efficiency of fertilizer N, N
physiological use efficiency, N transport efficiency, and N remobilization efficiency [30].
Compared with WT, the N translocation, N translocation efficiency, post-anthesis N uptake,
agronomic N use efficiency, N recovery efficiency, and physiological N use efficiency of
O8, X48, X53, X57, and X63 increased significantly (Figure 6). Compared with O8, the
N translocation of X48, X53, X57, and X63 decreased by 2.0%, 7.2%, 14.1%, and 13.6%,
respectively (Figure 6a, Table S3), the agronomic N use efficiency decreased by 3.3%,
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5.5%, 9.6%, and 9.9%, respectively (Figure 6d, Table S3), and the N recovery efficiency
decreased by 2.5%, 5.3%, 8.0%, and 6.8%, respectively (Figure 6e, Table S3). N translocation
efficiency, post-anthesis N uptake, and physiological N use efficiency of the mutants was
not significantly different compared with O8, and increased by about 24.4%, 16.1%, and
14.2% compared with WT (Figure 6b,c,f).
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and OsNRT2.3b overexpressing lines are indicated by different letters (p < 0.05, one-way ANOVA).
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3.4. Regression Analysis of Growth Duration and Grain Yield

To analyze the growth effect of OsNRT2.3b overexpression lines on rice yield, we
used O8, X48, X53, X57 and X63 to analyze the relationship between growth duration,
grain weight per panicle, grain yield and N recovery efficiency. The results of univariate
quadratic regression analysis showed that grain weight per panicle, grain yield and N
recovery efficiency were positively correlated with growth duration (Figure 7).
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In accordance with the correlation analysis of growth duration and grain yield, when
the growth duration of OsNRT2.3b overexpression line increased to 0%, the grain yield
increased by 32.8% (Figure S3).

4. Discussion

Heading time and growth duration are important agronomic traits in rice seed produc-
tion [1–3]. The modification of growth cycle is of great significance to regional adaptation
and yield optimization [5,31].

OsHd1 and OsEhd1 are two key genes in rice photoperiod regulation [8,10]. OsGI is
the upstream gene of OsHdl and Hd3a, overexpression of OsGI will increase the expression
of Hdl and reduce the expression of OsHd3a, resulting in the inhibition of rice flowering [7].
OsEhd1 influences rice flowering by regulating the expression of OsHd3a and OsRFT1 [8,12].
Compared with WT, the expression of OsRFT1, OsHd3a, and OsEhd1 in the overexpression
of OsNRT2.3b lines was significantly reduced (Figure 4), which may be the main reason for
their delayed heading time and longer growth duration. Compared with O8, the expression
of OsRFT1, OsHd3a, and OsEhd1 was upregulated in mutant lines X48, X53, X57, and
X63 (Figure 4a–c), and the heading time and growth duration were shorter (Figure 3c,d).
However, it is not clear how OsNRT2.3b regulates the expression of OsRFT1, OsHd3a, and
OsEhd1 in rice.

Rice grain yield and heading time are two distinct traits regulated by different QTLs [3,32].
The growth duration affects the yield of cereal crops [33,34], and the appropriate increase
in growth duration could significantly increase crop yield [2]. Liu et al. [35] reported
that overexpression of OsCOL9 in rice decreased the expression of EHd1, RFT, and Hd3a,
increased the growth duration of rice under SDs and LDs, and finally increased the number
of grains in main rice panicle. Knockout of oscol9 shortened the plant growth duration
and reduced the grain number of main panicles [35]. Ghd7 induced the decrease in the
expression of Hd3a under LDs, delayed the heading and flowering of rice, and increased the
number of grains per panicle [36]. Wu et al. [37] reported that overexpression of OsCOL16
could increase the expression of Ghd7, reduce the expression of Ehd1, Hd3a, and RFT1,
increase the growth duration of rice, increase the panicle length and grain number per
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panicle, and finally increase the grain yield. Moreover, we found that O8 line along with its
four mutant lines had a significant increase in growth duration (Figures 2 and 3), the grain
weight per panicle, grain yield, and N recovery efficiency (Tables 1 and S3, Figure 6e). The
results showed that grain weight per panicle, grain yield, and N recovery efficiency were
significantly positively correlated with growth duration in O8 and EMS mutants (Figure 7).
Of course, the increase in rice yield does not necessarily attribute to the growth duration.
Our previous results showed that overexpression of OsNAR2.1 could increase rice yield,
but did not affect the growth duration of rice [27–29].

We previously reported that OsNRT2.3b is a high affinity nitrate transporter located
on the plasma membrane. Overexpression of OsNRT2.3b could enhance the pH-buffering
capacity of rice, and increases the uptake of 15NH4

+ and 15NO3
−, in the meantime, it

significantly increases the grain yield and NUE of rice [25]. Feng et al. [26] reported that
overexpression of OsNRT2.3b in low phosphorus soil could increase the grain yield by 44%
in rice. Our field experiments showed that the grain yield of O8 line increased by 48%
compared with WT (Tables 1 and S3). We analyzed the growth duration of O8 and WT,
which increased by about 25 days compared with WT (Figures 1 and 3d). In accordance
with the correlation analysis of growth duration and grain yield (Figure 7a), the grain
yield of O8 could be increased by 32.8% when the growth duration of O8 and WT was not
different (Figure S3), and N transport efficiency, post-anthesis N uptake, and physiological
N use efficiency did not change (Figure 6b,c,f). Therefore, overexpression of OsNRT2.3b
can significantly increase rice yield and NUE, while higher yield and NUE can be achieved
by appropriate extension of growth duration. Overexpression of OsNRT2.3b affects the
growth duration of rice. However, its molecular mechanism is not clear, which requires
further exploration.

5. Conclusions

The growth duration was significantly higher in O8, the OsNRT2.3b overexpression
line, compared with WT. Four mutants with shortened growth duration were obtained
by the EMS treatment of O8. The grain yield, plant biomass, and NUE were significantly
increased in O8 and EMS mutants as compared with WT. Among O8 and EMS mutants,
grain weight per panicle, grain yield, and N recovery efficiency were correlated with
growth duration. In conclusion, our results provide a new idea for balancing rice yield and
growth duration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12060799/s1. Table S1: Primers used for qRT-PCR;
Table S2: Primers used to amplify the full-length of OsNRT2.3b and growth duration genes; Table S3:
Enhanced percentage of growth duration, grain yield, and NUE of O8 and EMS mutants relative to
WT (n = 3 plots for each mean). The different letters indicate a significant difference between the WT
and OsNRT2.3b overexpressing lines (p < 0.05, one-way ANOVA); Figure S1: Phenotype of WT, O8,
and EMS mutants in M6 generation at anthesis stage; Figure S2: Chlorophyll content and growth
duration of O8 and EMS mutants. (a) Grain phenotype of O8 and EMS mutants. (b) SPAD of O8
and EMS mutants. The sample is obtained from the flag leaf of the mature period. Error bars: SE
(n = 10 plants). The different letters indicate a significant difference between the WT and OsNRT2.3b
overexpressing lines (p < 0.05, one-way ANOVA); Figure S3: Enhanced percentage of grain yield and
growth duration of O8 and EMS mutants relative to WT. Yellow line: Enhanced percentage of grain
yield of O8 and EMS mutants relative to WT. Blue line: Enhanced percentage of growth duration of
O8 and EMS mutants relative to WT.
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