s
B
)
-
<
-
o
-
1]
v
]
V
(=4

‘ https://doi.org/10.1093/plphys/kiac178 PLANT PHYSIOLOGY 2022: 189: 1608—1624

Plant Physiology*

The rice transcription factor Nhd1 regulates root
growth and nitrogen uptake by activating nitrogen
transporters

Kangning Li ©®," Shunan Zhang ® ,"*" Shuo Tang ®," Jun Zhang,"' Hongzhang Dong ® ,’
Shihan Yang @ ," Hongye Qu," Wei Xuan ® ," Mian Gu ® " and Guohua Xu ® "*"

1 State Key Laboratory of Crop Genetics and Germplasm Enhancement, Key Laboratory of Plant Nutrition and Fertilization in Low-Middle Reaches
of the Yangtze River, Ministry of Agriculture, Nanjing Agricultural University, Nanjing 210095, China

*Authors for correspondence: zhangsn@njau.edu.cn (S.Z.); ghxu@njau.edu.cn (G.X.)

"Senior authors.

S.Z, GX, and KL. planned and designed the research. KL, S.Z, and S.T. conducted most of the experiments and data analysis. M.G. conducted the
immunostaining analysis. ).Z, H.D,, Y. S, and H.Q. contributed to experimental analysis. G.X, S.Z, and K.L. wrote the manuscript.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plphys/pages/general-instructions) is: Guohua Xu (ghxu@njau.edu.cn).

Abstract

Plants adjust root architecture and nitrogen (N) transporter activity to meet the variable N demand, but their integrated
regulatory mechanism remains unclear. We have previously reported that a floral factor in rice (Oryza sativa), N-mediated
heading date-1 (Nhd1), regulates flowering time. Here, we show that Nhd1 can directly activate the transcription of the
high-affinity ammonium (NH;") transporter 1;3 (OsAMT1;3) and the dual affinity nitrate (NO3) transporter 2.4 (OsNRT2.4).
Knockout of Nhd1 inhibited root growth in the presence of NO; or a low concentration of NH; . Compared to the wild-
type (WT), nhd1 and osamt1;3 mutants showed a similar decrease in root growth and N uptake under low NH; supply,
while nhd1 and osnrt2.4 mutants showed comparable root inhibition and altered NOJ translocation in shoots. The defects
of nhd1 mutants in NH; uptake and root growth response to various N supplies were restored by overexpression of
OsAMTT1;3 or OsNRT2.4. However, when grown in a paddy field with low N availability, nhd7 mutants accumulated more N
and achieved a higher N uptake efficiency (NUpE) due to the delayed flowering time and prolonged growth period. Our
findings reveal a molecular mechanism underlying the growth duration-dependent NUpE.

Introduction stimulate the proliferation and growth of nitrifying bacteria

Ammonium (NH;') and nitrate (NO;") are the major inor-
ganic nitrogen (N) sources acquired by plant roots from soil
(Miller and Cramer, 2004; Xu et al, 2012). In flooded soil,
NH;r is the dominant N form, since nitrification is inhibited
in such condition (Wang et al, 1993; Kronzucker et al,
2000). Rice (Oryza sativa) can transport and secrete oxygen
generated from shoot photosynthesis to the rhizosphere
through its well-developed aerenchyma where oxygen can

(Briones Jr et al., 2003). With the action of nitrifying bacteria,
a part of NH; can be converted into NO;~ through nitrifi-
cation process (Li et al, 2008). Paddy rice generally grows
under flooded soil in early stage, while it undergoes alterna-
tive drying and wetting management of soil in later stage
(Bouman and Tuong, 2001; Belder et al, 2004). Therefore,
paddy rice at the late growth stage can absorb NO3™ in large
quantity (Arth et al, 1998; Kirk and Kronzucker, 2005).
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Many transporter genes belonging to ammonium trans-
porter (AMT) family have been demonstrated to contribute
to root NH; acquisition (Loque and von Wiren, 2004; Li
et al, 2012; Tegeder and Masclaux-Daubresse, 2018). Rice ge-
nome contains at least 10 AMT genes (Sonoda et al., 2003;
Ferreira et al, 2015). OsAMT1;1 contributes ~25% of the to-
tal NH; uptake capacity in roots at both low and high con-
centration ranges (Li et al, 2016). Triple knockout of
OsAMTT;1, OsAMT1;2, and OsAMT1;3 resulted in ~95% re-
duction of NH; uptake (Konishi and Ma, 2021), suggesting
AMTs facilitate a dominant NH; absorption route in roots.
NO;J acquisition in roots is mediated by the transporter
genes belonging to both nitrate/peptide transporter family
(NPF) and nitrate transporter 2 (NRT2) family (Wang et al,
2018). To date, multiple NO3 transporters in rice have been
well characterized (see the review by Fan et al, 2017; Tang
et al, 2019; Wang et al, 2020). Among them, OsNRT2.4
(named as NRT2.4 in this article) has been characterized as
a dual-affinity NO; transporter and functions in NO; -regu-
lated root growth and NOj remobilization in rice (Wei
et al, 2018).

The N requirement in plant fluctuates at different devel-
opmental stages, and is largely influenced by endogenous
growth demand, that is, the sink strength (Pitman and
Cram, 1973; Glass, 2003). Plants adjust root architecture and
N transporter activity to meet the variable N demand.
Nowadays, improving N uptake efficiency (NUpPE) in crops is
of great importance for the sustainable agricultural practice.
It should be noted that NUpE in crop is determined by
both N acquisition rate and growth duration (reviewed by
Glass, 2003; Garnett et al., 2009; Xu et al., 2012).

Crop vyield highly relies on an appropriate growth period
to ensure the optimization of the use of light, heat, water,
and nutrient resources in agricultural practice. The growth
period of grain crops consists of vegetative stage before
flowering (heading in rice) and thereafter reproductive stage
(Minoli et al, 2019). The time and proportion allocated to
vegetative and reproductive growth play critical roles in de-
termining the potential of natural resource capture by crops
during the growing season (Sharma, 1992; Egli, 2011). The
flowering time that is the transitional state from vegetative
to reproductive stage basically determines the entire growth
period (Egli, 2011; Fischer, 2016). Early transition decreases
yield, while delayed transition can lead to larger panicles
(Kyozuka et al., 2014). Flowering time is determined by mul-
tiple endogenous and exogenous factors to ensure the tran-
sition to reproduction with favorable environmental
conditions (Song et al, 2013; Cho et al,, 2017).

Many floral factors and their associated genetic compo-
nents for determining flowering time under various environ-
mental conditions have been identified in Arabidopsis
(Arabidopsis thaliana) and rice (Kazan and Lyons, 2015; Cho
et al, 2017; Zhou et al, 2021), while their potential roles in
regulating root nutrient acquisition remain unclear. We have
previously demonstrated that N-mediated heading date-1
(Nhd1) regulates flowering time via activating transcriptional
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expression of Heading date 3a (Hd3a; Zhang et al, 2021). In
this study, we show that Nhd1 can directly activate the ex-
pression of a high-affinity NH," transporter gene OsAMT1;3
(named as AMT1.3 in this article) and a dual affinity NOJ
transporter gene NRT2.4. Physiological, molecular, and ge-
netic analysis of nhd1, amt1.3, and nrt2.4 mutants revealed
that root growth and N uptake rate were decreased in nhd1
mutants resulting from the suppression of AMT1.3 and NRT24,
while total N accumulation and NUpE of nhd1 mutants were
increased at low N supply due to a prolonged vegetative and
entire growth period. Our findings not only extend the Nhd1-
centred regulatory pathway of N use efficiency (NUE), but
also highlight the critical role of flowering time in maintaining
plant NUpE, particularly in paddy field with low N input.

Results

Nhd1 is required for root growth under various N
supplies and high-affinity NH, uptake

To test whether the increased total N accumulation and
NUpE of nhd1l mutants under limited N supply (Zhang
et al, 2021) is related to the alteration of root development
and/or N absorption capacity, we monitored the root mor-
phology and "°N-labeled N uptake rate of nhd1 mutants un-
der different N supplies. Compared with wild-type (WT)
and a segregated nontransgenic line (designed as a negative
control [NC]), nhd1 mutants showed a decrease in seminal
root (SR) length, total lateral root (LR) number, and LR
length when low (0.25mM) NO;~ (LNi), high (25mM)
NO;~ (HNi), or low (025mM) NH; (LA) was supplied as
the sole N source (Figure 1, A-D). In contrast, in the pres-
ence of a high level (25mM) NH; (HA), no alteration in
any of the root traits was observed in the nhd1 mutants
(Figure 1, A-D).

Compared with WT and NC lines, the "NO;™ influx rate
of nhd1 mutants was unchanged no matter if exposing to
LNi or HNi (Figure 1E). In contrast, the ">NH; influx rate of
nhd1 lines was significantly lower than WT and NC lines un-
der LA supply (Figure 1E). Notably, the root growth or
">NH; influx rate between WT, NC, and nhd1 lines showed
no significant difference at HA supply (Figure 1, A—E). These
results suggest that the loss of Nhd1 function in rice actually
restricts root growth and N acquisition in the presence of
NO; or LA.

Nhd1 directly activates the expression of NRT2.4
and AMT1.3 by binding to their promoters

Plasma membrane-localized NO; and NH; transporters not
only contribute to root N uptake but also modulate root
growth responses to different forms and concentrations of
N (Fan et al, 2017; Jia and von Wiren, 2020). Since expres-
sion level of Nhd1 was increased with the increase of N con-
centration in both root and shoot (Supplemental Figure
S1A; Zhang et al, 2021), we investigated whether the im-
paired root growth in nhd1 mutants were caused by altered
expression of N transporter genes. We first examined the ex-
pression of six NPF/NRT2/AMT genes that contain Nhd1-
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Figure 1 Knockout of Nhd1 inhibits root growth and reduces *NH;" uptake rate under N limited condition. A, Root phenotype of WT (Nip), NC
(a segregated nontransgenic line), and nhd1 mutants. Each line was treated by 0.25mM and 2.5mM NO;j or NH for 7 days. The arrow indicates
apical position of the SR. Scale bar, 1cm. B-D, LR number (B), LR length (C), and SR length (D) of the different lines shown in (A). E, The NO;
and NH influx rate per root unit weight of WT, NC and nhd1 mutants supplied with 0.125mM and 1.25 mM Ca("®NOs), (atom% 15N:15N0g,
40%) or (**NH,),SO, (atom% 15N:15NHI, 40%) for 5min. DW indicates dry weight. Values in (B-E) are means+sp (n = 3). One-way ANOVA
(Analysis of Variance) was used for the statistical analysis (*P < 0.05; **P < 0.01).

binding site (NBS) in their promoter regions (Zhang et al,  concentration (Supplemental Figure S1G Figure 2, A and G).
2021; Supplemental Figure S1B). Among these genes, only  Notably, the promoters of NRT2.4 and AMT1.3 both contain
NRT2.4 and AMT1.3 expression was dramatically suppressed  two NBS, the core sequence: AAAAATCT (Figure 2, B and
in both root and shoot of nhd1 mutants regardless of N H). In addition, we compared the expression of several
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previously reported NO; assimilation-related protein (NRT/
NAR)/AMT genes that do not contain NBS in their pro-
moters (Supplemental Figure S1B) in WT and nhd1 mutants.
Loss of Nhd1 function did not affect expression of NRT1.1q,
NRT1.1b, NRT2.1, NRT2.3, NAR2.1, and AMT1.2 or decreased
expression of AMT1.7 and AMT2.1 only in shoot, but not in
root (Supplemental Figure S1D), suggesting that these trans-
porter genes might be not the direct targets of Nhd1 in rice.

To investigate whether Nhd1 is capable of directly binding
to the promoters of NRT2.4 and AMT1.3, we conducted the
yeast one-hybrid assay, electrophoretic mobility shift assay
(EMSA), chromatin  immunoprecipitation  (ChIP)-qPCR
(quantitative PCR) assay and transactivation assay of LUC
(Luciferase)-report driven by NRT2.4 or AMT1.3 promoter
(Figure 2, C—F and 1-K). All these results confirm that Nhd1
can directly bind to NBS-containing fragments of NRT2.4
and AMT1.3 promoters to activate their expression.

AMT1.3 or NRT2.4 functions downstream of Nhd1
in facilitating high-affinity NH; uptake and NO;
partitioning, respectively

To investigate the cellular localization of Nhd1 and AMT1.3
in rice roots, we performed immunostaining analysis with an
antibody against GUS driven by their respective promoter.
In crown root, Nhd1 was expressed in the exodermis, cortex,
pericycle, and vascular parenchyma (including the phloem
companion cells) but not in the degenerated/exfoliated epi-
dermis or sclerenchyma cell layer (Figure 3, A and B); in LR,
Nhd1 was expressed in exodermis, sclerenchyma, pericycle,
and vascular parenchyma cells (Figure 3C). Interestingly,
AMT1.3 was specifically expressed in the phloem companion
cells in crown root (Figure 3, D and E). However, AMT1.3 ex-
pression was confined to the sclerenchyma cell layer, pericy-
cle, and vascular parenchyma cells in LR (Figure 3F). In
previous studies, NRT2.4 was found to be expressed in the
phloem companion cell in crown root (Wei et al, 2018).
Nevertheless, Nhd1 co-localized with AMT1.3 in all the cell
types showing AMT1.3 expression.

To investigate whether AMT1.3 is responsible for Nhd1-
dependent regulation of NH; uptake, the biochemical func-
tion and physiological role of AMT1.3 were characterized. It
has previously been reported that AMT1.3 is induced by N-
deficiency in rice roots and is able to complement a yeast
mutant line defective in NH; uptake under LA condition
(Sonoda et al, 2003; Li et al, 2006), implying that AMT1.3
serves as a high-affinity NH;™ transporter.

In this study, we reinforced this conclusion by examining
the transport activity of AMT1.3 in Xenopus laevis oocytes.
Bathed with 025-mM ""NH}, AMT13 cRNA-injected
oocytes exhibited a one-fold increase of '°N-uptake in com-
parison to the water-injected control at pH 5.5 or pH 74,
whereas no significant NH; uptake activity was detected
when oocytes were incubated in 2.5-mM ""NH; (Figure 4A).
In addition, the K., value of AMT1.3 for NH, was estimated
to be 63 UM (Figure 4B).
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Next, we generated amt1.3 mutant lines through the
CRISPR/Cas9  (Clustered  Regularly Interspaced  Short
Palindromic Repeats associated 9) system (Supplemental
Figure S2). Similar to that found in nhd1 mutants, NH; up-
take was reduced in amt1.3 mutants when NH; was supplied
at a low concentration (Figure 4C). This result indicated that
the suppressed expression of AMT1.3 in nhd1 mutant may be
the cause of the impaired NH; uptake. To verify the poten-
tial genetic interaction between Nhd1 and AMT1.3/NRT24,
AMT1.3 and NRT2.4 were overexpressed in the nhd1 mutant
background, generating nhd1/2.4-OFE and nhd1/1.3-OF lines
(Supplemental Figure S3A). It showed that the overexpression
of AMT1.3 recovered NH; uptake in nhd1 mutant to a simi-
lar extent as in WT (Figures 1, E and 4, D), confirming that
AMT1.3 functions downstream of Nhd1 in facilitating high-af-
finity NH,; uptake in roots. All these results suggest that
Nhd1 is required for maintaining high-affinity NH; influx via
promoting the transcription of AMT1.3 in rice roots.

In our previous work, we demonstrated that NRT2.4 is a
dual affinity NO;™ transporter and responsible for NO; -reg-
ulated root development and NO; translocation, but
NRT2.4 does not directly mediate NOJ absorption in rice
roots (Wei et al, 2018). Consistent with this, neither the
knockout of Nhd1 or NRT2.4 nor the overexpression of
NRT2.4 in nhdl mutant altered NO; acquisition in roots
(Figures 1, E, 4, C and D), implying that Nhd1-NRT2.4 mod-
ule does not directly regulate NOJ uptake in rice root.
Moreover, the mutation of either Nhd1 or NRT2.4 resulted in
a higher accumulation of "NO;~ in CS (the mixture of basal
nodes and leaf sheaths), and a lower NO;™ distribution in
leaf blade (Figure 4E). When ">NO;™ was supplied to leaf, the
mutation of Nhd1 and NRT2.4 resulted in more accumulation
of "N in shoot basal, and decreased >N accumulation in the
youngest leaf blade, while such impaired distribution of NO;
in the shoot of nhd1 mutant could be rescued by overexpres-
sion of NRT24 (Figure 4F). The result is in agreement with
our previous finding that NRT2.4 contributes to NO; remo-
bilization in shoot (Wei et al, 2018) and further supported
the notion that NRT2.4 functions downstream of Nhd1.

NRT2.4 and AMT1.3 are responsible for
Nhd1-mediated root growth responses to

various N supplies

We wondered whether the defect of root development in
nhd1 mutants was caused by the suppression of NRT2.4 and
AMT1.3. Thus, the root traits of nrt2.4 and amt1.3 mutant
lines together with the WT, NC line, and nhdl mutants
were examined in a hydroponic system supplied with vari-
ous N sources. Under NO; supplies (either LNi or HNi con-
ditions), nrt2.4 mutants showed defective root growth
phenotypes like that of nhd1 mutants, namely decreased SR
length, LR number, and LR length, whereas the root growth
of amt1.3 mutants remained unchanged at the same condi-
tion (Figure 5, A-D). In the presence of LA supply, amt1.3
mutants but not nrt2.4 mutants displayed an impairment in
their root traits like that in nhd1 mutants, while no
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Figure 3 Cellular localization of Nhd1 and AMT1.3 in rice roots. A-C, Cellular localization of Nhd1 in adventitious root (A and B) and LR (C). D-F,
Cellular localization of AMT1.3 in adventitious root (D and E) and LR (F). Immunostaining was performed against the GUS antibody with the
transgenic rice plants carrying the ProNhd1:GUS and ProAMT1.3:GUS constructs. B and E are the magnified views of the regions in the dotted
boxes in (A) and (D), respectively. ep, epidermis; ex, exodermis; sc, sclerenchyma; co, cortex; en, endodermis; pc, pericycle; vp, vascular paren-
chyma; cc, phloem companion cell; v, metaxylem vessel; s, metaphloem sieve tube. Bars, 50 pum.

significant alteration of all root traits was detected among
all the genotypes upon HA supply (Figure 5, A-D). These
results suggest that the altered root development of nhd1
mutants under various N supplies is very likely due to the
reduced expression of NRT24 and AMT1.3, respectively
(Figures 1, A-D, 2, A, G, and 5, A-D).

To validate this hypothesis, the root growth responses of
nhd1/2.4-OE and nhd1/1.3-OE plants to various N supplies
were further examined by hydroponics. It was shown that
the defects of root growth in nhd1 mutants were largely re-
stored by the overexpression of NRT2.4 under NO;J supplies,
or by the overexpression of AMT1.3 under LA and under an
even lower level of external NH; (0.1mM) (Figure 5, E-G;
Supplemental Figure S3, B-F; Supplemental Table S1).
Altogether, these results demonstrate that Nhd1 modulates
root growth responses to NO; and NH; via governing the
expression of NRT2.4 and AMT1.3, respectively.

Intriguingly, the mutation of NRT2.4 did not change root
growth (Figure 5) and ">N-NH; absorption rate (Figure 4C)
when NH; was the only N source. In similar, the mutation
of AMT1.3 did not affect the root growth (Figure 5) and dis-
tribution of N under varied NO; supplies (Figure 4E).
Meanwhile, we detected AMT1.3 expression in nrt2.4 mu-
tant and NRT2.4 expression in amt1.3 mutant, and no signif-
icant change was observed between WT and the mutants
(Supplemental Figure S4). These results indicate that even
though both NRT2.4 and AMT1.3 function downstream of

Nhd1, they regulate root response to NO; and NOJ distri-
bution, and high-affinity NH; acquisition independently.

Nhd1, AMT1.3, and NRT2.4 are involved in
maintaining root growth at low N supplied paddy
soil
Rice grown in paddy field takes up NH; as the major form
of inorganic N and NO; as an accompanying N source
(Arth et al, 1998; Kirk and Kronzucker, 2005; Li et al,, 2008;
Sun et al, 2016). Following a common agricultural practice,
we transplanted 28-day-old seedlings of the knockout lines
of nhd1, amt1.3, and nrt2.4 together with the WT and NC
lines in paddy field applied with 150 or 300kg N ha™', and
monitored their root traits during the entire growth season.
We sampled the roots from soil at the transplanting, tiller-
ing, flowering (heading), and mature grain stage. Since the
flowering time and fully grain maturation of nhd1 mutants
were delayed for ~2weeks in comparison to WT, NC,
amt1.3, and nrt2.4 lines due to inactivation of Nhd1 and flo-
ral factor Hd3a (Zhang et al, 2021; Supplemental Figure S5,
B-E), we performed an additional sampling for nhd1
mutants at its mature grain stage (105days after seedling
emergence [DAE]). When grown in the paddy field with
high N input, no significant difference in either root length
or total root dry weight per plant was observed in all the
mutant lines compared with WT and NC during the entire
growth season (Figure 6, A-C; Supplemental Figures S5A
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(Nip), NC (a segregated nontransgenic line). The values represent means+sp of five (A and B) and three (C, D, E, and F) biological replicates. One-

way ANOVA was used for the statistical analysis (*P < 0.05, **P < 0.01).

and S6; Supplemental Table S2). In contrast, mutations of
Nhd1, AMT1.3, and NRT2.4 resulted in a dramatic decrease
in both root length and total root dry weight when grown
in the limited N input paddy field (Figure 6, D-F;
Supplemental Figures SSA and S6; Supplemental Table S2).
A mathematical model predicts that NO; accounts for
15%-40% of total N acquired by rice roots cultivated in
paddy field (Kirk and Kronzucker, 2005). Therefore, we fur-
ther conducted a hydroponic experiment mimicking the N
availability in paddy soil by providing the plants with a mix-
ture of NO;™-N and NH; -N at ratio of 1:3 approximately
(N1A3) (Mix-LN: 0.06 mM NO;~ and 0.19mM NH;; Mix-
HN: 0.6mM NO;™ and 19mM NHJ). As expected, both

nhdl and amt1.3 showed suppressed root growth under
Mix-LN condition (Figure 6, G-J; Supplemental Table S1).
Such a defective root growth of nhd1 mutants was fully res-
cued by the overexpression of AMT1.3 (Figure 6, G-J;
Supplemental Table S1), consistent with that shown in
Figure 5, E-G and Supplemental Table S1. Surprisingly, un-
like the suppressed root growth in hydroponic conditions
with NOJ™ as sole N source, nrt2.4 did not show significant
root growth defect under Mix-HN condition (Figure 6, G-J;
Supplemental Table S1). Since NH; is the favorited N form
for rice plants (Tabuchi et al, 2007; Xu et al, 2012) and
presence of NH/ in growth media largely reduces NO;~ up-
take (Glass, 2003), the constant high ratio of NH] in
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Figure 5 Effects of Nhd1, AMT1.3, and NRT2.4 knockout on root growth under various N supplies. A, Root phenotype of WT, NC, and the mutants
of nhd1, amt1.3, and nrt2.4 under different N treatment for 7 days. The arrow indicates apical position of the SR. Scale bar, 1cm. B, C, and D, LR
number (B), LR length (C), and SR length (D) of the different lines under the treatments shown in (A). E-G, LR number (E), LR length (F), and SR
length (G) of WT, NC, the mutants of nhd1, nrt2.4, amt1.3, and nhd1/2.4-OE, nhd1/1.3-OE under the treatments shown in Supplemental Figure
S3B. Raw data are shown in Supplemental Table S1. WT (Nip), NC (a segregated nontransgenic line), LR, SR. Values in (B-G) are means=+SD
(n = 3). One-way ANOVA was used for the statistical analysis (*P < 0.05; **P < 0.01).

hydroponics might diminish the root response of nrt2.4
mutants to NO;~. In contrast, due to strong nitrification
and rapid root uptake of NH (Kirk and Kronzucker, 2005;
Tabuchi et al, 2007; Li et al,, 2008), the roots might experi-
ence relative higher proportion of NO;™ at the low N sup-
plied paddy soil, thus, led to a strong inhibition of root
growth in nrt2.4 mutants.

Nhd1, AMT1.3, and NRT2.4 function in altering

shoot architecture and NUpE in the paddy field

To reveal the function of Nhd1, AMT1.3, and NRT2.4 in de-
termining NUpE, we carefully monitored their effect on rice
growth and N acquisition in paddy field. In comparison to
WT and NC lines, nhd1 and nrt2.4 mutants showed a sub-
stantial decrease in shoot height and total N accumulation,
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Figure 6 Knockout of Nhd1, NRT2.4, or AMT1.3 alters root morphology under N limited soil condition. At 28 DAE (July 14th), the seedlings of
WT, NG, and the mutants of nhd1, nrt2.4, and amt1.3 were transplanted to the field. A-F, The root distribution, length and weight grown in paddy
field until 105 DAE. The mutants of nhd1 were in the maturity stage, while WT, NC, nrt2.4, and amt1.3 mutants were at 2 weeks after their matu-
ration. High N: 300 kg-N/ha, low N: 150 kg-N/ha. A and D, The roots of the plants after removing of the soil by gentle washing with tap water un-
der high N (A) or low N (D) treatment. Scale bar, 5cm. B, C, E, and F, Root length and root weight of the plants shown in (A) and (D) and
Supplemental Figures SSA and S6 at the different sampling time during entire growth period. Root length was measured from the longest point of
the root tip to rhizome junction. Root weight represents the dry weight per plant. The statistical data are shown in Supplemental Table S2. G,
Root phenotype of WT, NC, nhd1, nrt2.4, and amt1.3 mutants, the complementation line of nhd1 overexpressing AMT1.3 (nhd1/1.3-OE) after the
treatments for 7 days. NTA3 (NO; :NH; = 1:3, mimic the proportion of N forms in the paddy field). The arrow indicates apical position of the SR.
Scale bar, 1cm. H-J, LR number (H), LR length (1), and SR length (J) of plants shown in (G). Raw data of (H-J) are shown in Supplemental Table
S1. WT (Nip), NC (a segregated nontransgenic line), LR, and SR. Values in (B, C, E, F, H, I, and J) are means=sp (n = 3). One-way ANOVA was

used for the statistical analysis (*P < 0.05; **P < 0.01).

but more tiller numbers at 56-91days after emergence irre-
spective of N supplies (Figure 7, A-E; Supplemental Table
$3). Given that NRT2.4 mainly contributes to NO;  translo-
cation among rice aerial part (Wei et al, 2018), it makes

sense to observe an altered shoot architecture and total N
accumulation in nrt2.4 mutants. Meanwhile, knockout of
AMT1.3 repressed shoot height and reduced N accumula-
tion in paddy field only under low N supply (Figure 7, A-E
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Table S3.

Supplemental Table S3), further confirming that AMT1.3
plays a major role in N acquisition as a high-affinity NH,"
transporter in rice.

As previously reported, knockout of Nhd1 substantially
limited growth rate resulting in 2-week delay of flowering
time (Figure 7A; Supplemental Figure S5, B-C; Zhang et al,
2021). Thereby, prolonged growth period and increased N
absorption period of nhd1 allowed the mutants to accumu-
late more total N than WT and NC lines at the mature
grain stage under low N input condition, leading to an even
higher NUpE (Figure 7, E and F; Supplemental Table S3). In
contrast, the total N accumulation and NUpE showed no
difference with WT under high N input condition (Figure 7,
E and F; Supplemental Table S3), indicating that Nhd1-
AMT1.3 module plays a minor role in N acquisition in an
N-replete environment. In addition, Nhd1 mutation led to

an increase in grain yield under low N condition, while
NRT2.4 mutation led to a decrease in grain vyield
(Supplemental Figure S7). There was no significant difference
in grain yield between amtl.3 mutants and WT
(Supplemental Figure S7).

To further prove the genetic evidence of Nhd1-NRT2.4/
AMT1.3 module in rice, we quantified the compensatory ef-
fect of NRT2.4 or AMT1.3 expression on impaired N accu-
mulation of nhd1 mutant in paddy field. Overexpression of
NRT2.4 was found to increase N accumulation and NUpE of
nhd1 at both N levels, whereas overexpression of AMT1.3 in-
creased N accumulation and NUpE of nhd1 only at N lim-
ited condition (Supplemental Figure S8; Supplemental Table
S4), which is consistent with short-term results obtained in
hydroponic experiments (Figure 4, D and F). It should be
noted that knockout of NRT24 and AMT13 or
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overexpression of NRT2.4 and AMT1.3 in nhd1 did not signifi-
cantly alter the flowering and mature time (Supplemental
Figure S5, B—E). Inactivation of either NRT2.4 or AMT1.3 did
not significant affect expression of Hd3a, a key florigen gene
in rice (Supplemental Figure S5F). The data indicate that
NRT2.4 and AMT1.3 are not directly involved in regulating
the growth and developmental stages.

Taken together, all the investigations from both hydro-
ponics in the seedling stage and field experiment for entire
growth period demonstrate that Nhd1 regulates root devel-
opment and NH; uptake capacity by transcriptionally gov-
erning AMT1.3 and NRT2.4 expression, while knockout of
Nhd1 extends rice growth period and eventually causes an
increase of NUpE in a limited N input condition (Figure 8).

Discussion

The altered N accumulation in nhd1 mutants grown
in paddy field results from delayed flowering time
and prolonged growth duration

The plant capacity to acquire soil N for maximizing NUpE
depends on N demand which is closely related to growth
rate and duration (Pitman and Cram, 1973; Glass, 2003). N
supply status including forms and concentrations has a great
and rapid influence on root and shoot growth rate and de-
velopmental stage (Xu et al, 2012; Lin and Tsay, 2017; Jia
and von Wiren, 2020). In this study, we found that in addi-
tion to the regulation of N-mediated flowering time (Zhang
et al, 2021), the transcription factor Nhd1 also controls root
growth and N uptake under various N supplies by activating
AMT1.3 and NRT2.4 expression (Figures 4 and 5). Given that
NRT2.4 or AMT1.3 mutation did not change flowering time
(Supplemental Figure S5, B—E) and expression of floral factor
Hd3a (Supplemental Figure S5F), it seems that Nhd1 regula-
tion of root growth and N uptake was independent of
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regulating flowering time. The Nhd1 inactivation resulted in
decreased daily root N acquisition irrespective of the N sup-
ply levels but increased total N accumulation per plant
(NUPpE) due to extended growth duration in N limited soil
(Figure 8; Supplemental Figure S8).

In rice, N absorption rate and amount varies with growth
stages. The daily N uptake rate is low at seedling stage and
reaches the highest before the heading stage, then decreases
as the root activity declines (Guindo et al, 1994; Mishra and
Salokhe, 2010; Yu et al, 2013). We also found that the daily
N uptake at the reproductive stage was much lower than
that at the vegetative stage under both N regimes
(Figure 7E). The daily N uptake per plant of WT, nrt2.4, and
amt1.3 ranged from 3.92 to 5.65mg/day in the vegetative
stage (40-73 DAE) and at 1.95-3.15mg/day in the repro-
ductive stage (73-91 DAE) under low N condition, while it
ranged from 5.86 to 7.66 mg/day and 3.20 to 3.86 mg/day in
the respective stage under high N condition (Supplemental
Table S5; Figure 7E). Since the majority of total N is distrib-
uted to grains at mature grain stage, our results are consis-
tent with previous reports that most of N in rice grains
come from the accumulated N in vegetative organs before
the full heading (Hashim et al, 2015).

Remarkably, the nhd1 mutants grown in low N soil main-
tained higher root N uptake rate (5.48—6.14 mg/day) at the
reproductive stage (91-105 DAE) than that (3.72-3.86 mg/
day) in its vegetative stage (40-91 DAE), eventually, its total
accumulated N exceeded that in WT, amt1.3 and nrt2.4
mutants at their respective mature grain stage (Supplemental
Table S5; Figure 7E). The relative higher uptake rate of nhd1
during the last development stage at low N supply might be
due to two possibilities. One is lower N accumulated in vege-
tative organs of nhdl before fully flowering (Figure 7E;
Supplemental Table S3), the high sink demand of N for grain
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Figure 8 Model of Nhd1-centered regulation of N uptake and utilization efficiency in rice. A, Nhd1 promotes the expression of AMT1.3 and
NRT2.4 in rice to regulate root growth, high-affinity NH; uptake rate by AMT1.3 or NO; distribution by NRT2.4 in shoot. Lines ending in arrow-
heads indicating positive transcriptional activation or increase of root growth, N uptake, or distribution. B, Model of total N accumulation process
during the entire growth stage for WT and nhd1 mutant under high N (HN) or moderate low N (LN) supplies. X and Y axis units represent relative
growth time and relative total N accumulation (percentage of WT under high N treatment). LN supply promotes flowering time and relative ear-
lier maturation for WT, while knockout of Nhd1 extends flowering time and later maturation irrespective of N supplies (Zhang et al,, 2021). The
model indicates that plant NUpE is the result of the integration of N uptake rate and growth duration.
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development enhances root acquisition of N from soil to
compensate for the insufficient N input via re-allocation. The
other is less heat stress during its grain filling time for nhd1
mutants (22°C-27°C at daytime in September) in compari-
son to WT and other mutant lines (33°C-37°C at daytime in
August). The daily optimal average temperature for rice dur-
ing anthesis and early grain filling stages is 22°C-27°C
(Tashiro and Wardlaw, 1991) or 23°C-26°C (Shi et al, 2016),
and higher temperature (> 33°C-35°C) may repress root ac-
tivity and N translocation in shoot (Tashiro and Wardlaw,
1991; Cao et al, 2009). Therefore, the optimal temperature in
the reproductive stage of nhd1 mutants might in turn en-
hance its root N absorption capacity. The results indicate that
Nhd1 plays a critical role in balancing N-modulated root and
shoot growth, while its influence on extending the vegetative
growth stage and plant NUPpE largely depends on N availabil-
ity and environmental condition.

Nhd1 regulates root growth and N uptake rate by
promoting the expression of AMT1.3 and NRT2.4
Nhd1 is a light-controlled circadian clock gene that controls
flowering time by activating expression of floral regulator
Hd3a (Zhang et al, 2021). Light signal needs to be promptly
recognized by both shoot and root to modulate plant growth
and development, however, shoot and root respond differen-
tially to tissue-specific light input (Wang et al, 2021).
Nevertheless, we found that knockout of Nhd1 still largely
suppresses root growth both in the hydroponic system (sup-
plied with LA or various levels of NOs~; Figure 5, A-D), and
paddy field (supplied with low N; Figure 6, D-F). In
Arabidopsis, knockout of CIRCADIAN CLOCK ASSOCIATED 1/
LATE ELONGATED HYPOCOTYL (the putative orthologs of
Nhd1; Ogiso et al, 2010; Zhang et al, 2021) also inhibited
root growth (Yazdanbakhsh et al, 2011). These results suggest
that circadian clock regulators may have a conserved role in
modulating root growth to adapt to various N supplies.

Plant root growth responses to N supply are regulated by
both form and amount of N. Both local and systemic N sig-
nals modulate root elongation and branching (Xuan et al,
2017; Jia and von Wiren, 2020). In general, NO;  promotes
LR elongation, while NH; stimulates root branching but
inhibits root elongation at excessive level (Remans et al,
2006; Lima et al, 2010; Liu et al, 2013; Jia and von Wiren,
2020). In this study, we provided both molecular and ge-
netic evidence revealing that the regulatory module of
Nhd1-AMT1.3/NRT24 functions in root N uptake and
growth response to various N supplies. First, Nhd1 directly
binds the NBS in both AMT1.3 and NRT24 promoters
(Figure 2, B-F and H-K), and knockout of Nhd1 dramati-
cally suppressed their expression in root and shoot
(Figure 2, A and G). Second, the SR, LR length, and LR num-
ber of nhd1 mutants were comparable to those of amt1.3
mutants at LA supply, and to those of nrt2.4 mutants sup-
plied with either LNi or HNi (Figure 5, A-D). Third, knock-
out of Nhd1 decreased '’N-NH; uptake rate at low
concentration range, similar to that found in amt1.3
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mutants (Figure 4C). In addition, a ""N-NO;™~ uptake assay
showed that the "N accumulated in CS (the mixture of
basal nodes and sheaths) and leaf blades were increased and
decreased, respectively (Figure 4E); meanwhile, the distribu-
tion of mature leaf-acquired "°N-NO;™ to young new leaves
was impaired upon mutation of Nhd1 or NRT2.4 (Figure 4F).
Given that NRT2.4 is expressed in the phloem of the vascu-
lar bundles (VBs) of leaf sheaths and basal nodes (mainly in
diffuse VB and to a lesser extent in enlarged VB; Wei et al,
2018) and that NRT2.4 is a direct target of Nhd1 (Figure 2,
A-F), it is very likely that these changes in >N distribution
result from the impaired N remobilization in nhd1 and
nrt2.4 mutants, consistent with the observation that more
N retained in CS and thus less N to leaf blades, especially
the young blades that are sink organs and comprise most of
the biomass of all the leaf blades, in these two lines
(Figure 4E Wei et al, 2018). Fourth, the defects of nhd1
mutants in both root growth and N uptake or distribution
could be fully rescued by overexpression of AMT1.3 and
NRT2.4 (Figures 4, D and F and 5, E-G; Supplemental Figure
S3, A-F; Supplemental Table S1).

Knockout of Nhd1 and NRT2.4 inhibited root growth, but
not N absorption rate under various NO; supplies
(Figures 4, C and 5, A-D), indicating that the Nhd1-NRT2.4
module may contribute to the root adaption to upland soil
where NO; is a dominant N form (Sahrawat and Burford,
1982; D’Andréa et al, 2004; Wang et al,, 2019). Interestingly,
none of the mutation of Nhd1, AMT1.3, and NRT2.4 altered
root growth and N uptake rate in high N fertilized paddy
field where NH; accounts for the majority of N sources or in
HA supplied hydroponics (Figures 6 and 7, E; Supplemental
Tables S2 and S3). The data indicate that some other regula-
tory pathways govern root N absorption and growth under
ammonium-replete condition, which is worth being charac-
terized in the future.

AMT1.3 acts as a high-affinity NH] transporter for
root NH, acquisition

NH, can be preferentially taken up by most plants compared
with other N forms (Glass, 2003), but excess level of NH/
also causes toxicity in plant cells. Therefore, NH; uptake and
assimilation are tightly controlled. AMT-type NH transport-
ers represent the major entry pathways for NH; uptake in
root (Loque and von Wiren, 2004; Tegeder and Masclaux-
Daubresse, 2018). In Arabidopsis, four AMTs function in root
NH; acquisition (Loque et al, 2006; Yuan et al, 2007). In
NH, -preferred rice plants, OsAMT1.1 has been characterized
and shown to be responsible for NH; uptake and ammo-
nium—potassium homeostasis over LA and HA concentration
ranges (Li et al, 2016). However, no NBS in OsAMT1.1 pro-
moter is presented (Supplemental Figure S1A), suggesting
that OsAMT1.1 is not a direct target of Nhd1.

We detected that AMT1.3 transcripts are relatively abun-
dant in root and lower in shoot (Figure 2G) with co-
localization of Nhd1 and AMT1.3 in many cell types of both
adventitious and LR (Figure 3, A-F). AMT1.3 functions as a
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high-affinity NH; transporter in oocyte cells (Figure 4, A
and B), which is consistent with previous finding that
AMT1.3 can complete yeast NH; influx at low external
NH; medium (Sonoda et al, 2003). In addition, AMT13
functions in root NH; acquisition only under LA condition
(Figure 4C). We noted that Konishi and Ma (2021) recently
showed that single knockout of AMT1.3 did not affect NH;
uptake. This difference in NH; uptake capacity of amt1.3
mutants might be due to the differences in the gene muta-
tion sites (Supplemental Figure S2), culture condition, or
method for the quantification. We measured '°N-labeled
NH; uptake activity for 5min at 0.25mM in roots which is
more sensitive than detecting the change of NH; content
in solution with 0.1mM NH; as done by Konishi and Ma
(2021). Moreover, overexpression of AMT1.3 can largely re-
store the impaired NH; uptake capacity in nhd1 mutants
under LA supply (Figure 4D), further confirming the contri-
bution of AMT13 to high-affinity NH} uptake in rice.
Notably, concurrent activation of AMT1.3 and OsGOGAT
can increase rice NH; uptake and remobilization, thus en-
hancing NUE under N limitation (Lee et al, 2020). Taken to-
gether, we conclude that AMT1.3 is a critical transporter for
rice to adapt to the limited N supply in paddy field.

Root elongation is commonly inhibited by HA (Figures 1
and 5; Jia and von Wiren, 2020). Intriguingly, a quadruple
NH; transporter mutant (gko; amt’;1 amt1;2 amti;3
amt2;1) in Arabidopsis loses the sensitivity to NH; and
shows a decrease of NH; -triggered high-order LR branching
(Lima et al, 2010). Given that only AtAMT1;3 can restore
the LR proliferation of gko mutants, it has been proposed
that AtAMT1;3 may act as an NH; transceptor or mediate
a sensing event that occurs downstream of AtAMT1;3
(Duan et al, 2018; Jia and von Wiren, 2020). We found in
this study that the defects of root growth in both amt1.3
and nhd1 mutants did not correspond to the reduced cu-
mulative uptake of '°N NH (Figure 5; Supplemental Figure
S3, B-F, Supplemental Table S1). The results indicate that
the NH/ -dependent root growth response in amt1.3 and
nhd1 mutants is caused by a sensing event rather than a nu-
trition effect. Therefore, AMT1.3 may be involved in a yet to
be identified regulatory pathway that modulates root devel-
opment and is independent of NH, transport process.

In summary, we revealed the crucial roles of the floral reg-
ulator Nhd1 in activating AMT1.3 and NRT2.4 to modulate
root growth, total N acquisition, and NO;3 distribution, thus
finally controlling NUPpE, particularly in paddy field with low
N availability (Figure 8A). Our findings revealed that both
days of N uptake and daily N uptake rate contribute to total
N accumulation of plant in a growth season (Figure 8B).

Materials and methods

Plant materials

The Nipponbare (Nip) cultivar of rice (O. sativa L. ssp. ja-
ponica) was used for generating amt1.3 mutants by CRISPR/
Cas9 system. Three homozygous knockout mutants (amt1.3)
with different mutation sites were identified (Supplemental
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Figure S2). Mutants of nrt2.4 and nhd1 are also Nip back-
ground and were generated in previous studies (Wei et al,,
2018; Zhang et al., 2021). NC lines were the transgenic segre-
gated lines without mutation in Nhd1 sequence.

Overexpression of NRT2.4 (2.4-OF) and AMT1.3 (1.3-OE)
plants was developed by introducing the full-length cDNA
of each gene driven by Cauliflower Mosaic Virus 35S and
ubiquitin promoters, respectively, into WT (cv. Nip). The
primers used for cloning genes are listed in Supplemental
Table Sé.

For complementation of possible AMT1.3 and NRT2.4 in-
activation in nhd1 mutants, AMT1.3 and NRT2.4 overexpres-
sion lines were, respectively, crossed with the nhd1 mutants
to generate nhd1/2.4-OE and nhd1/1.3-OE, their F2 popula-
tions were used for the functional assays. Expression of
AMT13 and NRT24 in nhd1/1.3-OE and nhd1/2.4-OE is
shown in Supplemental Figure S3A.

Growth conditions for solution culture in phytotron
The seedlings after germination on 1/2 MS (Murashige and
Skoog) medium were initially grown in the half-strength
IRRI (International Rice Research Institute) nutrient solution
(Xia et al, 2015) for 7 days (14-h light/10-h dark photo cycle,
day/night temperatures of 30°C/24°C, and relative humidity
of ~60%), then transferred to the full IRRI nutrient solution
containing 125-mM NH4NO; for other 2-3 weeks before
the N treatments. The solution was changed every 2 days.

Measurement of root morphology

The seedlings at 5days after germination with the same bud
and root length were selected to ensure the consistency of
plant morphology before treatment and transferred to hy-
droponic media. The IRRI nutrient solution (without N) was
changed once a day for 1week before measurement, NO;
and NH; concentrations in each treatment are given in cor-
responding figure legend. The root phenotypes were scanned
at 600 dpi by using Epson scanner Expression 11000XL. The
measurement of LRs and SR were done as described previ-
ously (Wei et al, 2018).

In field experiments, the soil was drained 2days before
each observation of root morphology. The soil profile down
the root system was dug 30-40 cm in vertical distance from
the root-shoot junction of rice and photograph was taken
for the representative plant of each line. The deepest root
length from the root base was measured as the root length
at each growth stage. For getting approximate root biomass,
the soil column with 30 x 30cm’ area and 40-cm depth
surrounded the selected plant was dug out. The clods cov-
ered on the roots were removed and the clays stuck on
root surface were gently rinsed away by tap water. The roots
after removing soils were photographed before were dried
to constant weight in oven at 75°C.

RNA extraction, cDNA synthesis, and RT-qPCR
RNA extraction, cDNA synthesis, and RT-qPCR were per-
formed as described in Song et al. (2020). All the primers
used for RT-qPCR are listed in Supplemental Table Sé6.
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Yeast one-hybrid assay, EMSA, ChIP assay, and
transient transactivation assay of Nhd1 in rice

leaf protoplasts

The binding of Nhd1 to NBS has been verified in previous
study (Zhang et al, 2021). The fragments containing NBS in
NRT2.4 or AMT1.3 promoter were selected for vector con-
struction or direct synthesis of probes used in yeast one-hy-
brid, EMSA, and ChIP. The specific fragments can be found
in Supplemental Table S6. The respective upstream fragment
of 2,000-bp DNA of NRT2.4 or AMT1.3 translation initiation
codon was amplified by PCR from the genomic DNA of Nip
cultivar and used for transient transactivation assay. These
assays were performed as described by Zhang et al. (2021).
The primers for the assays are listed in Supplemental Table
S6.

Cloning and cRNA synthesis of AMT1.3 and NH,
uptake assay in X. laevis oocytes

The cDNA of AMT1.3 was subcloned as a Bglll-Spel frag-
ment into the oocyte expression vector pT7Ts (Cleaver
et al, 1996) by ClonExpress Il One Step Cloning Kit
(Vazyme, Nanjing, China). The protocols for oocyte prepara-
tion, incubation, and injection were the same as previously
described (Feng et al, 2013; Xia et al, 2015). ">N concentra-
tion was analyzed by Isotope Ratio Mass Spectrometer sys-
tem (Flash 2000 HT, Thermo Fisher Scientific, Germany).

Determination of root '°N uptake rate and 15NO;
distribution

For determination of '°N uptake rate, the seedlings were
grown in IRRI nutrient solution for 3weeks and then N
starved for 3 days. The seedlings were first transferred to 0.1-
mM CaSO, for 1min, then to the IRRI nutrient solution
containing 0.25mM and 25mM ""NH] or NO; for 5min,
and finally to 0.1-mM CaSOy for 1 min before sampling the
roots.

For determination of '>NOj distribution in shoot, seed-
lings were planted in IRRI nutrient solution for 4 weeks, then
they were deprived of N for 3days. After that, these seed-
lings were transferred into 0.1-mM CaSO, for 1 min, then to
the IRRI nutrient solution containing 5-mM "°NOj for 24h,
and finally to 0.1-mM CaSO, for 1min before the roots,
culm (basal node), and sheaths, and leaf blades were sam-
pled for "°N analysis.

For determination of 15’NO; redistribution between differ-
ent leaves, plants at the eight-leaf-old stage were treated
with N starved IRRI solution for 3days, then the fifth leaf
blade was cut at 2cm from the tip with a razor and subse-
quently exposed to 9mL of the solution labeled with 2.5-
mM Ca('>NO;), for 24h. After that, shoot basal region and
each of the leaf blades from third to eighth (except for fifth)
were sampled for °N analysis.

The samples were placed in an oven at 105°C for 30 min
to inactivate the enzymes and transporters (ensuring no fur-
ther transfer of N after sampling), and further dried to a
constant weight at 75°C. The concentration of "N was
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analyzed by Isotope Ratio Mass Spectrometer system (Flash
2000 HT, Thermo Fisher Scientific, Germany).

Generation of the transgenic lines of GUS reporter
driven by Nhd1 and AMT1.3 promoter and
immunostaining analysis

The putative promoter of Nhd1, upstream fragment of
2,299bp, and AMT1.3 promoter, upstream fragment of
2,345-bp DNA of their respective translation initiation co-
don, were amplified by PCR from the genomic DNA of Nip
cultivar. Each promoter was then cloned into the upstream
of the GUSPlus reporter gene of pCAMBIA1300-GM vector
(Chang et al,, 2019). Transformation of the constructs into
Nip and GUS staining followed our previous report (Guo
et al, 2020). The primers used for vector construction are
listed in Supplemental Table S6. Immunostaining analysis
with an antibody against GUS was performed as described
in Yamaji and Ma (2007), and sections were observed and
photographed by a confocal laser scanning microscope
(Leica, Wetzlar, Germany; TCS SP8X). The cell wall autofluor-
escence was excited with 0.7%-3% ultraviolet light, the col-
lection bandwidth was 410-470 nm, and the gain value was
30%-60%. The collection bandwidth for Alexa Fluor 555
(the secondary antibody) was 560-580nm, and the gain
value was 50%-60%.

Growth conditions and agronomic trait
measurement in paddy field

For field experiments, plants were grown in subtropical area,
Baima of Nanjing (119°02'E-31°65’ N) at long-day condition
with photoperiod of mean 13.5-h daytime and 10.5-h night
in summer (in the year 2020 for Figures 6, A—F and 7, A-F;
Supplemental Figures S5A and S6, in the year 2021 for
Supplemental Figure S8). The paddy soil was derived from
yellow-brown earth, its basic properties were pH 6.9, total N
0.63 g/kg, NaHCO; extractable P 2.7 mg/kg, NH,OAc extract-
able K 74 mg/kg.

Total amount of applied N fertilizer was 150kg/ha (low
N) and 300kg/ha (high N). The N fertilizers (urea and
NH4H,PO,) was applied at the day before transplanting, til-
lering/booting, and flowering stage with 50%, 25%, and 25%
of total N, respectively. Total 65kg P/ha (NH;H,PO,) and
78kg K/ha (K,SO,) were applied as base fertilizers before
transplanting.

For measurement of agronomic traits, five individual
plants of each line under low or high N treatment were ran-
domly selected at each stage. The plant height is the length
from soil surface to the highest leaf tip, the tiller number
indicates the total tillers per plant.

Determination of total N, N uptake rate, and
efficiency

Total N in plants were determined by Kjeldahl method and
analyzed by continuous flow analyzer (Seal AA3; Li et al, 2006).
NUpE% = [(total acquired N/plant X number of plants/ha) +
(total amount of applied fertilizer N/ha)] x 100%. N uptake
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rate (mg/day) during vegetative and reproductive stages
(Supplemental Table S5) = (net increased N accumulation/
plant between the stages) < (days of each stage).

Statistical analysis

Significant differences among the plants or treatments were
determined using the IBM SPSS Statistics version 20 pro-
gram and one-way ANOVA followed by Tukey’s test.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:
LOC_Os08g06110  (Nhd1), LOC_Os01g36720 (OsNRT2.4),
LOC_0s02g40710 (OsAMT1,3), LOC_Os12g44100 (OsNPF2.2),
LOC_0Os03g48180 (OsNPF2.4), LOC_Os11g12740 (OsNPF4.1),
LOC_Os01g54515 (OsNPF4.5), LOC_Os10g33210 (OsNPF5.5),
LOC_Os01g65200 (OsNPF5.16), LOC_Os01g01360 (OsNPF6.1),
LOC_Os08g05910 (OsNPF6.3), LOC_Os10g40600 (OsNPF6.5),
LOC_Os07g41250 (OsNPF7.1), LOC_Os02g47090 (OsNPF7.2),
LOC_Os04g50950 (OsNPF7.3), LOC_Os04g50940 (OsNPF7.4),
LOC_0Os10g42870 (OsNPF7.7), LOC_0Os02g46460 (OsNPF7.9),
LOC_Os01g04950 (OsNPF8.1), LOC_0Os07g01070 (OsNPF8.2),
LOC_Os03g51050 (OsNPF8.5), LOC_Os03g13274 (OsNPF8.9),
LOC_0s06g49250 (OsNPF8.20),LOC_0s02g38230 (OsNAR2.1),
LOC_Os04g40410 (OsNAR2.2), LOC_Os02g02170 (OsNRT2.1),
LOC_0s02g02190 (OsNRT2.2), LOC_Os01g50820 (OsNRT2.3),
LOC_0s04g43070 (OsAMT1;1), LOC_0Os02g40730 (OsA
MT1;2), LOC_0s05g39240 (OsAMT2.1), LOC_Os01g61510
(OsAMT2.2), LOC_Os01g61550 (OsAMT23), LOC_Os01g
65000 (OsAMT3.1), LOC_0s03g62200 (OsAMT3.2), LOC_O
s02g34580 (OsAMT3.3), and LOC_0Os03g53780 (OsAMT4).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Effect of Nhd1 knockout on ex-
pression of N transporter genes and NBS in their promoters.

Supplemental Figure S2. Schematic diagram of three in-
dividual mutations of AMT1.3 gene generated by CRISPR-
Caso.

Supplemental Figure S3. Overexpression of NRT2.4 and
AMT1.3 in the nhdl mutant restored the root phenotype
defects of nhd1 mutants.

Supplemental Figure S4. Knockout of NRT24 and
AMT1.3 did not affect expression of AMT1.3 and NRT2.4, re-
spectively, in both shoot and root.

Supplemental Figure S5. Effects of Nhd1, NRT2.4, and
AMT1.3 knockout on root size, days to flowering, and grain
maturity in high- or low- N supplied paddy field.

Supplemental Figure S6. Effects of Nhdi, NRT2.4, and
AMT1.3 knockout on root growth at five different stages in
high- or low- N supplied paddy field.

Supplemental Figure S7. Effect of Nhd1, NRT2.4, and
AMT1.3 knockout on rice grain yield.

Supplemental Figure S8. Effects of NRT2.4 and AMT1.3
knockout or overexpression in nhdl mutant on shoot

Li et al.

architecture and N accumulation in high- or low N supplied
paddy field.

Supplemental Table S1. Effects of NRT2.4 and AMT1.3
knockout or overexpression in nhd1 mutant on LR number,
length and SR length in hydroponics.

Supplemental Table S2. Effects of Nhd1, NRT24, and
AMT1.3 knockout on length and weight of roots grown in
paddy field.

Supplemental Table S3. Effects of Nhd1, NRT24, and
AMT1.3 knockout on shoot architecture and N accumula-
tion of rice grown in paddy field.

Supplemental Table S4. Effects of NRT2.4 and AMT1.3
knockout or overexpression in nhd1 mutant on rice height,
tiller number, and N accumulation at different growth stages
in paddy field.

Supplemental Table S5. Effects of Nhd1, NRT2.4, and
AMT1.3 knockout on N uptake rate during vegetative and
reproductive stages in paddy field.

Supplemental Table S6. The primer sequences used in
this study.
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