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Root nitrate uptake adjusts to the plant’s nitrogen demand for growth. Here, we report that OsMADS57, a MADS-box
transcription factor, modulates nitrate translocation from rice (Oryza sativa) roots to shoots under low-nitrate conditions.
OsMADS57 is abundantly expressed in xylem parenchyma cells of root stele and is induced by nitrate. Compared with wild-
type rice plants supplied with 0.2 mM nitrate, osmads57 mutants had 31% less xylem loading of nitrate, while overexpression
lines had 2-fold higher levels. Shoot-root 15N content ratios were 40% lower in the mutants and 76% higher in the overexpression
lines. Rapid NO3

2 root influx experiments showed that mutation of OsMADS57 did not affect root nitrate uptake. Reverse
transcription quantitative PCR analysis of OsNRT2 nitrate transporter genes showed that after 5 min in 0.2 mM nitrate, only
OsNRT2.3a (a vascular-specific high-affinity nitrate transporter) had reduced (by two-thirds) expression levels. At 60 min of
nitrate treatment, lower expression levels were also observed for three additional NRT2 genes (OsNRT2.1/2.2/2.4). Conversely, in
the overexpression lines, four NRT2 genes had much higher expression profiles at all time points tested. As previously reported,
OsNRT2.3a functions in nitrate translocation, indicating the possible interaction between OsMADS57 and OsNRT2.3a. Yeast one-
hybrid and transient expression assays demonstrated that OsMADS57 binds to the CArG motif (CATTTTATAG) within the
OsNRT2.3a promoter. Moreover, seminal root elongation was inhibited in osmads57 mutants, which may be associated with
higher auxin levels in and auxin polar transport to root tips of mutant plants. Taken together, these results suggest that
OsMADS57 has a role in regulating nitrate translocation from root to shoot via OsNRT2.3a.

Inorganic nitrogen (N) is available for plants as ni-
trate in aerobic uplands and as ammonium in flooded
wetland or acidic soils. For many plants, nitrate ac-
quired by roots is transported to the shoot before being
assimilated (Smirnoff and Stewart, 1985; Xu et al.,
2012). By contrast, ammonium derived from nitrate
reduction or directly from ammonium uptake is pref-
erentially assimilated in the root and then transported
in an organic form to the shoot (Xu et al., 2012). Nitrate
levels can vary by 3 to 4 orders of magnitude from
micromolar to millimolar concentrations, and nitrate is
highly mobile in agricultural soils due to its negative
charge and solubility (Crawford and Glass, 1998; Miller
et al., 2007). In response to external fluctuations of ni-
trate, plants have evolved at least three nitrate uptake
systems, two high-affinity transport systems (HATS)
and one low-affinity transport system (LATS), which
are responsible for the acquisition of nitrate (Crawford
and Glass, 1998).

The constitutive HATS and nitrate-inducible HATS
operate to take up nitrate at low nitrate concentrations
in external medium, with saturation in the range of 0.2
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to 0.5 mM. In contrast, the LATS predominates at high
soil nitrate concentrations. Nitrate LATS and HATS
uptake systems have been linked to the NPF (originally
named as Nitrate Transporter1/Peptide Transporter
[NRT1/PTR]) and NRT2 gene families, respectively
(Miller et al., 2007; Léran et al., 2014; O’Brien et al.,
2016). In Arabidopsis (Arabidopsis thaliana), there are
at least 53 and seven members belonging to the NPF
(NRT1) and NRT2 families, respectively (Miller et al.,
2007; Tsay et al., 2007; O’Brien et al., 2016). The most
extensively studied nitrate transporter gene, AtNPF6.3/
AtCHL1/AtNRT1.1, which is predominantly expressed
in the nascent organs, especially the root tip (Guo et al.,
2001), is described as a nitrate transceptor (transporter
and receptor), playing multiple roles as a dual-affinity
nitrate transporter and a sensor of external nitrate
concentration (Liu and Tsay, 2003; Ho et al., 2009;Wang
et al., 2009; Gojon et al., 2011; Forde, 2014) and auxin
transport at low nitrate concentrations (Krouk et al.,
2010a). Several nitrate transporters, mainly from the
NRT1/NPF family, involved in nitrate transport in the
vascular tissue of roots and shoots have been charac-
terized. AtNRT1.5 is involved in nitrate loading into the
root stele and translocating from root to shoot, whose
expression is regulated by the transcription factor
MYB59 (Lin et al., 2008; Li et al., 2017; Du et al., 2019).
AtNRT1.7/AtNRT1.8/AtNRT1.11/AtNRT1.12 have
been reported to be involved in nitrate unloading from
xylem or loading into phloem (Fan et al., 2009; Li et al.,
2010a; Hsu and Tsay, 2013).
In submerged rice (Oryza sativa), nitrate uptake could

be comparable with that of ammonium (Kronzucker
et al., 2000; Kirk and Kronzucker, 2005) due to oxygen
transported by abundant parenchyma in roots into the
rhizosphere, resulting in ammonium nitrification by
bacteria on the root surface (Kirk, 2003; Li et al., 2008). A
few proteins associatedwith nitrate uptake or transport
have been identified (Cai et al., 2008; Feng et al., 2011;
Yan et al., 2011; Tang et al., 2012; Hu et al., 2015, 2016; Li
et al., 2015; Xia et al., 2015; Fan et al., 2016; Wang et al.,
2018a; Wei et al., 2018). Since the nitrate concentration
in the rhizosphere of paddy fields is estimated to be less
than 10 mM (Kirk and Kronzucker, 2005), NRT2 family
members play a major role in nitrate uptake for rice
plants (Araki and Hasegawa, 2006; Feng et al., 2011;
Yan et al., 2011).OsNRT2.1,OsNRT2.2, andOsNRT2.3a,
belonging to the OsNRT2 family, are transcriptionally
up-regulated by nitrate supply and require a partner
protein, OsNAR2.1, for nitrate uptake (Feng et al., 2011;
Yan et al., 2011). OsNRT2.3a is expressed predomi-
nantly in xylem parenchyma cells of the root stele and
has been demonstrated to play a role in transporting
nitrate from the root to the shoot under low-nitrate
conditions (Tang et al., 2012). OsNRT2.3b is expressed
in the phloem and is suggested to be involved in nitrate
transport within the shoot (Fan et al., 2016). OsNRT2.4
encodes a dual-affinity nitrate transporter and func-
tions in nitrate-regulated root growth and nitrate dis-
tribution in rice plants (Wei et al., 2018), and several
members of the NRT1/NPF family, such as OsNPF2.4,

OsNPF2.2, and OsNPF7.2, involved in nitrate transport
have also been identified (Li et al., 2015; Xia et al., 2015;
Hu et al., 2016).
Knowledge of nitrate transporters has been increasing

substantially in the past 30 years. To further illustrate the
nitrate uptake mechanism in plants, the regulatory sys-
tems controlling the transporter function need to be
elucidated (Plett et al., 2018). Among several controlling
mechanisms, transcriptional control of nitrate uptake is
well documented in which transcription factors (TFs) act
as master switches for regulatory networks (Xuan et al.,
2017; Kant, 2018; Plett et al., 2018; Wang et al., 2018b).
The first TF identified to play a role in N-responsive
signaling is the Arabidopsis MADS-box TF (ANR1),
which regulates the proliferation of lateral roots in NO3

2-
rich patches (Zhang and Forde, 1998; Gan et al., 2005) but
also exists in the signaling pathway of the transceptor
NRT1.1 (Remans et al., 2006). Thereafter, more s involved
in complex regulatory networks and nitrate-dependent
signaling pathways, such as LATERAL ORGAN
BOUNDARY DOMAIN (LBD) family genes (LBD37/
38/39; Rubin et al., 2009), NIN-like protein (NLP)
family genes (NLP6/7/NLP8; Castaings et al., 2009;
Konishi and Yanagisawa, 2013; Marchive et al., 2013;
Yan et al., 2016), SBP-box family gene (SPL9; Krouk
et al., 2010b), bZIP transcription factors (TGA1/4;
Alvarez et al., 2014), Bric-a-Brac/Tramtrack/Broad
family genes (BT1/2; Araus et al., 2016), NITRATE
REGULATORY GENE2 (NRG2; Xu et al., 2016), and
teosinte branched1/cycloidea/proliferating cell factor1-
20 gene (TCP20; Guan et al., 2017), have been identified
and intensively investigated in Arabidopsis.
In rice, orthologs of the above TFs (e.g. OsMADS) are

also found to be regulated under different N supplies
(Puig et al., 2013; Yu et al., 2014a; Yang et al., 2015).
However, few of them have been demonstrated to
regulate developmental responses to nitrate. For instance,
OsMADS genes show diverse responses to nitrate supply
(Puig et al., 2013; Yu et al., 2014a). Unlike AtANR1,
which acts downstream of AtNPF6.3 (Remans et al.,
2006), overexpression of nitrate-inducible OsMADS25
significantly increases the expression of nitrate trans-
porter genes and promotes nitrate accumulation and
lateral root and shoot growth, suggesting positive ef-
fects of OsMADS25 on nitrate uptake via nitrate
transporters (Yu et al., 2015). Interestingly, OsMADS
genes are targeted by monocot-specific MicroRNA444s
(Li et al., 2010b). OsmiR444a overexpression reduces
OsMADS expression and root and shoot growth
under nitrate supply (Yan et al., 2014). Thus,
OsmiR444a/OsMADS may act as a regulatory mod-
ule for nitrate-dependent signaling and growth re-
sponses in rice. However, the specific gene in the
regulatory system controlling nitrate uptake and
translocation in rice remains unclear. In this study,
we report that a rice MADS-box transcription factor,
OsMADS57, is involved in the regulation of long-
distance translocation of nitrate from the root to the
shoot through regulating OsNRT2.3a expression un-
der low nitrate concentration.
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RESULTS

OsMADS57 Is Mainly Expressed in Rice Root Stelar Cells
and Is Sensitive to Supplies of Nitrate and Auxin

Arabidopsis AtANR1 was identified as a key gene
controlling lateral root growth through nitrate signaling
(Zhang and Forde, 1998). To understand the biological
functions of the ANR1-like-related gene OsMADS57,
we performed reverse transcription quantitative PCR
(RT-qPCR) analysis and GUS assay to examine its ex-
pression pattern. A previous study and the Rice Expres-
sion Profile Database (http://ricexpro.dna.affrc.go.jp/
GGEP/gene-search.php) have shown thatOsMADS57 is
abundantly expressed in roots and leaf blades during
vegetative stages compared with other stages in
rice (Guo et al., 2013). Interestingly, the expression of
OsMADS57 was significantly up-regulated by nitrate
treatments, irrespective of nitrate concentrations, rather
than by ammonium (Fig. 1A). Transgenic rice plants
expressing the GUS gene driven by the OsMADS57
promoter (;3 kb) exhibited GUS activity in the root
central cylinder, particularly in the xylem parenchyma
cells (Fig. 1, C and D), consistent with previous reports
(Puig et al., 2013; Yu et al., 2014a). Stronger GUS
staining in the seminal root central cylinder caused by

nitrate treatments further demonstrated the above
result.

Furthermore, we performed RT-qPCR to test the
relative expression of OsMADS57 in response to exter-
nal stresses and hormones. The results showed that,
compared with the mock treatment, the expression of
OsMADS57 was up-regulated by exogenous applica-
tion of NAA but not by application of polyethylene
glycol (PEG) and NaCl (Fig. 1B). Similarly, NAA-induced
expression of GUS staining was also observed in the root
central cylinder in transgenic lines (Fig. 1D).

OsMADS57 Is Involved in Nitrate Translocation from
Roots to Shoots

To determine the specific role of OsMADS57 in rice
plants, two independent mutant lines (the transfer-
DNA [T-DNA]-inserted osmads57 mutants m1 and m2)
and three independent 35S::OsMADS57 overexpression
transgenic lines (Ox1–Ox3) were used (Supplemental
Fig. S1). Given thatOsMADS57 expressionwas affected
only by NO3

2 supplies, we first analyzed plant growth
and N accumulation in rice plants grown under NO3

2

supplies of 0.2 and 5 mM (Supplemental Fig. S2). Sur-
prisingly, less plant dryweight was observed in the two
osmads57 mutants and the three overexpression lines
only under low NO3

2 supply in comparison with wild-
type plants. Furthermore, under lowNO3

2 supply, higher
N contents were recorded in roots of the mutants and in
roots and shoots of the overexpression lines, with shoot
accumulation being most pronounced. Although slight
decreaseswere observed in the shoots of the twomutants,
they did not show statistical significance.

Next, time-course 15N-labeled NO3
2-supply experi-

ments were conducted to understand the role of
OsMADS57 under low nitrate supply (Fig. 2, A and B).
The overexpression lines showed substantially higher
15N accumulation in shoots at all time points (5, 30, and
60 min). The mutant lines showed substantially higher
15N accumulation in roots at 30 and 60 min and lower
shoot 15N accumulation at 60 min. These phenotypes
resulted in dramatic changes in the shoot-root 15N
ratios.

Compared with wild-type plants, the shoot-root 15N
ratios were 42% to 76% higher in the three over-
expression lines, while shoot-root 15N ratios were ap-
proximately 40% lower in the two mutants at 30 and
60 min (Fig. 2C), and shoot-(shoot+root) 15N ratios had
the same tendency (Fig. 2D). These data suggest that
OsMADS57 might be involved in nitrate distribution in
rice plants. To confirm if OsMADS57 plays an impor-
tant role in long-distance nitrate transport, 1-h xylem
exudates of rice plants grown in hydroponics were col-
lected, from the cut surface since 4 cm above the ground
level was removed, and analyzed (Fig. 2, E and F). The
nitrate concentration and nitrate transport rate decreased
by 16% and 31% in xylem sap of the twomutant lines in
comparisonwithwild-type plants; conversely, 20% and
2-fold higher nitrate concentrations were recorded in

Figure 1. OsMADS57 gene expression pattern. Rice seedlings were
grown in International Rice Research Institute (IRRI) solution supplied
byNwith/without exogenous 10% (w/v) PEG, 100mMNaCl, and 10 nM
1-naphthaleneacetic acid (NAA) for 7 d. A, Relative OsMADS57 ex-
pression in response to N supplies. B, Relative OsMADS57 expression
in response to PEG,NaCl, andNAA treatments. RelativemRNA levels of
OsMADS57 were normalized relative to OsActin. Data are means of
five replications 6 SE. *, P , 0.05 (Student’s t test) relative to the 2N
(0 mMN) treatment (A) or the mock (1.25 mMNH4NO3) treatment (B).
C, Expression of MADS57 in a seminal root cross section of a MAD-
S57pro::GUS transgenic line. Bar = 50mm.D, Expression ofMADS57 in
seminal roots of MADS57pro::GUS transgenic lines. Bars = 0.5 mm.
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the three overexpression lines. These results illustrated
that OsMADS57 might participate in nitrate transport
from roots to shoots.
Five-minute influx experiments of 15N-labeled NO3

2

indicated that NO3
2 influx rates in OsMADS57 over-

expression lines were increased by approximately 80%,
whereas no significant difference was recorded be-
tween osmads57 mutant lines and wild-type plants
(Fig. 3A). NetNO3

2 fluxes in seminal root tips, using the
high-resolution scanning ion-selective electrode tech-
nique (SIET), further supported the above results
(Fig. 3, B and C). During the entire 11-min experiment, a
38% increase in net nitrate influx was recorded in the
overexpression lines in comparison with wild-type
plants (Fig. 3C). Thus, higher influx rates by the Ox
lines could explain why there is more 15N in the roots of
Ox lines.

Root Expression Profiles of Nitrate Reductase and
OsNRT2s in the Wild Type, osmads57 Mutants, and
Overexpression Lines

As OsNRT2s, encoding high-affinity nitrate trans-
porters, play a critical role in nitrate uptake and
translocation, we performed time-course expression
analyses in rice plants supplied with 0.2 mM NO3

2.
Compared with the wild type, OsNRT2.3a transcripts

were significantly decreased in the osmads57 mutants
throughout the entire 60-min experimental period
(Fig. 4). Decreases in transcript levels were also found
for three additional OsNRT2 genes (OsNRT2.1/OsNRT
2.2/OsNRT2.4) in the mutants; however, the time
course was delayed: at 5 min, no difference was found
between the wild type and mutants (Fig. 4A), but at 30
and 60 min, transcript levels were significantly de-
creased in the mutants. We also analyzed the expres-
sion of OsNAR2.1, which interacts with OsNRT2.1/
OsNRT2.2/OsNRT2.3a to produce functional trans-
porters (Xu et al., 2012; Liu et al., 2014), and nitrate re-
ductase (OsNia1/2). The expression of OsNAR2.1 and
OsNia1/2 in roots was not affected in the osmads57
mutants, but overexpression of OsMADS57 signifi-
cantly up-regulated all tested genes (Fig. 4). Because
OsNRT2.3bwas mainly expressed in shoots, we did not
detect its expression in rice roots.

OsMADS57 Directly Binds to the OsNRT2.3a Promoter

The MADS-box transcription factors can recognize
the CArGmotif present in the promoters of target genes
(Guo et al., 2013). To reveal if OsMADS57 is capable
of directly binding to the promoter sequences of
OsNRT2.3a, we first examined the distribution of CArG
elements in the promoter of OsNRT2.3a. Two putative

Figure 2. 15N content, 15N distribution
ratio, and xylem sap NO3

2 in the wild
type (WT), mutants (m1 and m2), and
overexpression lines (Ox1–Ox3). Rice
seedlings were grown in IRRI nutrient
solution containing 0.2 mM NO3

2 for
2 weeks and then transferred to IRRI
nutrient solution containing 0.2 mM
[15N]NO3

2 for 5, 30, and 60 min. A and
B, 15N content in rice roots (A) and
shoots (B). C, Shoot-root ratio of 15N
content. D, Shoot-(shoot+root) ratio of
15N accumulation. E and F, [15N]NO3

2

transport rate and concentration in xy-
lem sap of rice plants. Rice seedlings
were grown in IRRI solution containing
0.2 mMNO3

2 for 4 weeks and then were
cut 4 cm above the roots for a 1-h xylem
sap collection. Data are means of five
replications 6 SE. *, P , 0.05 (Student’s
t test) comparing the wild type and other
lines at the same experimental period.
DW, Dry weight.
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OsMADS57-binding CArG-box sites, site 1 (CATTT-
TATAG) and site 2 (CTATTATATG), were found at
22,255 to22,246 bp and2568 to2559 bp upstream of
the translation start site ATG of OsNRT2.3a, respec-
tively (Fig. 5A). Thus, we speculated that OsMADS57
may directly bind to the two CArG boxes in the pro-
moter of OsNRT2.3a. To verify this hypothesis, we first
performed a yeast one-hybrid assay using a full-length
coding sequence ofOsMADS57. One region about 30 bp
in length containing the two tandem CArG boxes
(P2.3a), an independent mutation of two CArG-box
sites in tandem (mP2.3a-1 and mP2.3a-2), and another
region about 50 bp in length containing three tandem
target DNA sequences of interest designated as P53
were used as the baits for binding assays in the yeast

one-hybrid system (Fig. 5B). The interactions between
OsMADS57 and the three promoter fragments were
tested by growth on medium lacking Ura and Leu. In-
creasing concentrations of aureobasidin A (AbA) were
added to the medium to suppress background activa-
tion and assess the strength of the interaction. When the
AbA concentration was increased up to 150 nM, the
GoldY1H yeast stain containing the P2.3a-AbAi bait and
the pGADT7-OsMADS57 prey grew normally on the se-
lective medium, as did the positive control (containing
P53-AbAi bait and pGADT7-P53; Fig. 5B), while the con-
struct containing the mP2.3a-1-AbAi bait almost did not
grow, similar to the negative control (containing P2.3a-
AbAi bait and pGADT7-GFP). However, another muta-
tion of the CArG box (mP2.3a-2) did not affect growth,
suggesting that OsMADS57 binds to the CArG box in site
1 rather than in site 2 of the OsNRT2.3a promoter.

To confirm the role of OsMADS57 in the regulation of
OsNRT2.3a expression, we performed transient GUS
assays in Nicotiana benthamiana as reported by Shim
et al. (2013). OsMADS57, with the CaMV35S promoter,
was used as the effector. One region about 30 bp in length
containing the two tandem CArG boxes (P2.3a) or their
mutated versions (mP2.3a-1 and mP2.3a-2) fused to the
GUS gene were used as reporters (Fig. 5, A and C). The
reporter and effector plasmids were coinfiltrated into N.
benthamiana leaves. The GUS reporter gene was activated
by coexpressingOsMADS57with thewild-type promoter
P2.3a.However, themutant reporter containingmP2.3a-
1 was not activated but mP2.3a-2 was activated (Fig. 5,
D and E). These results demonstrate that OsMADS57
can activate promoter transcription by interacting with
the CArG box in site 1 rather than in site 2.

Furthermore, we analyzed time-course 15N translo-
cation and the transcript levels of two high-affinity ni-
trate transporters (NRT2.1/NRT2.2) in the two osnrt2.3a
mutants under IRRI nutrient solution containing 0.2 mM
NO3

2 (Supplemental Fig. S3). The two osnrt2.3a mutant
lines showed substantially higher 15N accumulation in
roots at 30 and 60 min and lower shoot 15N accumulation
at 60 min (Supplemental Fig. S3, A and B), which was
consistent with the phenotype of the osmads57 mutants.
Furthermore, the relative expression of OsNRT2.1 and
OsNRT2.2 in the osnrt2.3a mutants was similar to that of
the osmads57 mutants (Supplemental Fig. S3, C–E).

Knockdown of OsMADS57 Inhibited Elongation of
Seminal and Adventitious Roots under Low Nitrate

Because root growth is significantly affected in
the osmads57 mutants supplied with low nitrate
(Supplemental Fig. S2), root architecture was further
analyzed in the wild type, mutants, and overexpression
lines (Supplemental Fig. S4). Compared with the wild-
type plants, total root length was markedly reduced in
the mutant plants but increased in the overexpression
plants. Interestingly, decreased total root length in the
osmads57 mutants was mainly attributed to shorter
seminal and adventitious roots rather than to changes

Figure 3. NO3
2 acquisition in the wild type (WT), mutants (m1 and

m2), and overexpression lines (Ox1–Ox3). Rice seedlings were grown
in IRRI nutrient solution containing 0.2 mMNO3

2 for 2 weeks and then
deprived of N for 3 d. The plants were transferred to IRRI nutrient solution
containing 0.2 mM [15N]NO3

2 for 5 min. A, Nitrate influx rates. B, Net
NO3

2 fluxes in the seminal root meristem of rice plants supplied with
0.2mMNO3

2 for 11min. C, Mean rate of NO3
2 fluxes during the entire 11

min. Data are means of five replications6 SE. *, P, 0.05 (Student’s t test)
comparing the wild type and other lines. DW, Dry weight.
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in lateral root lengths. The time-course measurement of
seminal root growth is shown in Figure 6A. Treatment
of 0.2 mMNO3

2 for 14 d resulted in 20% to 40% shorter
seminal roots in the mutant plants compared with the
wild-type and overexpression line plants.
Root elongation is determined by two successive

processes: cell division in the root apical meristem and
elongation of cells outside the root meristem (Beemster
et al., 2003). To investigate defects in root elongation at
the cellular level, we observed and measured cortical
cell length in the maturity zone and cell proliferation in
the meristem zone. osmads57 mutants had little change
in the length of cortical cells in the maturity zone (Fig. 6,
B and C). The expression of CYCB1;1, responsible for
meristematic activity of cells, was markedly weaker in
osmads57mutant plants, whereas in the overexpression
lines no difference was observed compared with that in
wild-type plants (Fig. 6D). Furthermore, cell numbers in
the meristem zone had a similar pattern to that of
CYCB1;1 expression (Fig. 6E), suggesting that osmads57
mutations inhibit cell division in the root meristem.
Consistently, in the transgenic plant CYCB1;1::GUS, an
osmads57 mutation repressed the GUS activity compared
with the wild-type plants (Fig. 6F). Taken together, these
data suggest that osmads57mutations inhibit seminal root
elongation under the condition of 0.2 mM NO3

2 by
repressing meristematic cell proliferation.

Induced Auxin Distribution Was Observed in Seminal
Root Tips of osmads57 Mutants

Auxin plays an important role in the regulation of
root system architecture and is required for normal cell

proliferation and elongation (Grieneisen et al., 2007).
Given the root growth defects of the osmads57mutants,
we hypothesized that auxin may participate in modu-
lating root growth in thesemutants. Visualization of the
auxin-responsive DR5 promoter (Ulmasov et al., 1997)
reporter suggests that auxin levels or responses are el-
evated in the root tip (0–0.5 cm) of osmads57 mutant
plants and are slightly reduced in the overexpression
lines compared with wild-type seedlings (Fig. 7A).
Exogenous application of NAA increased pDR5::GFP
expression throughout the roots and decreased seminal
root length of wild-type and overexpression plants to a
similar level to that in the osmads57 mutant line (Fig. 7,
A and B). These results imply that higher auxin levels in
the osmads57mutants may play an important role in the
inhibition of seminal root elongation. Next, endoge-
nous indole-3-acetic acid (IAA) contents in the root tip
and lateral root area were analyzed (Fig. 7C). IAA
contents in the root tips (0–0.5 cm) of the osmads57
mutants were elevated by approximately 63% com-
pared with the wild type and overexpression lines; no
differences were found in lateral root area (2–8 cm)
among the rice plants (Fig. 7C). Next, we performed a
[3H]IAA transport assay to investigate whether the
auxin distribution in root tips is attributed to auxin
polar transport. A significant increase in rootward [3H]
IAA transport was observed in root tips of the
osmads57 mutant in comparison with the wild-type
and overexpression plants; no difference was ob-
served in shootward transport from the root apex
among the rice plants (Fig. 7D). These results indi-
cated that auxin polar transport toward and within
the root was induced in osmads57 mutant plants
supplied with 0.2 mM NO3

2.

Figure 4. RT-qPCR analysis of root mRNA
expression patterns of nitrate transporter
genes (NRT2s) and nitrate reductase genes
(Nia1-2) in the wild type (WT), mutants
(m1 and m2), and overexpression lines
(Ox1–Ox3). Rice seedlings were grown in
IRRI nutrient solution containing 0.2 mM
NO3

2 for 2 weeks and then deprived of N
for 3 d. The plants were transferred to IRRI
nutrient solution containing 0.2 mM NO3

2

for 5 min (A), 30 min (B), and 60 min (C)
before sampling. Relative mRNA levels for
individual genes were normalized relative
to OsActin. Data are means of five repli-
cations 6 SE. *, P , 0.05 (Student’s t test)
comparing the wild type and other lines at
the same gene.
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Auxin transport mostly occurs via the polar transport
stream, which is facilitated by proteins of the PIN
family (Friml et al., 2003). Our RT-qPCR analyses
showed that the expression levels of seven PIN genes
(PIN1a–PIN1d, PIN2, and PIN5a and PIN5b) were sig-
nificantly increased in osmads57mutant plants, whereas
we observed decreased expression of PIN10b in the
osmads57 mutants and PIN5b, PIN10a, and PIN10b in
the overexpression lines in comparison with wild-type
rice seedlings (Fig. 7E).

DISCUSSION

Plant roots take up nitrate from the external medium
and transport a large portion of nitrate from roots to
shoots (Kronzucker et al., 2000; Kirk and Kronzucker,
2005). A number of nitrate transporters have been
functionally characterized for their specific functions in
the acquisition and distribution of nitrate in plants

(Huang et al., 1999; Liu and Tsay, 2003; Chiu et al., 2004;
Almagro et al., 2008; Lin et al., 2008; Fan et al., 2009,
2016; Wang et al., 2009, 2018a; Li et al., 2010a, 2015;
Wang and Tsay, 2011; Tang et al., 2012; Xu et al., 2012;
Hu et al., 2015, 2016; Xia et al., 2015; Xuan et al., 2017;
Plett et al., 2018). Improvements of nitrate uptake and
transport in crops through manipulation of nitrate
transporters has recently been successful (Hu et al.,
2015; Fan et al., 2016; Wang et al., 2018a); however, it
stands to reason that further improvements will require
more complete knowledge of the regulatory system to
maximize N uptake and utilization. Although increas-
ing evidence suggests that N uptake involves complex
gene regulatory networks, and nitrate-dependent sig-
naling pathways have been intensively investigated in
Arabidopsis (Xuan et al., 2017; Plett et al., 2018; Wang
et al., 2018b), it remains unclear which gene is involved
in modulating nitrate uptake and transport in rice. In
this study, we demonstrated that OsMADS57, a rice
MADS-box transcription factor whose expression is

Figure 5. OsMADS57 binds to the
OsNRT2.3a promoter. A, Two CArG
boxes (sites 1 and 2) in theOsNRT2.3a
promoter. Letters in boldface indicate a
tandem repeat of two potential CArG
boxes in the promoter of OsNRT2.3a
(P2.3a), and letters in red are the mu-
tations of site 1 (mP2.3a-1) and site 2
(mP2.3a-2). B, Yeast cells were cotrans-
formed with a bait vector containing a
promoter fragment in A fused to an AbAi
reporter gene and a prey vector contain-
ing MADS57 fused to a GAL4 activation
domain. Cells were grown in liquid me-
dium to anOD600 of 1 diluted to 0.1 and
diluted in a 103 dilution series (from
1021 to 1023). From each dilution, 6 mL
was spotted on medium selecting for
both plasmids and selecting for inter-
action (synthetic dropout, –Ura, –Leu),
supplemented with 150 nM AbA to
suppress background growth and to
test the strength of the interaction. C,
Schematic diagram of the effector and
reporter used for transactivation stud-
ies. The plasmid 35S::OsMADS57 was
used as the effector, the plasmid
P2.3a::GUS and its mutant versions
mP2.3a-1::GUS and mP2.3a-2::GUS
were used as the reporter, and
35S::GFP was used as an internal con-
trol. D and E, Transactivation activity was
detected by GUS staining (D) and quan-
titative analysis of the GUS activity (E)
after reporter andeffector plasmidswere
coinfiltrated into N. benthamiana.
Data in E are means of five replica-
tions 6 SE. *, P , 0.05 (Student’s t test)
compared with the control. 4-MU, 4-
Methylumbelliferone.
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induced by nitrate, mediates the transport of root-
acquired nitrate to the shoots through modulating the
expression of OsNRT2.3a.

OsMADS57 Is Involved in Nitrate Transport through
Regulating OsNRT2.3a Expression

Our data indicate that OsMADS57 functions as a
transcriptional regulator ofOsNRT2.3a tomodulate rice
nitrate translocation from roots to shoots and are sup-
ported by the following evidence: (1) the expression of
OsMADS57 and OsNRT2.3a under nitrate treatments
was significantly higher than under ammonium
treatments in roots; (2) OsMADS57 and OsNRT2.3a
expression overlapped spatially; (3) osmads57 mu-
tants showed a similar phenotype to the osnrt2.3a
mutant by RNA interference, such as long-distance
nitrate translocation but not root influx at low nitrate
supply; and (4) OsMADS57 bound to the cis-element
in the OsNRT2.3a promoter.
The expression of OsMADS57 can be induced by ni-

trate as previously reported (Puig et al., 2013; Yu et al.,
2014a), suggesting a specific role in the nitrate response.
Staining of transgenic GUS plants indicated that
OsMADS57 is preferentially expressed in the stele of
rice roots, and the expression increased after nitrate
treatments (Fig. 1, A and D). Feng et al. (2011) reported
that the expression of OsNRT2.3a is significantly in-
duced by nitrate rather than ammonium. Tang et al.
(2012) further confirmed that OsNRT2.3a is mainly

expressed in xylem parenchyma cells in the stele of
nitrate-supplied roots. These results indicate that the
two proteins may have overlapping localization,
mainly in the central cylinder of the root.
Phenotype analyses further showed that osmads57

mutants exhibited a smaller phenotype under a low-
nitrate condition compared with wild-type plants,
which is similar to that of osnrt2.3a-RNA interference
plants (Tang et al., 2012). When plants were exposed to
relatively long-term supplies of low nitrate, the two
independent osmads57mutants accumulated much higher
nitrate in roots than wild-type plants (Supplemental
Fig. S2E). Analyses of NO3

2 transport rates in xylem sap
and the distribution of 15N in the roots and shoots
showed a strong decrease in nitrate translocation from
roots to shoots in the mutants under low nitrate supply
(Fig. 2). Short-term [15N]NO3

2 influx analyses of both
whole plants and the root meristem zone showed that
NO3

2 influx rates in OsMADS57 overexpression lines
were significantly increased, whereas no significant
difference was recorded in osmads57mutants compared
with wild-type plants. Higher [15N]NO3

2 influx in
overexpression lines may be attributed to negative
feedback signals from long-distance transport and/or
root storage pools at low external supply (Fig. 3). These
results demonstrate that OsMADS57 has a major role in
nitrate translocation from roots to shoots. Furthermore,
we also analyzed time-course [15N]NO3

2 translocation
in osnrt2.3a mutants and observed higher 15N accu-
mulation in roots at 30 and 60 min and lower shoot 15N

Figure 6. Seminal root elongation of the wild type (WT), mutants (m1 and m2), and overexpression lines (Ox1–Ox3). Rice
seedlings were grown in IRRI nutrient solution containing 0.2 mM NO3

2 for 14 d. A, Seminal root elongation. B, Photographs of
fully elongated cells in the seminal root (red arrowheads; n = 15) at 10 d post treatment. Bars = 100 mm. C, Cell length of fully
elongated cells. Measurements were obtained directly by measuring 10 cortical cells from 10 plants. D, CYCB1;1 expression in
roots at 10 d post treatment. E, Cell numbers of the meristem zone in the seminal root. F, Meristem size and root cell cycle activity
of wild-type and m2 plants were measured after treatments for 10 d, as monitored by the proCycB1;1::GUS reporter.
Bars = 500 mm. Data in A and C to E are means of five replications6 SE. *, P, 0.05 (Student’s t test) comparing the wild type and
other lines.
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accumulation at 60 min (Supplemental Fig. S3, A and
B), which was consistent with the phenotype of the
osmads57 mutants.

Interestingly, results from time-course expression
analyses showed that, compared with the wild type,
OsNRT2.3a transcripts were significantly decreased in
the osmads57 mutants throughout the entire 60-min
experimental period (Fig. 4); however, the time course
was delayed for three additional OsNRT2 genes
(OsNRT2.1/OsNRT2.2/OsNRT2.4) in the mutants: at
5 min supplied by NO3

2, no difference was found be-
tween the wild type and the mutants (Fig. 4A), but at 30
and 60 min, transcript levels were significantly de-
creased (Fig. 4, B and C). Furthermore, we also per-
formed time-course expression analyses in osnrt2.3a
mutants. The relative expression of OsNRT2.1 and
OsNRT2.2 in the osnrt2.3amutants was similar to that of
the osmads57 mutants (Supplemental Fig. S3, C–E).
Since OsNRT2.3a has been reported to mediate nitrate
root-to-shoot translocation at low nitrate concentrations,
these further suggest that decreased nitrate transloca-
tion from roots to shoots inmads57mutants may be due
to the decreased expression level of OsNRT2.3a. Both
the yeast one-hybrid assay and transient expression in
N. benthamiana suggest that OsMADS57 directly binds

to the first specific CArG box in the OsNRT2.3a pro-
moter (Fig. 5), confirming that OsMADS57 may be a
direct regulator of OsNRT2.3a.

Reduced Seminal Root Elongation in the osmads57
Mutants Might Be Associated with the Increasing Auxin
Accumulation in the Root Tip

The MADS-box gene family has been reported to
modulate plant root development. In Arabidopsis,
AGL17/AGL21 and ANR1 belong to the AGL17 clade,
which is preferentially expressed in roots (Zhang and
Forde, 1998; Gan et al., 2005, 2012; Han et al., 2008; Yu
et al., 2014b). Among them, AGL21 has been reported to
play a crucial role in lateral root formation and elon-
gation in response to N signals (Yu et al., 2014b), and
ANR1 is involved in nitrate-stimulated lateral root de-
velopment (Zhang and Forde, 1998; Gan et al., 2012). In
miR444a-overexpressing rice lines, expression of the
targetANR1-like genes was down-regulated and lateral
root elongation was less responsive to localized nitrate
(Yan et al., 2014). AndOsMADS25 has been reported to
regulate root development and nitrate accumulation in
roots (Yu et al., 2015). These results indicated that

Figure 7. Auxin distribution in root tips of the wild type (WT), mutants (m1 and m2), and overexpression lines (Ox1–Ox3).
Seedlings were grown in nutrient solution containing 0.2 mM NO3

2 with or without 10 nM NAA application. A, Seminal root
length. Plants were grown hydroponically for 14 d in nutrient solution containing 0.2 mM NO3

2 with/without 10 nM NAA ap-
plication. B, pDR5::GFP (n = 30) expression in seminal root tips. Seedlings were grown for 7 d in nutrient solution containing
0.2mMNO3

2 with or without 10 nMNAA application in agarmedium. Bars = 1mm. C to E, Plants were grown hydroponically for
14 d in nutrient solution containing 0.2 mM NO3

2. C, IAA content in root tips of 0 to 0.5 cm and lateral root area of 2 to 8 cm
adventitious root from the root tip (n = 7). D, [3H]IAA transport (n = 7). E, Relative expression levels of OsPINs. Relative mRNA
levels for individual genes were normalized relative toOsActin (n = 3). Data in A and C to E are means6 SE. *, P, 0.05 (Student’s
t test) comparing the wild type and other lines. FW, Fresh weight.
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ANR1-like genes might have a similar role in regulating
root development, especially lateral root growth, in
response to N in Arabidopsis and rice, despite the
evolutionary distance between the two species.
Guo et al. (2013) reported that OsMADS57 interacts

with OsTB1 to modulate rice tillering via D14. Our re-
sults showed that OsMADS57 is exclusively expressed
in the xylem parenchyma cells of roots and is signifi-
cantly induced by nitrate and NAA (Fig. 1), consistent
with previous studies (Puig et al., 2013; Yu et al., 2014a),
suggesting its potential role in root development in
response to external signals. Under the sufficient-nitrate
condition, similar root growth and N content were
recorded among wild-type plants, osmads57 mutants,
and overexpression lines (Supplemental Fig. S2). In-
terestingly, under the low-nitrate condition, the muta-
tion of OsMADS57 results in a decrease of seminal and
adventitious root elongation through reducing cell
numbers in the meristem zone and the expression level
of CYCB1;1, but it did not affect lateral root growth
(Fig. 6; Supplemental Fig. S4). Although mutants and
overexpression plants showed opposite phenotypes in
both nitrate translocation (Fig. 2) and transcriptional
regulation (Fig. 4), the elongation of seminal and adven-
titious roots was only affected in mutant plants but not in
overexpression plants relative to wild-type plants. Possi-
bly, the increased nitrate uptake and translocation in the
overexpression plants can maintain root growth under
low-nitrate conditions, but the reduced nitrate uptake
and translocation in the mutant plants may result in N
deficiency and root growth inhibition. Furthermore, the
smaller root diameter in the overexpression lines might
result in less dry weight in comparison with wild-type
plants (Supplemental Fig. S5).
Plants adjust root growth and development in re-

sponse to changing environmental conditions through
the perception and integration of external signals into
the signaling pathways of plant hormones, such as
auxin (López-Bucio et al., 2003; Malamy, 2005; Rubio
et al., 2009; Krouk et al., 2011; Kazan, 2013; Krouk,
2016). In rice, auxin plays dominant roles in regulat-
ing root growth, such as seminal and adventitious root
elongation responding to fluctuating N supplies (Sun
et al., 2014). This study found that the regulatory role
played by auxin in root development of the osmads57
mutants under low-nitrate conditions likely occurs
via modulation of auxin accumulation in the root tip.
In our study, under the sufficient-nitrate condition,
similar auxin content was found among wild-type
plants, osmads57 mutants, and overexpression lines
(Supplemental Fig. S6). Under the 0.2 mM nitrate con-
dition, compared with wild-type plants, (1) elevated
IAA content in the mutant root tips and (2) higher ac-
tivities of [3H]IAA transport from shoots to roots in the
mutants (in comparison with wild-type plants) sug-
gested that auxin polar transport was promoted in the
osmads57 mutants. These results were correlated with
an increase in the expression of seven PIN genes in
mutant roots (relative to wild-type plants). Exogenous
NAA application restored seminal root elongation and

DR5::GFP expression levels in seminal root tips of wild-
type plants to levels similar to those in the osmads57
mutants. Taken together, these results indicate that
more auxin accumulation repressed the cell prolifera-
tion activity in the root tip of the osmads57 mutants.

CONCLUSION

In conclusion, we found that the transcription factor
OsMADS57 may be a positive regulator of high-affinity
OsNRT2.3a expression involved in nitrate translocation
from roots to shoots. Moreover, inhibition of seminal
root elongation in osmads57mutants may be associated
with more auxin accumulation in the root tips, thus
repressing the cell proliferation activity.

MATERIALS AND METHODS

Vector Construction and Rice Transformation

For the overexpression construct, the full-length complementary DNA of
OsMADS57was amplified with the primer set MADS57OxF and MADS57OxR
(Supplemental Table S1) and then was inserted into the BamHI and SacI sites in
the pTCK303 vector. For the fusion construct of the OsMADS57 promoter and
the GUS coding sequence (pOsMADS57-GUS), the immediate upstream region
of the putative 2.95-kb promoter from the ATG start codon of OsMADS57 was
amplified from rice (Oryza sativa ‘Dongjin’) genomic DNA using the primers
MADS57Gus-F and MADS57Gus-R (Supplemental Table S1) and inserted into
the pS1aGUS-3 vector at the PacI and AscI sites. These constructs were intro-
duced into Agrobacterium tumefaciens (strain EHA105) and transformed into
callus derived frommature seeds of cv Dongjin. Selection of transgenic lines (T1
generation) was conducted in the presence of 50 mg L21 hygromycin (Roche),
and GUS staining analysis was performed as previously described (Feng et al.,
2011).

Identification ofOsMADS57 T-DNA Insertion Mutants and
Overexpression Lines

Two independent T-DNA insertion mutants in the OsMADS57 locus, m1
(PFG_3A-15619.R) and m2 (PFG_3A-60459.L), were identified in the SIGnAL
database and obtained (http://signal.salk.edu/cgi-bin/RiceGE). Genotyping
of the osmads57 segregating population was performed by PCR (Supplemental
Fig. S1, A and B). The insertions were confirmed by qPCR using OsMADS57-
specific primers (Supplemental Fig. S1C) and T-DNA border primers (LB and
RB). The flanking sequences of the T-DNA insertion sites were sequenced by
Genescript. The expression levels of OsMADS57 in osmads57 mutants were
determined by RT-qPCR (Supplemental Fig. S1D). Transcripts of Actin were
amplified as a control, using the primer set Actin-FP and Actin-RP. All primer
sequences for the PCR and RT-qPCR experiments are listed in Supplemental
Table S1. The independent overexpression transgenic lines with one copy,
namely Ox-1, Ox-2, and Ox-3, were obtained by Southern-blot analysis (Jia
et al., 2011). And the expression levels of OsMADS57 were determined by
RT-qPCR using the primers presented in Supplemental Table S1.

Plant Material and Growth Conditions

Two T-DNA insertion mutant lines (m1 and m2) in the rice (ssp. japonica) cv
Dongjin background were obtained from RiceGE, the Rice Functional Ge-
nomics Express Database. All transgenic lines were developed in the genetic
background of cv Dongjin.

Plants were grown in a greenhouse under natural light at day/night tem-
peratures of 30°C/18°C. Rice seeds of the wild type (cv Dongjin), mutants
(homologies), and overexpression lines (T2 generation with one copy) were
surface sterilized and germinated in one-half-strength Murashige and Skoog
(Duchefa) standard medium. Seven-day-old seedlings of uniform size and
vigor were selected and then transferred to a tank containing 8 L of IRRI
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nutrient solution [(mM) 0.3 KH2PO4, 0.35 K2SO4, 1 CaCl2, 1 MgSO4$7H2O, 0.5
Na2SiO3 and (mM) 20 Fe-EDTA, 9 MnCl2, 0.39 (NH4)6Mo7O4$2H2O, 20 H3BO3,
0.77 ZnSO4, 0.32 CuSO4, pH 5.5]. The nutrient solution was replaced with fresh
solution daily. Nitrate and ammonium were supplied in the nutrient medium
as Ca(NO3)2 and (NH4)2SO4. To exclude the potential effects of Ca2+ on the
treatments, the solutions in the same experimental system were supplemented
with Ca2+ to the same level as those under the higher NO3

2 conditions using
CaCl2. To inhibit nitrification, 7mM dicyandiamide (C2H4N4) was added to each
tank to prevent ammonium oxidation.

For analysis of gene expression in response toN, osmotic stress, and auxin, 7-
d-old rice seedlings were grown in IRRI solution supplied by N with/without
exogenous PEG (10%,w/v), NaCl (100mM), andNAA (10 nM) for 7 d. The roots
were collected and frozen in liquid N.

Determination of Total N Content, [15N]NO3
2 Influx Rate,

and 15N Accumulation

Rice seedlingswere grown in IRRI solution containing 0.2 or 5mMNO3
2 for 2

weeks. At each harvest, rice roots and shoots were separated and washed with
0.1 mMCaSO4 for 1 min, placed in an oven at 105°C for 30 min to inactivate the
enzymes, and finally dried to a constant weight at 70°C. The dry weight was
recorded. Total N content in plants was determined by the Kjeldahl method (Li
et al., 2006).

The influx rate of [15N]NO3
2 and 15N accumulation were assayed as previ-

ously described (Delhon et al., 1995). Rice seedlings were grown in IRRI nu-
trient solution containing 0.2mMNO3

2 for 2weeks and then deprived ofN for 3
d. The plants were transferred first to 0.1 mM CaSO4 for 1 min, then to a
complete nutrient solution containing 0.2 mM [15N]NO3

2 (atom% 15N: 99%) for
5, 30, and 60 min, and finally to 0.1 mM CaSO4 for 1 min. After grinding in
liquid N, one aliquot of powder was dried to a constant weight at 70°C. Ap-
proximately 6 mg of powder from each sample was analyzed using an Isotope
Ratio Mass Spectrometer system (Thermo Fisher Scientific).

Xylem Sap Nitrate Content Analysis

Rice seedlingswere grown in IRRI nutrient solution containing 0.2mMNO3
2

for 4 weeks and then were cut 4 cm above the ground level, and the roots were
immediately transferred to 0.2 mMNO3

2. A preweighed absorbent cotton ball was
attached to the cut surface and covered with plastic film for 1 h. Next, the collected
xylem sap was squeezed from the cotton with a syringe, and the volume of the
exudates was calculated from the increase in the weight of the cotton. Nitrate con-
centration was determined as previously described (Tang et al., 2012).

Measurement of the Net NO3
2 Flux Rate in Rice Plants

with the SIET System

Rice seedlings were grown in the IRRI nutrient solution containing 0.2 mM
NO3

2 for 2 weeks and then deprived of N for 3 d. Net NO3
2 flux in the root

meristem zone was measured using the noninvasive SIET technique as de-
scribed previously (Tang et al., 2012). The roots of seedlings were equilibrated
in the measuring solution for 30 min. The equilibrated seedlings were then
transferred to the measuring chamber filled with the solution containing
0.2 mM NO3

2. Net NO3
2 fluxes were measured under the experimental con-

ditions for 11min to decrease the variability due to fluctuations. Prior to the flux
measurements, the ion-selective electrodes were calibrated using NO3

2 con-
centrations of 0.05 and 0.5 mM. Each plant was measured once. The final flux
values were means of more than five individual plants. The measuring solution
was composed of 0.2 mM CaCl2, 0.1 mM NaCl, 0.1 mM MgSO4, and 0.3 mM
MES (pH 6, adjusted with 1 M NaOH). The measurements were carried out
using the SIET system BIO-003A (Younger USA Science and Technology).

Yeast One-Hybrid Assays

Yeast one-hybrid assays were used to check the binding of OsMADS57 to
OsNRT2.3a using the Matchmaker Gold Yeast One-Hybrid Library Screening
System kit and the Yeastmaker Transformation System 2 kit (Clontech) fol-
lowing the manufacturer’s instructions. One region about 30 bp in length
containing the two tandem CArG boxes in the OsNRT2.3a promoter or a mu-
tation of the CArG boxes was inserted into the vector pAbA. The construct was
linearized by BstBI digestion and transformed into a Y1HGold strain to gen-
erate a Y1H bait strain. Complementary DNA encoding full-length OsMADS57

was inserted into the pGADT7AD vector to generate pGADT7AD-OsMADS57
using primers M57BamHIF and M57SacIR. The OsMADS57 construct was
transformed into the Y1H bait strain and selected on a synthetic dropout-Ura
and -Leu plate containing AbA.

Transient Expression in Nicotiana benthamiana Leaves

Transient expression was analyzed according to the method of Yang et al.
(2000). Four-week-old N. benthamiana plants were used for infiltration. The
constructswere individually transformed into theA. tumefaciens strain EHA105. The
A. tumefaciens cells were infiltrated onto the abaxial surface ofN. benthamiana leaves
using 2-mL needleless syringes. After infiltration, the N. benthamiana plants were
grown in a greenhouse under dark conditions for 48 to 60 h.

Histochemical activity of GUS in transgenic plant materials and quantitative
analysis of GUS activity inN. benthamiana leaves were detected according to the
method of Jefferson et al. (1987).

Measurement of Root System Architecture and
Histological Observation

The rice root system is composed of seminal and adventitious roots each
bearing lateral roots. Rice seedlings were grown in the IRRI nutrient solution
containing 0.2mMNO3

2 for 2weeks before sampling. The length of seminal and
adventitious roots was measured using a ruler, and lateral root density was
calculated by dividing the lateral root number by root length. Total root length
and lateral root length were measured using the WinRhizo scanner-based
image-analysis system (Regent Instruments).

To analyze the length of the cortical cells in thematurity zone and cell number
in the meristem zone, the root tips of the seminal roots were treated for 1 h with
1.8 M KOH solution heated to 90°C to clear the tissues and then treated with 1%
(v/v) HCl solution for 5 min (Sun et al., 2016). The cortical cells of the root tips
were observed with a microscope using a color CCD camera (Olympus Opti-
cal). The length of mature cells was measured and cell numbers of the root
meristem were determined according to Sun et al. (2016).

The pCYCB1;1::GUS Construct

The pCYCB1;1::GUS fusion construct was transformed into wild-type plants
(cv Dongjin) and the osmads57 mutant. The construct was kindly provided by
Chuanzao Mao. The root tips were used in histochemical GUS staining analy-
ses. The stained tissues were photographed using an Olympus SZX2-ILLK
microscope with a color CCD camera (Olympus; Sun et al., 2016).

Determination of IAA

The content of IAA in the root tips and the lateral root area were determined
(Song et al., 2011). Two root zones were sampled: the root tip (0–0.5 cm) and the
lateral root zone where lateral root initiation, emergence, and elongation (2–8 cm)
occurs. The fresh weight of the samples wasmeasured, after which specimens were
immediately frozen in liquidN.We performed samplemeasurement of free IAA by
HPLC. A standard IAA sample was obtained from Sigma-Aldrich.

To detect IAAdistribution patterns in plants, the pDR5::GFP fusion construct
was transformed into wild-type plants, m1 mutants, and Ox-1 lines. The
pDR5::GFP vector was constructed from the pDR5::GUS construct provided by
Chuanzao Mao and was described by Huang et al. (2015). We analyzed the
fluorescence of GFP in the cells using 543-nm helium-neon and 488-nm argon
lasers using a confocal laser scanning microscope (LSM410; Carl Zeiss).

[3H]IAA Transport Assay

[3H]IAA polar transport was assayed after the 0.2 mMNO3
2 treatment for 2

weeks. Ten replicate roots were sampled. The [3H]IAA solution contained
0.5 mM [3H]IAA (20 Ci mmol21) in 2% (v/v) dimethyl sulfoxide, 25 mM MES
(pH 5.2), and 0.25% agar (Song et al., 2013).

Shoot-to-root auxin transport in intact plants wasmonitored as follows. [3H]
IAA solution (20 mL) was applied to the cut surface after rice shoots were re-
moved at 2 cm above the root-shoot junction and then incubated in scintillation
solution (4 mL) for 18 h. After an 18-h (overnight) incubation in darkness, rice
roots were sampled and weighed. [3H]IAA radioactivity was detected using a
multipurpose scintillation counter (LS6500; Beckman-Coulter).
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The assay for basipetal auxin transport (transport away from the root tip)was
performed using 3-cm-long excised root tip segments. [3H]IAA solution (3 mL)
was applied to the root tip placed horizontally on a plastic film. After incubation
in a humid, dark environment for 18 h (overnight), root segments were cut into
two parts: (1) the distal end 1 cm from the root tip and (2) the remaining 2 cm.
[3H]IAA radioactivity was measured in the 2-cm-long segments.

RT-qPCR Analysis

Total RNAwas isolated from the roots of rice seedlings. RNA extraction, RT,
and qPCR procedures followed the reported procedure (Chen et al., 2012). The
primer sets targeting nitrate-related genes and the PIN genes are listed in
Supplemental Table S1.

Statistical Analysis

Data from the experiments were pooled for calculation of means and SE and
analyzed by Student’s t test at P # 0.05 to determine the statistical significance
of the differences when comparing the wild type and other lines. All statistical
evaluations were conducted using the SPSS (version 11.0) statistical software
(SPSS).

Accession Numbers

The sequences of rice data in this article can be downloaded fromhttps://
blast.ncbi.nlm.nih.gov/Blast.cgi or http://rice.plantbiology.msu.edu:
OsMADS57 (AK108784), OsNRT2.1 (AB008519), OsNRT2.2 (AK109733),
OsNRT2.3a (AK109776), OsNRT2.4 (NM_193361), OsNART2.1 (NM_001053852.2),
OsNiA1 (AK102178), OsNiA2 (AK102363), OsPIN1a (AK103208), OsPIN1b
(AK102343), OsPIN1c (AK103181), OsPIN1d (LOC_Os12g04000) OsPIN2
(AK101191), OsPIN5a (AK066552), OsPIN5b (AK100297), OsPIN9 (AK05922),
OsPIN10a (LOC_Os01g45550), OsPIN10b (LOC_Os05g50140), and OsACT
(AK100267).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Identification of the osmads57 mutants and
overexpression lines.

Supplemental Figure S2. Comparison of growth and total N content of the
wild type, osmads57 mutants, and overexpression lines.

Supplemental Figure S3. 15N content and root mRNA expression pattern
of nitrate transporter genes in the wild type and osnrt2.3a mutants.

Supplemental Figure S4. Root systems of the wild type, osmads57mutants,
and overexpression lines.

Supplemental Figure S5. Seminal root diameter of the wild type, osmads57
mutant, and overexpression line.

Supplemental Figure S6. Auxin content in roots of the wild type, osmads57
mutants, and overexpression lines.

Supplemental Table S1. Primer sequences used in this study.
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