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Abstract

Legumes have adaptive mechanisms that regulate nodulation in response to the amount of nitrogen in the soil. In Lotus
japonicus, two NODULE INCEPTION (NIN)-LIKE PROTEIN (NLP) transcription factors, LjNLP4 and LjNLP1, play pivotal roles
in the negative regulation of nodulation by controlling the expression of symbiotic genes in high nitrate conditions.
Despite an improved understanding of the molecular basis for regulating nodulation, how nitrate plays a role in the signal-
ing pathway to negatively regulate this process is largely unknown. Here, we show that nitrate transport via NITRATE
TRANSPORTER 2.1 (LjNRT2.1) is a key step in the NLP signaling pathway to control nodulation. A mutation in the
LjNRT2.1 gene attenuates the nitrate-induced control of nodulation. LjNLP1 is necessary and sufficient to induce LjNRT2.1
expression, thereby regulating nitrate uptake/transport. Our data suggest that LjNRT2.1-mediated nitrate uptake/transport
is required for LjNLP4 nuclear localization and induction/repression of symbiotic genes. We further show that LjNIN, a pos-
itive regulator of nodulation, counteracts the LjNLP1-dependent induction of LjNRT2.1 expression, which is linked to a re-
duction in nitrate uptake. These findings suggest a plant strategy in which nitrogen acquisition switches from obtaining ni-
trogen from the soil to symbiotic nitrogen fixation.

Introduction nitrogen nutrients such as nitrate and ammonia in the soil
(Oldroyd and Leyser, 2020). Legumes can establish endosym-
biotic relationships with nitrogen-fixing bacteria called rhizo-
bia by forming root nodules; the rhizobia in the nodules fix

Nitrogen acquisition is critical for plant growth. Growth of
most plant species depends on water-soluble forms of
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IN A NUTSHELL

Background: Through symbiosis with nitrogen-fixing bacteria, legumes can use nitrogen from the atmosphere as
a nutrient. However, root nodule symbiosis requires energy and plants save energy when they can. For example,
plants temporarily halt root nodule symbiosis when the soil contains an abundance of nitrogen-containing
nutrients such as nitrate. In other words, plants have a mechanism to control root nodule symbiosis upon
changes in the amount of nitrate. Using the model legume Lotus japonicus, we previously identified the NIN-LIKE
PROTEINs LjNLP1 and LjNLP4 as key transcription factors that play pivotal roles in this regulation. However, how
nitrate acts in the signalling pathway to control nodulation remains largely unknown.

Question: How do legume nitrate transporters control root nodule symbiosis in a nitrate-rich environment?

Findings: By analyzing mutants involved in the nitrate-mediated control of root nodule symbiosis, we showed
that a defect in the nitrate transporter gene LjNRT2.1 results in the maintenance of nodulation in nitrate-rich
environments. We also found that LjNLP1 directly regulated LjNRT2.1 expression. Furthermore, our data suggest
that LjNRT2.1-mediated nitrate influx into the cell is relevant to nuclear localization of LjNLP4 and subsequent
regulation of the expression of nodulation-related genes. Interestingly, LjNIN, a nodulation-specific transcription
factor, controls nitrate uptake by interfering with LjNRT2.1 expression by LiNLP1. These findings enhance our un-
derstanding of the mechanisms of nitrogen acquisition that is unique to nodulating plants.

Next steps: In plant evolution, legumes that depend on nodules for their nitrogen source may have developed a
unique mode of nitrogen acquisition. Comparative functional analysis of nitrate transporter genes, including

NRT2.1, in various plants may be useful in testing this hypothesis.

atmospheric nitrogen, thus making it available to plants
(Oldroyd et al., 2011; Roy et al, 2020). Root nodule symbio-
sis plays an important role in the growth and survival of
symbiotic host plants in a nitrogen-deficient environment.
This symbiosis, however, is not always beneficial for plants
because photosynthetic products that could be used for
plant growth need to be consumed as energy sources for
nodule development and nitrogen fixation. To maintain a
balance between gaining nitrogen and losing carbon during
root nodule symbiosis, plants control root nodule symbiosis
depending on nitrogen nutrient availability in the soil
(Nishida and Suzaki, 2018a); in nitrate-sufficient conditions,
plants negatively regulate several key processes in root nod-
ule symbiosis, including rhizobial infection, nodule initiation
and growth, and the nitrogen fixation process (Streeter and
Wong, 1988; Carroll and Mathews, 1990; Nishida and Suzaki,
2018b).

Soybean (Glycine max) nitrate-tolerant symbiotic (nts)
mutants are the first identified legume mutants that affect
nitrate-mediated control of nodulation (Carroll et al, 1985).
In addition to their hypernodulating phenotypes, the nts
mutants are tolerant to high nitrate concentrations. The gene
responsible for the nts-1 mutants encodes a shoot-acting re-
ceptor-like kinase, Nodule autoregulation receptor kinase
(GmNARK; Searle et al., 2003). Defects in the GmNARK ortho-
log in two model legumes, Lotus  japonicus
HYPERNODULATION ABERRANT ROOT FORMATION 1
(LiHART) and Medicago truncatula SUPER  NUMERIC
NODULES, exhibit similar phenotypes to the Gmnark mutants
(Krusell et al, 2002; Nishimura et al, 2002; Schnabel et al,
2005). In addition, the expression of CLAVATA3/ESR-related
(CLE)-ROOT SIGNAL 2 (LjCLE-RS2), encoding a root-derived

ligand of LjHART, is induced not only by rhizobial inoculation
but also by nitrate treatment (Okamoto et al, 2009). In M.
truncatula, rhizobia/nitrate-inducible MtCLE35 was recently
identified as a functional counterpart of LjCLE-RS2 (Luo et al,
2021; Mens et al, 2021; Moreau et al, 2021). In nitrate-
sufficient conditions, loss-of-function mutations in LjHART or
LjCLE-RS2 show tolerance to the nitrate-induced reduction in
nodule number, not to other processes such as rhizobial in-
fection and nodule growth (Nishida et al, 2018, 2020). These
observations suggest the signaling pathway including these
genes is responsible for modulating nodule number in the
pleiotropic control of root nodule symbiosis by nitrate.

A recent genetic approach in L. japonicus identified nitrate
unresponsive symbiosis 1 (nrsym1) and nrsym2 mutants that
have a normal nodule number but attenuate nitrate-
induced control of root nodule symbiosis (Nishida et al,
2018, 2021). NRSYM1 and NRSYM2 encode NODULE
INCEPTION (NIN)-LIKE PROTEIN (NLP) transcription factor,
LjNLP4 and LjNLP1, respectively. NLP is paralogous to NIN, a
necessary and sufficient regulator of nodulation (Schauser
et al, 1999, 2005; Soyano et al., 2013; Vernié et al, 2015). In
addition to its positive role in nodulation, LjNIN/MtNIN
negatively regulates nodulation via induction of LjCLE-RS1/2
and MtCLE13 (Soyano et al, 2014 Laffont et al, 2020).
LjNLP4 shares common DNA-binding sites on the LjCLE-RS2
promoter with LjNIN, and LjNLP4 negatively regulates nod-
ule number by directly inducing LjCLE-RS2 expression in re-
sponse to nitrate (Nishida et al, 2018). Furthermore, the
expression of LjNIN target genes with positive roles in rhizo-
bial infection and nodule organogenesis are repressed by ni-
trate in LjNLP4- and LjNLP1-dependent manners (Nishida
et al, 2021).
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LjNLP4 localizes within nuclei in response to nitrate, as do
the NLPs in other plants (Marchive et al, 2013; Liu et al,
2017; Lin et al, 2018; Nishida et al, 2018). Therefore, in the
presence of high nitrate levels, nuclear-localized LjNLP4 can
negatively regulate nodulation by bifunctional transcriptional
regulation, inducing or repressing the expression of LjNIN
target genes (Nishida et al, 2021). The induced genes include
LjCLE-RS2, which has a negative role in nodulation, and the
repressed genes include NUCLEAR FACTOR Y-A (LjNF-YA),
LjNF-YB, EXOPOLYSACCHARIDE RECEPTOR 3 (LjEPR3), and
RHIZOBIAL INFECTION RECEPTOR-LIKE KINASE 1, which have
positive roles in nodulation (Okamoto et al, 2009; Soyano
et al, 2013; Kawaharada et al, 2015, 2017; Li et al, 2019;
Shrestha et al., 2021). In M. truncatula, MtNLP1 directly indu-
ces MtCLE35 a negative regulator of nodulation, and
represses CYTOKININ RESPONSE 1, a positive regulator of
nodulation and a direct target of MtNIN (Lin et al, 2018;
Luo et al, 2021). Hence, it is likely that the mode-of-action
for NLP-mediated bifunctional transcriptional regulation of
symbiotic genes is conserved in L. japonicus and M.
truncatula.

Generally, plants use two different nitrate transport sys-
tems depending on the nitrate concentration: a high-affinity
transport system (HATS) and a low-affinity transport system
(LATS) for low (<05mM) and high (>0.5mM) nitrate
concentration ranges, respectively (Krapp et al, 2014). In
Arabidopsis  thaliana, the NITRATE TRANSPORTER 2
(NRT2) family is primarily responsible for HATS, whereas the
NRT1 family is responsible for LATS (Wang et al, 1998;
Filleur et al,, 20071; Li et al,, 2007). An exception is AtNRT1.1,
which can switch between high- and low-affinity transport
activities depending on the phosphorylation state of the
AtNRT1.1 protein (Ho et al, 2009). Several studies on le-
gume nitrate transporters suggest their potential roles in
nodulation and nitrate-induced control of nodulation
(Pellizzaro et al, 2017). In particular, the roles of some
NITRATE PEPTIDE FAMILY (NPF) genes have been character-
ized. MINPF1.7 positively regulates nodulation and is dis-
pensable for nitrate-induced control of nodulation (Yendrek
et al, 2010). LjNPF8.6 is involved in nitrogen fixation (Valkov
et al, 2017). In addition, the Mtnpf7.6 mutants have nodules
of reduced size and are tolerant to nitrate, suggesting that
MNPF7.6 is required for nodule growth and nitrate-induced
control of nodulation (Wang et al.,, 2020).

Despite the accumulating examples of the roles of le-
gume nitrate transporters, how the nitrate transport sys-
tem plays a role in the signaling pathway to control
nodulation under high nitrate conditions remains mostly
elusive. This study shows that a mutation in LjNRT2.1
maintains nodulation under high nitrate concentrations.
Phenotypic analysis indicates that LjNRT2.1 and LjNLP1
act in the nitrate uptake/transport process. In addition,
LjNLP1 is necessary and sufficient to induce LjNRT2.1 ex-
pression, which is likely to be associated with the nitrate-

Misawa et al.

- + - + - + KNO3
WT Ljnrt2.1-1 (nrsym3)  Ljnrt2.1-2 (nrsym4)
B
Ljnrt2.1-2 (nrsym4)
G566A
ATG
G389A 20y
Ljnrt2.1-1 (nrsym3)
C
[E— 100— AtNRT2.1
0.1 AINRT2.2
AtNRT2.4
62 LjiNRT2.1

AINRT2.3
AINRT2.6

100

100
OsNRT2.1

100
100/ OsNRT2.2

OsNRT2.3
94 LINRT2.3

AINRT2.7
94 LjNRTZ2.4

OsNRT2.4

Figure 1 Identification of the LjNRT2.1 gene. A, Nodule phenotypes of
the WT, the Ljnrt2.1-1, and the Ljnrt2.1-2 mutants grown with 0 (=) or
10 mM KNOs (+) for 21 dai. Scale bars = 1 mm. B, Exon-intron struc-
ture of the LjNRT2.1 gene. The arrowheads indicate the locations of
the Ljnrt2.1-1 and the Ljnrt2.1-2 mutations. C, A phylogenetic tree of
the NRT2 gene family from A. thaliana, Oryza sativa, and L. japonicus
generated using the Neighbor-Joining method. The nomenclature for
LiNRT2 genes was based on previous studies (Criscuolo et al, 2012;
Valkov et al, 2020). LjNRT2.2 was excluded from the phylogenetic
tree, as this sequence is unlikely to be functional (Supplemental Figure
S3). The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1,000 replicates) are shown.

dependent LjNLP4 nuclear localization and induction/re-
pression of symbiotic genes. These data indicate that ni-
trate transport via LjNRT2.1 is a key process in the NLP
signaling pathway to control nodulation. Furthermore, we
show that LjNIN can counteract LjNLP1-dependent induc-
tion of LjNRT2.1. This mechanism may reflect a plant
strategy in which the acquisition of nitrogen nutrients
switches from depending on nitrogen in the soil to
depending on symbiotic nitrogen fixation.
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Results

LjNRT2.1 is required for nitrate-induced control of
nodulation
In our previous screen for L. japonicus ethylmethane sulfo-
nate (EMS) mutants involved in the nitrate response during
nodulation (Nishida et al, 2018), we identified two new re-
cessive mutants, nrsym3 and nrsymé4. Treatment with a high
nitrate concentration (10 mM) attenuated nodulation in the
wild-type (WT), but the effect of nitrate was suppressed by
the nrsym3 or the nrsym4 mutations (Figure 1A). An allel-
ism test suggested that the nitrate-unresponsive phenotypes
of nrsym3 and nrsym4 were caused by a mutation in an
identical gene, as F1 plants obtained from a cross between
the plants formed mature nodules under high nitrate condi-
tions (Supplemental Figure S1). A genome-resequencing ap-
proach using the nrsym3 and nrsym4 mutants identified a
point mutation that caused a missense mutation in
LjiNRT2.7 (Lj3g3v3069030; Criscuolo et al,, 2012; Valkov et al,
2020), a gene that encodes a protein similar to Arabidopsis
NRT2 proteins, including AtNRT2.1, AtNRT22, and
AtNRT2.4 (Figure 1, B and C).

To test whether LjNRT2.1 could complement the nrsym3
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(3.2kb) and the terminator (1.2 kb) regions of LjNRT2.1, was
introduced into the nrsym3 mutants by Agrobacterium rhi-
zogenes-mediated hairy root transformation. Nodulation on
the mutant roots expressing the complementation construct
was inhibited by nitrate (Supplemental Figure S2, A and B).
This result indicates that Lj3g3v3069030 is responsible for
the nrsym3 mutation.

Hereafter, we unified the nomenclature by re-naming
nrsym3 and nrsymé4 as Ljnrt2.1-1 and Ljnrt2.1-2, respectively.
The typical structure of NRT2 family proteins has 12 trans-
membrane regions. Mutations in the Ljnrt2.1-1 and Ljnrt2.1-2
mutants are located in the third (G130D) and fifth (G189E)
transmembrane regions, respectively. Previous studies showed
that the L. japonicus genome has four genes in the NRT2 fam-
ily, including LiNRT2.1, LiNRT2.2 (Lj3g3v3069010, Lj3g3v30
69020, Lj3g3v3069040, Lj3g3v3069050), LjNRT2.3 (Lj4g3v10
85060), and LjNRT2.4 (Lj1g3v3646440) (Criscuolo et al, 2012;
Valkov et al, 2020). As the coding sequence (CDS) of
LjNRT2.2 available from the L. japonicus genome database
seemed to be partial and possibly inaccurate, we determined
the full-length CDS of LjNRT2.2. We found that the structure
of LjNRT2.2 in two WT ecotypes, MG-20 and Gifu, contains a
premature stop codon, thus encoding a truncated version of

mutant, a 6.4-kb genomic fragment, including the promoter ~ protein relative to LjNRT2.1 (Supplemental Figure S3).
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Figure 2 Nitrate effects on nodulation and plant growth in the Ljnrt2.1 mutants. A-C, Nitrate effects on nodulation in the WT and Ljnrt2.1-1
mutants. A, The number of infection threads in plants growing in 0 (=) or 10 mM KNOjs (+) at 7 dai with rhizobia that constitutively express
DsRED (n = 11-12 plants). B, The number of nodules in the presence of 0 (=) or 10 mM KNOj (+ ) for 21 dai (n = 15 plants). C, Nodule size of the
WT and Ljnrt2.1-1 mutants (n = 19-22 nodules). The WT and Ljnrt2.1-1 plants were inoculated for 7 days in nitrate-free agar plates. After the for-
mation of nodule primordia, the plants were transferred to new plates containing 0 or 10 mM KNOs. Individual nodule size was measured at 0, 5,
10, 15, and 20 days after the transfer. Error bars indicate standard error of the mean (SEM). *P < 0.05 by a two-sided Welch's t test. D and E, Fresh
shoot weight (D) and shoot growth (E) of the WT, Ljnlp4-1, Ljnlp1, and the Ljnrt2.1-1 mutants grown in 0 (=) or 10mM KNOj ( +) in the absence
of rhizobia for 13 days (n = 12 plants). Error bars indicate sem. Different letters indicate statistically significant differences (P < 0.05, one-way analy-
sis of variance (ANOVA) followed by multiple comparisons). Scale bar = 1cm.
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Therefore, it is likely that LjNRT2.2 is nonfunctional in some
L. japonicus ecotypes.

Nitrate has pleiotropic effects on key events of nodulation, in-
cluding rhizobial infection, nodule initiation, and nodule growth
(Streeter and Wong, 1988; Carroll and Mathews, 1990; Nishida
and Suzaki, 2018b). We, therefore, investigated whether the
Ljnrt2.1 mutation influenced these nitrate-affected nodulation pro-
cesses. In the WT, the formation of infection threads, an indicator
of rhizobial infection foci (Murray, 2011), was attenuated by ni-
trate; however, the nitrate-induced reduction in infection thread
number was not observed in the Ljnrt2.1 mutants (Figure 2A). In
addition, the number of nodules formed on Ljnrt2.1 roots in the
presence of nitrate was comparable to that in the absence of ni-
trate (Figure 2B). Next, to focus on nodule growth, the WT and
Linrt2.1 plants were inoculated for 7days in nitrate-free agar
plates. After the formation of nodule primordia, the plants were
transferred to new plates containing nitrate, and the successive
changes in nodule size were measured. WT nodule growth was
halted by nitrate, but the nitrate effect was largely abolished in
the Ljnrt2.1 mutants (Figure 2C). Therefore, these results indicate
that NRT2.1 is required for nitrate-mediated control of rhizobial
infection, nodule initiation, and growth.

The nodulation phenotypes of the Ljnlp4 and the Ljnlp1
mutants under high nitrate conditions are similar to those of
the Ljnrt2.1 mutants (Nishida et al, 2018, 2021). We then cre-
ated multiple mutants and investigated the potential genetic
relationships between the corresponding genes. Single, double,
and triple mutants formed similar numbers of mature nod-
ules that were indistinguishable from each other under high
nitrate conditions (Supplemental Figure S4), suggesting that
LjNLP4, LjNLP1, and LjNRT2.1 act in the same genetic path-
way at least in the nitrate-induced control of nodulation.

We next tested the effect of nitrate on plant growth in
the absence of rhizobia. Promotion of shoot growth by ni-
trate was diminished in each mutant relative to the WT,
and the severity of the phenotype was strongest in Ljnlp1,
weakest in Ljnlp4, and intermediate in Ljnrt2.1 (Figure 2, D
and E). The defect in nitrate-promoted shoot growth in the
Ljnrt2.1 plants was rescued by the introduction of a comple-
mentation construct (Supplemental Figure S2C), suggesting
that LjNRT2.1 is responsible for the phenomenon.

LjNRT2.1 and LjNLP1 mediate nitrate uptake/
transport

In WT, nitrate-induced inhibition of nodulation occurred in
a dose-dependent manner: treatment with a high nitrate
concentration (5mM) reduced nodulation, whereas treat-
ment with a low nitrate concentration (0.2 mM) did not af-
fect nodulation (Figure 3, A and B; Nishida et al,, 2018). The
effect of nitrate (5mM) was suppressed by the Ljnrt2.1
mutations. As LjNRT2.1 belongs to the NRT2 family and
AtNRT2 genes are primarily responsible for HATS (Wang
et al, 1998; Filleur et al,, 20071; Li et al, 2007), we suspected
that LjNRT2.1 might be involved in nitrate uptake/transport.
To examine this possibility, the WT and Ljnrt2.7 plants were
treated with 0.2- or 5-mM nitrate solution that included a
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>N stable isotope in the presence of rhizobia, and the
amount of "N in planta was measured. The nitrate uptake
capacity in the root and shoot of the Ljnrt2.1 mutants was
significantly reduced compared with WT regardless of the
exogenous nitrate concentration (Figure 3, C and D). In
terms of nitrate uptake, noninoculated roots of the Ljnrt2.1
mutants had a similar defect: the Ljnrt2.7 mutations attenu-
ated nitrate uptake in both low and high nitrate conditions
(Supplemental Figure S5, A and B). These results suggest
that LjNRT2.1 is required for nitrate uptake/transport.

We next analyzed the temporal changes in nitrate con-
tents after nitrate treatment in noninoculated roots.
Although the nitrate contents at relatively shorter time
points (1 and 3h) was unaffected in the Ljnrt2.1 mutants,
the reduction in nitrate contents become evident 6h after
nitrate treatment (10 mM; Figure 3E). Retarded shoot
growth of the Ljnlp4 and Ljnlp1 mutants in the presence of
nitrate implied that the mutants might be impaired in ni-
trate transport and/or utilization (Figure 2, D and E). We
then investigated the nitrate contents 24h after nitrate
treatment (10 mM) in single, double, and triple mutants of
Linlp4, Ljnlp1, and Ljnrt2.1. The nitrate contents were unaf-
fected in the Ljnlp4 mutants but were reduced in the Ljnlp1
mutants to the same extent as in the Ljnrt2.1 mutants
(Figure 3F). The defect in nitrate uptake in the Ljnip1
mutants was also observed in the nitrate uptake assay using
>N stable isotope (Supplemental Figure S5B). Therefore,
these results suggest that LjNLP1 and LjNRT2.1 have roles in
nitrate uptake/transport. LiNLP1 and LjNRT2.1 likely regulate
nitrate uptake/transport in the same genetic pathway, as
the nitrate contents in the Ljnlp1 Ljnrt2.1 double mutants
were equivalent to that of the LjnlpT or the Ljnrt2.1 single
mutants. The relatively stronger defects in shoot growth in
the Ljnlp1 and the Ljnrt2.1 mutants compared to the Ljnlp4
mutants (Figure 2, D and E) were consistent with the
defects in nitrate uptake in these mutants.

To verify the relationship between nitrate uptake/trans-
port and gene expression, the expression of two nitrate-
inducible genes, NITRATE REDUCTASE (LjNIA) and LjCLE-
RS2, was analyzed in noninoculated roots by reverse
transcription-quantitative polymerase chain reaction (RT-
gPCR). Whereas the expression of LiNIA was rapidly
(<0.5h) induced, it took 6 h for the expression of LjCLE-RS2
to be induced after nitrate treatment in the WT
(Supplemental Figure S5, C and D). Transcript abundance of
both genes was significantly reduced at later time points
(>6h) in the Ljnrt2.1 mutants (Supplemental Figure S5, C
and D), a result consistent with the observation that the
Linrt2.1 mutation attenuated nitrate uptake by 6 h and later
(Figure 3E).

LjNLP1 is necessary and sufficient to induce
LjNRT2.1 expression in response to nitrate
We next analyzed the temporal expression pattern of
LiNRT2.1 in inoculated roots after nitrate treatment
(10mM) and the potential implications of LjNLP4 and
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followed by multiple comparisons) (A) and (F).

LjNLP1 in LjNRT2.1 expression. RT-qPCR analysis showed
that, in the timescale tested, LjNRT2.1 expression was induc-
ible by nitrate treatment, and the expression level was high-
est at 3h in the WT (Figure 4A). LiNRT2.1 expression in the

Linlp4 mutants was largely comparable to that of the WT at
least earlier time points (<3h). At later time points
(>24h), the LjNRT2.1 expression in the Ljnlp4 mutants was
constantly higher than WT. Of note, the LjNRT2.7 expression
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Figure 4 Temporal expression of LjNRT2.1 and transactivation of LijNRT2.1. A, RT-qPCR analysis of temporal LjNRT2.1 expression of the WT,
Linlp4-1, Ljnlp1, and Ljnlp4-1 Ljnlp1 mutants after simultaneous treatment with 10mM KNOs and rhizobia. Each cDNA sample was prepared from
total RNA derived from inoculated roots treated with 10mM KNO; (n = 3 independent pools of roots derived from four plants). The expression
of LjUBQ was used as the reference. Error bars indicate sem. Different letters indicate statistically significant differences (P < 0.05, one-way ANOVA
followed by multiple comparisons). Data for each time point were used in the statistical analysis. B, Transactivation of LjNRT2.1,,,,;GUS in L. japoni-
cus mesophyll protoplasts transformed with respective constructs (n = 3 independent pools of protoplasts). GFP, LiNLP4, LjNLP1, and LjNIN were
used as effectors. Two types of LjNRT2.1,,,:GUS reporter constructs were used, one with an intact LjNRT2.7 promoter and one with a modified
LjNRT2.1 promoter in which the NBS (Soyano et al, 2015) was specifically deleted (ANBS) (Supplemental Figure S6). Transformed protoplasts
were incubated with 0 () or 10mM (+) KNO;. GUS activity was measured relative to 35S,,,:LUC activity. Transactivation data were normalized
to the condition in which GFP was expressed in the absence of KNOs. Error bars indicate sem. Different letters indicate statistically significant differ-
ences (P < 0.05, one-way ANOVA followed by multiple comparisons).

was abolished in the Ljnlp7 mutants at every time point.
The LjNRT2.1 expression pattern in the Ljnlp4 Ljnlp1 double
mutants was indistinguishable from that of Ljnip1
(Figure 4A).

We next investigated whether LjNLP1 was sufficient to in-
duce LjNRT2.1 expression by a transactivation assay using
mesophyll protoplasts of L. japonicus. Although LjNLP4 or
LjNIN did not affect LjNRT2.1 expression, LjNLP1 did induce
LiNRT2.1 expression in a nitrate-dependent manner

(Figure 4B). The 3.2-kb LjNRT2.1,,,, region used in the trans-
activation assay had an LjNIN-binding sequence (NBS;
Soyano et al,, 2015). Given the similarity of the DNA-binding
sites between NLP and NIN (Soyano et al, 2015; Nishida
et al, 2021), we assumed that the NBS in the LjNRT2.1,,,
might be relevant to LjNLP1-mediated LjNRT2.7 expression.
LjNLP1 failed to express the GUS reporter gene under the
control of a modified LjNRT2.1,,, in which the NBS was spe-
cifically deleted (Figure 4B; Supplemental Figure S6A). Taken
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Figure 5 Protein—-DNA interaction of LjNLP4, LiNLP1, and LjNIN. A-C, EMSA showing LjNLP4, LjNLP1, or LjNIN binding to the cis-elements on the
LNRT2.1,5 (A), LiNIR1,,, (B), and LjCLE-RS2,,, (C). MBP-LiNLP4 (564-976), MBP-LjNLP1 (573-903), or MBP-LiNIN (551-878) recombinant pro-
teins, consisting of an RWP-RK and a PB1 domain, were incubated with the FAM-labeled DNA probe (Supplemental Data Set 1). Blue, green, and
red nucleotides indicate conserved motifs among the DNA fragments. Brackets and asterisks, respectively, indicate the position of shifted bands
showing protein—DNA interaction and of free probes that did not interact with proteins. D, Transactivation of LjCLE-RS2,,,:GUS in L. japonicus
mesophyll protoplasts transformed with respective constructs (n = 3 independent pools of protoplasts). GFP, LiNLP4, and LjNLP1 used as effectors.
Two types of LjCLE-RS2,,,:GUS reporter constructs were used, one with an intact LjCLE-RS2 promoter and one with a modified LjCLE-RS2 pro-
moter in which the NRE/NBS (Figure 5C; Nishida et al, 2021) was specifically deleted (ANRE/NBS) (Supplemental Figure S6). Transformed proto-
plasts were incubated with 0 (=) or T0mM (+) KNO;. GUS activity was measured relative to 35S,,,,LUC activity. Transactivation data were
normalized to the condition in which GFP was expressed in the absence of KNOs. Error bars indicate sem. Different letters indicate statistically sig-
nificant differences (P < 0.05, one-way ANOVA followed by multiple comparisons).

together with the observation of abolished expression of
LiNRT2.1 in the Ljnlp1 mutants (Figure 4A), the results from
the transactivation assay indicate that LjNLP1 is necessary
and sufficient to induce LjNRT2.1 expression in response to
nitrate.

To verify the protein-DNA interaction in more detail, we
carried out an electrophoretic mobility shift assay (EMSA).
The recombinant LjNLP1 and LjNIN proteins, consisting of
an RWP-RK and a PB1 domain, bound to cis-elements of
the LjNRT2.1 promoter (Figure 5A). In contrast, the recombi-
nant LjNLP4 protein with similar domains showed much
weaker binding to the cis-elements (Figure 5A), which was
consistent with the observation that LjNLP4 was not in-
volved in the regulation of LjNRT2.1 expression (Figure 4).
As previously shown, LjNLP4 and LjNIN bound to cis-
elements of NITRITE REDUCTASE 1 (LjNIRT) and LjCLE-RS2
promoters (Figure 5, B and G; Nishida et al, 2021). LjNLP1
also bound to the same regions (Figure 5, B and C).

Transactivation assay showed that LjNLP1, as well as LjNLP4,
could activate LjCLE-RS2 expression through direct binding
to the cis-element in a nitrate-dependent manner
(Figure 5D; Supplemental Figure S6B).

LjNRT2.1, LjNLP4, and LjNLP1 have overlapping
expression patterns during nodulation

To determine spatial expression pattern of LjNRT2.1 and its
relevance to those of LjNLP4 and LjNLP1, we conducted
promoter-GUS reporter analysis. We first identified the func-
tional promoter that could rescue the corresponding
mutants to the same extent as constructs using the LjUBQ
promoter, when used to express each gene (Supplemental
Figure S7, A-C). The promoter fragments LjNRT2.1,,
(3.2kb), LjNLP4,,, (23kb) and LjNLP1,,, (4.0kb), harbored
same regions as genomic fragments used in complementa-
tion assays (Supplemental Figure S2; Nishida et al, 2018,
2021). At initial developmental stages of nodulation, the
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LiNRT2.1pro:GUS
‘j 3

Figure 6 Spatial expression of LjNRT2.1, LiNLP4, and LjNLP1 during
nodulation. A-C, GUS activities in nodulating WT transgenic hairy
roots transformed with the LjNRT2.1,,,,GUS (A), LiNLP4,,,GUS (B),
and LjNLP1,,,;GUSplus (C) constructs. Arrows indicate dividing corti-
cal cells. Transgenic roots were identified by GFP fluorescence. Scale
bars = 200 pm.

LjNRT2.1,,,GUS ~ construct showed that LjNRT2.1 was
expressed within dividing cortical cells, in an overlapping
pattern with LjNLP4 and LjNLP1 (Figure 6). At later stages of
nodulation, promoter-GUS constructs of each gene showed
strong GUS activity in the outer regions of nodules, includ-
ing epidermis. In addition to the expression in nodulation
cell lineage, LjNRT2.1 was expressed in the region of the root
closer to the root base than the tip (Supplemental Figure
S7D). Transverse sections of the region indicated that the
LiNRT2.1 was predominantly expressed in the epidermis
(Supplemental Figure S7E). The epidermal LjNRT2.1 expres-
sion might be insufficient to ensure the full LjNRT2.1 func-
tion, as the epidermis-specific expression of LiNRT2.1 using
the Epi promoter (Hayashi et al, 2014) failed to rescue the
Linrt2.1 phenotype (Supplemental Figure S7A).

Our data have shown that LjNLP1-LjNRT2.1 pathway has
a role in nitrate-induced control of nodulation. We then
asked if the expression of LjNRT2.1 could compensate for
LjNLP1 function. Constitutive LiNRT2.1 expression from the
LjUBQ promoter could not rescue the Ljnlp1T mutation

Misawa et al.

(Supplemental Figure S7C). Therefore, the expression of
LiNRT2.1 alone might be insufficient for nitrate-induced con-
trol of nodulation in the LjnlpT mutants.

LjNRT2.1 function is linked to the nitrate-
dependent regulation of LiNLP4 nuclear localization
and control of symbiotic gene expression

One of the features of LjNLP4 is that its nuclear localization is
regulated by nitrate (Nishida et al, 2018). Given the involve-
ment of LjNRT2.1 and LjNLP1 in the nitrate-induced control
of nodulation and the nitrate uptake/transport process, we
verified that these proteins might be involved in regulating
the subcellular localization of LjNLP4. In agreement with a
previous study (Nishida et al, 2018), immunohistochemistry
using an LjNLP4—myc fusion protein showed that LjNLP4 was
localized within nuclei in response to nitrate in the WT
(Figure 7A; Supplemental Figure S8A). In contrast, a strong
signal for LjNLP4 was not evident in the nuclei of the Ljnlp1
and the Ljnrt2.1 mutants even in the presence of nitrate
(Figure 7, B and G Supplemental Figure S8A). RT-gPCR and
immunoblot analysis indicated that the loss of nuclear LjNLP4
signals in the LjnlpT and Ljnrt2.1 mutants was not due to re-
duced LjNLP4 expression nor LjNLP4 stability (Supplemental
Figure S8, B and C). Therefore, our observations suggest that
LjNLP1 and LjNRT2.1 act upstream of the nitrate-dependent
LjNLP4 nuclear localization; LjNLP1-mediated activation of
LjNRT2.1 expression and subsequent nitrate transport may be
required for LjNLP4 nuclear localization.

To further characterize the involvement of LjNRT2.1 in
the nitrate-induced control of nodulation, we focused on
the expression of symbiotic genes whose expression was af-
fected by nitrate. Whereas nitrate upregulates the expression
of LjCLE-RS2, nitrate downregulates the expression of LjNF-
YA, LjNF-YB, and LJEPR3 in an LjNLP4 and LjNLP1-
dependent manner (Nishida et al, 2021). For RT-qPCR
analysis, the WT and Ljnrt2.1 plants were pretreated with ni-
trate for 24h before rhizobial inoculation. Roots were col-
lected at 3days after inoculation (dai) with continuous
nitrate treatment. Consequently, we found that the nitrate-
induced level of LjCLE-RS2 expression was lower in the
Linrt2.1 mutants than the WT (Figure 8A). In contrast,
nitrate-repressed level of LiNF-YA, LiNF-YB, and LjEPR3 was
lower in the Ljnrt2.1 mutants relative to the WT (Figure 8,
B-D). These nitrate-induced/repressed expression patterns of
the symbiotic genes in the Ljnrt2.1 mutants resembled those
in the Ljnlp4 and the Ljnlp7 mutants (Nishida et al, 2021).
Furthermore, we found that the LjNIN expression was
nitrate-repressible in WT and the nitrate-mediated reduction
in LjNIN expression was abolished in the Ljnrt2.7 mutants
(Figure 8E).

LjNLP1 can substitute for LjNLP4 function

In addition to the phenotypic similarity of the mutants, our
previous RNA-seq analysis indicated that LjNLP4 and LjNLP1
had mostly similar downstream genes (Nishida et al, 2021).
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Figure 7 Subcellular localization of LjNLP4. A-C, Immunohistochemistry of the LjNLP4-myc protein in root apical cells of WT, Ljnlp1, and Ljnrt2.1-
1 mutants. A monoclonal anti-myc antibody and an antibody conjugated to Alexa Fluor 488 Plus (right: green signal) were used as the primary
and secondary antibodies. Nuclei were visualized with DAPI (left: blue signal). Plants with transgenic hairy roots transformed with the
LjUBQypo:LjNLP4-myc construct were grown on a nitrogen-free medium for 3 days and then supplied with 0 (=) or T0mM KNO; (+) for Th.
Representative images of at least five independent locations are shown for each condition. Scale bars = 50 um.

Indeed, LjCLE-RS2 was identified as a common direct target
of LjNLP4 and LjNLP1 (Figure 5). These findings led us to
postulate that the two NLPs might have overlapping func-
tions. To examine the functional relationships of LjNLP4 and
LiNLP1, we expressed one gene in mutants of the other
gene. The nodulation phenotype of the Ljnlp4 mutants in
the presence of nitrate was rescued by constitutive expres-
sion of LjNLP1 (Figure 9A). In contrast, nodulation of the
Linlp1 mutants was unaffected by LjNLP4 expression
(Figure 9B). These results suggest that LjNLP1 can function-
ally substitute for LjNLP4.

LjNIN counteracts LjNLP1 function

A previous study showed that LjNIN inhibits the nitrate-
inducible expression of LjNRT2.1 and LjNIR1 (Soyano et al,
2015). We sought to elucidate a more detailed mechanism
underlying this LjNIN-mediated repression of nitrate-
inducible gene expression. In transgenic hairy roots, LjNIN
overexpression reduced the nitrate-induced levels of
LiNRT2.1 and LjNIR1 (Figure 10, A—C), confirming a previous

finding (Soyano et al, 2015). Since LjNLP1 has now been
identified as a transcription factor that induces LjNRT2.7 ex-
pression, and the NBS within the LjNRT2.1,,, was required
for the LjNLP1-dependent LjNRT2.1 expression (Figures 4, B
and 5, A), we reasoned that LiNIN might interfere with
LjNLP1 function via protein-DNA interaction, thereby
downregulating LiNRT2.1 expression. To test this hypothesis,
we first co-expressed LjNLP1 and LjNIN in L. japonicus proto-
plasts and measured the expression of LjNRT2.1. The co-
expression of LjNLP1 and LjNIN significantly reduced the rel-
ative expression level of LjNRT2.1 compared to the case in
which LjNLP1 alone was expressed (Figure 10D). In addition,
EMSA showed LjNLP1 and LjNIN bound competitively to
the cis-element of LjNRT2.17 promoter (Figure 10E).

Lastly, we investigated if rhizobial inoculation could influ-
ence nitrate uptake. To test this possibility, we measured
the nitrate contents using inoculated and noninoculated
WT plants grown without nitrate and then fed nitrate. The
nitrate content in inoculated roots (7 dai) 24 h after nitrate
treatment (10 mM) was lower than noninoculated roots of
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Figure 8 Symbiotic gene expression in the Ljnrt2.1 mutants. A-E, RT-qPCR analysis of LjCLE-RS2 (A), LiNF-YA (B), LjNF-YB (C), LjEPR3 (D), and
LjNIN (E) expression in the WT and Ljnrt2.1-1 mutants. Plants were pretreated with 0 (=) or 10 mM KNO; ( +) for 24 h before rhizobial inocula-
tion. Roots at 3 dai with continuous treatment of 0 or 10 mM KNOj3 were collected (n = 3 independent pools of roots derived from three plants),
and total RNA from the 3 dai roots was isolated for cDNA synthesis. The expression of LjUBQ was used as the reference. Error bars indicate sem.

*P < 0.05 by a two-sided Welch’s t test.

the same age (Figure 10F). Of note, the rhizobia-dependent
reduction in nitrate uptake was not observed in the Ljnin
mutants (Figure 10F). Therefore, these data suggest that
LjNIN has a role in modulating nitrate uptake by counter-
acting the LjNLP1 function that activates LjNRT2.1
expression.

Discussion

The role of nitrate transporter genes in the nitrate-induced
control of nodulation has been largely unknown. A recently
identified gene, MtNPF7.6, is expressed in nodule transfer
cells and mediates nitrate transport in nodules; Mtnpf7.6
mutations affect the nitrate-induced control of nodulation
(Wang et al, 2020). In our study, we showed that the
Ljnrt2.1 mutants maintained nodulation in high nitrate con-
ditions. Although the MtNPF7.6 function appears to be re-
stricted to nodules, LijNRT2.1 has a more general role in

nitrate transport since it is involved in nitrate transport
even in the absence of rhizobia.

In L. japonicus, LiNLP4 and LjNLP1 are known to have piv-
otal roles in transcriptional regulation in response to nitrate
(Nishida et al,, 2021); however, details about the genetic rela-
tionship of LjNLP4 and LjNLP1 have been incomplete. Here,
we identified a critical functional difference between LjNLP4
and LjNLPT; LjNLP1 has an ability to induce LjNRT2.7 expres-
sion perhaps because LjNLP1 can bind to a cis-element of
the LjNRT2.1 promoter more strongly than LjNLP4.
MtNRT2.1 expression was compromised by the mutation of
MtNLP1, which is orthologous to LjNLP1 (Lin et al, 2018).
Therefore, the NLP1-NRT2.1 regulatory module may be con-
served between L. japonicus and M. truncatula.

The nitrate uptake/transport process was attenuated not
only by the Ljnrt2.1 mutations but also by the Ljnlp1 muta-
tions. Nitrate-promoted shoot growth was more severely



The function and regulation of NRT2.1 in Lotus japonicus

A 25—
» 20— " .
__Q [— .
=5
e ] . é
2 15 . . %}
B L[] L[]
8104 » &
E . . N
=} L] L]
z .
5 e
5 o

=:__h = = * KNOs3
GUS LiNLP4 LjNLP1
Linip4

B 20+

w

o

3 L]

pe]

o .

c

ks

0]

Ne)

£ .

3 .

=z

NLP4

GNLPA

Linlp1

THE PLANT CELL 2022: 34; 1844-1862 1855

Figure 9 Reciprocal complementation assays of LjNLP4 and LjNLP1. A and B, Nodule number and nodulation phenotypes of transgenic hairy roots
of the Ljnlp4-1 (A) and Ljnlp1 (B) mutants transformed with either the LjUBQ,,,:GUS, LjUBQ,,:LjNLP4, or LjUBQ,,,:LjNLPT constructs in the pres-
ence of 0 (=) or T0mM KNOj3 (+) at 21 dai (n = 6-11 plants). Transgenic roots were identified by GFP fluorescence. Error bars indicate sem.

*P < 0.05 by a two-sided Welch's t test. Scale bars = 1Tmm.

affected in the Ljnlp1 or the Ljnrt2.1 mutants than the
Ljinlp4 mutants, an observation that may result from defects
in nitrate uptake/transport. Phenotypic analysis using multi-
ple mutants suggested that LjNRT2.1 acts in the same ge-
netic pathway as LjNLP4 and LjNLP1 in the nitrate-induced
control of nodulation. Furthermore, the nuclear localization
of nitrate-dependent LjNLP4, a feature related to NLPs activ-
ity, was diminished by either the Ljnlp1 or the Ljnrt2.1
mutations.

Based on these observations and previous findings, we
propose a signaling pathway model that acts in the nitrate-
induced control of nodulation (Figure 11). In the model,
LjNLP1 induces LjNRT2.1 expression in the presence of exog-
enous nitrate. The activated LjNRT2.1 may enhance nitrate
transport, which ultimately triggers LjNLP4 nuclear localiza-
tion. Then, the expression of symbiotic genes is induced or
repressed by LiNLP4 depending on the nature of their regu-
lation; LjNLP4 acts synergistically to inhibit nodulation. Since
the expression of LjNRT2.1 was insufficient to rescue the

Linlp1 mutations, LjNLP1 likely has different downstream
pathway from that includes LjNRT2.1 to control nodulation.
Indeed, we demonstrated that LjNLP1 can directly induce
LjCLE-RS2 expression in response to nitrate. The NLP1-CLE
regulatory module is also identified in M. truncatula (Luo
et al, 2021). Considering LjNLP1’s specific role in response
to nitrate, LiNLP1 must be activated in some way by nitrate.
Generally, there are two types of nitrate transporters in
terms of gene expression pattern: whose expression is either
constitutively expressed or is affected by nitrate (Cerezo
et al, 2001; Krapp et al, 2014). An unknown constitutively
expressed nitrate transporter independent of LjNRT2.1 may
mediate the first step of nitrate uptake/transport to activate
LjNLP1. Such a transporter may function similarly to
AtNRT1.1, which is thought to act upstream of AtNLPG/7-
mediated nitrate signaling (Liu et al, 2017). Our results also
show that the expression of LjNLP1 substituted for the
LiNLP4 function. Although the results need to be carefully
interpreted, as a constitutive promoter (LjUBQ,,,) was used
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Figure 10 The regulation of LiNRT2.1 expression by LjNIN. A—C, RT-qPCR analysis of LjNRT2.1 (A), LjNIRT (B), and LjNIN (C) expression in WT
transgenic hairy roots transformed with the LjUBQ,,,»:GUS or LjUBQ,,:LjNIN constructs. Each cDNA sample was prepared from total RNA derived
from noninoculated roots pretreated with 0 (=) or 10mM KNO; (+) for 24h (n = 3 independent pools of roots derived from 10 plants).
Transgenic roots were identified by GFP fluorescence. The expression of LjUBQ was used as the reference. Error bars indicate sem. Different letters
indicate statistically significant differences (P < 0.05, one-way ANOVA followed by multiple comparisons). D, Transactivation of LjNRT2.1,,,,:GUS
in L. japonicus mesophyll protoplasts transformed with three respective constructs (n = 3 independent pools of protoplasts). Transformed proto-
plasts were incubated with 10 mM KNO;. GUS activity was measured relative to 35S,,,LUC activity. Transactivation data are normalized using the
condition in which GFP is expressed. Different letters indicate statistically significant differences (P < 0.05, one-way ANOVA followed by multiple
comparisons). E, EMSA showing LjNLP1 or LiNIN binding to the cis-elements on the LjNRT2.1,,,. MBP-LjNLP1 (573-903) or MBP-LjNIN (551-878)
recombinant proteins, consisting of an RWP-RK and a PB1 domain, were incubated with the FAM-labeled DNA probe (Figure 5A; Supplemental
Data Set 1). Concentration of the proteins is shown. Bracket and asterisk, respectively, indicate the position of shifted bands showing protein—
DNA interaction and of free probes that did not interact with proteins. F, Nitrate contents in inoculated (7 dai) (+ ) and noninoculated (-) roots
of the WT and Ljnin-9 mutants (n = 3 independent pools of roots derived from four plants). The plants were first grown in each condition with-
out KNO3, incubated with 10mM KNO; for 24 h, followed by measurement of the root nitrate contents. Error bars indicate sem. *P < 0.05 by a
two-sided Welch's t test.

in the assay, it is possible that LjNLP1 per se can regulate
the expression of symbiotic genes in the same way as
LjNLP4. Meanwhile, LjNLP4 was insufficient to replace
LjNLPT’s function, which is likely to reflect the fact that
LjNLP4 could not induce LjNRT2.1 expression. Elucidating
the details of the functional overlap between LjNLP4 and
LjNLP1 is a future challenge.

The temporal expression pattern of LjNRT2.1 after nitrate
treatment showed that nitrate-induced LjNRT2.7 activation
is transient, suggesting there is a feedback mechanism to

control LjNRT2.1 expression. Notably, AtNRT2.1 expression is
downregulated by nitrate assimilation products (Lejay et al,,
1999). In the Ljnlp4 mutants, the expression of LiNIA and
LiNIRT genes was reduced (Nishida et al, 2018). Therefore,
the higher levels of LjNRT2.17 expression at later time points
in the Ljnlp4 mutants relative to the WT may be due to
failed feedback regulation of LjNRT2.1 by nitrate assimilation
products. Although expression of the nitrate assimilation
genes was also low in the Ljnlp7 mutants (Nishida et al,
2021), LjNRT2.1 expression was also compromised. Our
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Figure 11 Model for the nitrate-induced control of nodulation in L. japonicus. A, A model of the LjNLP1-LjNRT2.1-LjNLP4 signaling pathway,
which controls nodulation in response to nitrate. Nitrate taken up from the soil leads to activation of LjNLP1, thereby enabling LjNLP1 to induce
the expression of LiNRT2.1. LjNRT2.1 then plays a role in enhancing nitrate uptake/transport. LjNLP4 nuclear localization is triggered by the en-
hanced influx of nitrate. LjNLP4 subsequently induces the expression of LjCLE-RS2, a negative regulator of nodulation. LiNLP4 also represses the ex-
pression of genes for positive regulators of nodulation, including LiNF-YA, LiNF-YB, and LjEPR3, by interfering with LjNIN’s role in inducing these
genes (Nishida et al., 2021). The resultant altered expression of these symbiotic genes acts synergistically to negatively regulate nodulation. B, A
simplified model. In addition to the pathway including LjNRT2.1, LiNLP1 has a different downstream pathway to negatively regulate nodulation.
Expression of LjNIN, a positive regulator of nodulation, is induced by rhizobial infection, and LjNIN has a role to block the LiNLP1-dependent ex-

pression of LiNRT2.1. Red indicates nitrate-related regulation.

interpretation of these results is that the defect in the in-
duction of LjNRT2.1 expression in the Ljnlp1 mutants pre-
cedes that responsible for its feedback regulation by nitrate
assimilation products.

How physiological processes in plants are regulated during
root nodule symbiosis is poorly understood at the molecular
level. Here, we provide a dataset that suggests that the ni-
trate uptake process can be modulated during nodulation.
LjNIN, whose expression is induced specifically by rhizobial
infection (Schauser et al, 1999; Suzaki et al, 2013), counter-
acts LjNLP1-dependent induction of LjNRT2.1 expression
(Figure 11). LjNIN and LjNLP1 have common cis-elements
on the LjNRT2.1 promoter. Importantly, the LiNIN-DNA in-
teraction does not result in gene expression; instead, the in-
teraction seems to block LiNRT2.1 expression by LjNLP1. A
previous study that supports our notion indicated that the
expression of LiNRT2.1 is downregulated by rhizobial inocu-
lation (Criscuolo et al, 2012). Indeed, the negative regulation
of LiNRT2.1 by LjNIN is associated with a reduction in ni-
trate uptake. The physiological significance of this mecha-
nism needs to be elucidated in the future; however, an
attractive hypothesis is that this mechanism may be relevant
to a switch in the plant’s strategy concerning nitrogen ac-
quisition. As nodule development progresses, legumes may
switch from depending on nitrogen levels in the soil to sym-
biotic nitrogen fixation, thereby reducing soil nitrate uptake.

In Arabidopsis, the AtNRT2 family proteins are thought to
play exclusive roles in HATS (Kiba et al, 2012; Krapp et al,
2014). AtNRT2.1 is responsible for 72% of HATS but is not
involved in LATS (Wang et al, 1998; Filleur et al, 20071; Li
et al, 2007). In L. japonicus, the effect of the Ljnrt2.1 muta-
tion was pronounced in the presence of high nitrate

(10mM). As far as we examined, WT and Ljnrt2.1 mutants
showed no obvious nodulation phenotypes at low nitrate
concentrations. In addition, LiNRT2.7 is required for nitrate
transport irrelevant to the exogenous nitrate concentration.
Hence, it is possible that the biochemical function of
LjNRT2.1 differs from that of AtNRT2.1.

Many current research efforts to learn about plant adaptive
strategies in nitrogen-deficient environments are primarily fo-
cused on Arabidopsis, a nonnodulating plant. Arabidopsis
seems to have developed HATS to acquire low concentra-
tions of soil nitrogen successfully (Kiba and Krapp, 2016;
Oldroyd and Leyser, 2020). In contrast, it is enigmatic how
nodulating plants such as legumes have adapted to nitrogen-
deficient environments when they do not produce nodules.
Given that coexistence with rhizobia is a prerequisite in na-
ture, we propose that legumes have always depended on
symbiotic nitrogen fixation and might not have needed to de-
velop HATS. An observation potentially related to this hy-
pothesis is that the number of NRT2 family genes in legumes
is lower than in Arabidopsis; there are three NRT2 family
genes in L. japonicus and M. truncatula, five members in soy-
bean, and seven NRT2 family genes in Arabidopsis (Valkov
et al, 2020). A comparative functional analysis of NRT2 family
genes in the future may provide clues for elucidating the con-
served and diverse roles of nitrate transport systems in nodu-
lating and nonnodulating plants.

Materials and methods

Plant materials and growth conditions

The Miyakojima MG-20 ecotype of L. japonicus was used as
the WT plant (Kawaguchi, 2000). The nrsym3 and nrsym4
mutants were isolated in a previous screening for EMS
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mutants involved in the nitrate response during nodulation
(Nishida et al, 2018). The Ljnrt2.1-1 mutants were back-
crossed with WT once and descendent Ljnrt2.1-1 mutants
were used for all analyses in this study. A description of
Linlp4-1, Ljnlp1, and Ljnin-9 plants was published previously
(Yoro et al, 2014; Nishida et al, 2018, 2021). Plants were
grown with or without Mesorhizobium loti MAFF 303099 in
autoclaved vermiculite or on 1% agar plates with Broughton
and Dilworth (B&D; Broughton and Dilworth, 1971) solution
under a 16-h light/8-h dark cycle at 24°C.

Genome-resequencing of the nrsym3 and nrsym4
mutants

The nrsym3 and nrsym4 mutants were crossed with MG-52,
and F2 progeny displaying nitrate-tolerant phenotype were
screened. Genomic DNA was extracted from pools of leaves
derived from 20 plants using a DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany). Libraries were constructed using
a TruSeq DNA Sample Prep Kit (lllumina, San Diego, CA,
USA) and sequenced using a NextSeq 500 (lllumina) instru-
ment with an 86-bp single-end sequencing protocol. Reads
were mapped against the L. japonicus genome version 3.0
(http://www.kazusa.orjp/lotus/) by Bowtie-0.12.9 (Langmead
et al, 2009). Single-nucleotide polymorphism candidates
were identified using the Mitsucal program (Suzuki et al,
2018).

Phylogenetic analysis

Phylogenetic analysis was conducted in MEGA X. The phylo-
genetic tree was built using the Neighbor-Joining method.
The optimal tree with the sum of branch
length = 247369594 was shown. The percentage of replicate
trees in which the associated taxa clustered together in the
bootstrap test (1,000 replicates) are shown next to the
branches. The tree is drawn to scale, with branch lengths in
the same units as those of the evolutionary distances used
to infer the phylogenetic tree. The evolutionary distances
were computed using the Poisson correction method and
were in the units of the number of amino acid substitutions
per site. All positions containing gaps and missing data were
eliminated (complete deletion option). Sequence alignment
and machine-readable tree files are provided as
Supplemental Files S1 and S2, respectively.

Constructs

The primers used for PCR are shown in Supplemental Data
Set 1. For the complementation analysis of the nrsyms3
mutants, a 6.4-kb genomic DNA fragment including the
LiNRT2.1 candidate gene was amplified by PCR from WT ge-
nomic DNA. This fragment, including a 3.2-kb sequence di-
rectly upstream of the initiation codon, was cloned into
pCAMBIA1300-GFP (Suzaki et al, 2019). For promoter-GUS
analysis using L. japonicus hairy roots, a 3.2-kb fragment of
the LjNRT2.1 promoter region was amplified by PCR from
WT genomic DNA and cloned upstream of the GUS gene in
the pCAMBIA1300-GUS-GFP-LjLTI6b vector (Nishida et al,
2016). For making LjNLP1,,;GUSplus:LiNLP1y.,, LjNLP1,,;Lj
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NLPT:LjNLP1y,, and LjNLP4,,,;LiNLP4-myc constructs, each
DNA fragment was amplified by PCR from WT genomic
DNA, cDNA, or original vectors (Nishida et al, 2018; Suzaki
et al, 2019) and inserted in pCAMBIA1300-GFP by the In-
Fusion (Clontech, Mountain View, CA, USA) reaction.
LjNLP4,,;GUS construct was previously created (Nishida
et al, 2018). For epidermis-specific expression, first DNA frag-
ments of Epi308,,, and NOS,,, were amplified from an original
vector (Hayashi et al, 2014) and inserted in pCAMBIA1300-
GFP by the In-Fusion reaction. Then, the LjNRT2.1 CDS was
inserted downstream of Epi308,,, by the In-Fusion reaction.
To make the constructs for recombinant protein expression
in Escherichia coli, a gene encoding maltose-binding protein
(MBP) and a portion of LjNLP1 (573-903) was fused in the
expression vector pMAL-c2X (New England Biolabs, Ipswich,
MA, USA) by the In-Fusion reaction. MBP-LjNLP4 (564—976)
and MBP-LjNIN (551-878) were previously created (Nishida
et al, 2021). For the transactivation assay using protoplasts,
LiNLP1 CDS was amplified by PCR from template cDNA pre-
pared from WT roots and inserted downstream of LjUBQ,,,
in the vector with pUC19 backbone (Nishida et al, 2021) by
the In-Fusion reaction. A 3.2-kb fragment of the LjNRT2.7 pro-
moter region was amplified by PCR from WT genomic DNA
and inserted upstream of GUS-RBCS,,, cassette in the vector
with pUC19 backbone (Nishida et al, 2021) by the In-Fusion
reaction. To make the LjNRT2.1(ANBS),,,GUS construct, the
upstream and downstream regions across the LjNIN-binding
site on the LjNRT2.1 promoter were, respectively, amplified by
PCR and ligated using Pstl site and inserted upstream of
GUS-RBCS,,, cassette in the vector with pUC19 backbone
(Nishida et al, 2021) by the In-Fusion reaction. The DNA frag-
ments of a part of LjCLE-RS2,,, fused with 35S minimal pro-
moter with or without LjNLP4/LjNIN-binding sequence (NRE/
NBS) were artificially synthesized based on previous finding
(Soyano et al, 2014). They were amplified by PCR and
inserted upstream of GUS-RBCS,,, cassette in the vector with
pUC19 backbone (Nishida et al, 2021) by the In-Fusion reac-
tion. Other constructs, LjUBQ,GFP, LjUBQ,,,LjNLP4,
LjUBQ,jNIN, and 35S,,,LUC, were previously created
(Nishida et al, 2021). A previously created LjUBQ,LjNLP4-
myc construct (Nishida et al, 2018) was used for immunohis-
tochemistry. For LjNRT2.1, LiNLP4, or LjNLP1 overexpression
in L. japonicus hairy roots, CDS of each gene was amplified by
PCR from template cDNA prepared from WT roots and was
cloned into the PpENTR/D-TOPO vector (Invitrogen,
Waltham, MA, USA). The insert was transferred into pUB-
GW-GFP (Maekawa et al,, 2008) by the LR recombination re-
action. The LjUBQ,»GUS or LjUBQ,,LjNIN constructs for
hairy roots transformation were described previously (Suzaki
et al, 2012; Nishida et al, 2018).

Hairy root transformation of L. japonicus

Respective constructs were introduced into A. rhizogenes
AR1193 strain. Hairy root transformation of L. japonicus was
conducted based on the method (Okamoto et al, 2013).
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Measurement of nitrate uptake and contents

For the analysis using an '°N stable isotope, samples were
prepared based on the method described previously (Tabata
et al, 2014). In inoculated conditions, plants were grown
with 0.2 or 5mM KNOj; in the presence of rhizobia for
12days, and plants were then treated with 02 or 5mM
K'°NO; for 24h. In noninoculated conditions, 12-day-old
noninoculated seedlings grown on B&D medium without
KNO; were transferred to new B&D medium with 0.2 or
10mM KNO; for 12h. Then, they were washed by 0.1mM
CaSO;, for 1min and transferred to B&D medium with 0.2
or 10mM K'NOs for 5min. At the end of the '°N labeling,
roots were washed for 1 min in 0.1mM CaSO, and were sep-
arated from shoots. Each sample was dried for 2days at
75°C and analyzed for total N and '°N contents by elemen-
tal analysis—isotope ratio mass spectrometry (Flash 2000-
DELTA plus Advantage ConFlo Il System; Thermo Fisher
Scientific, Waltham, MA, USA).

Nitrate contents were measured based on the method
previously described (Hachiya and Okamoto, 2017).
Seedlings grown under each experimental condition were
treated with 10mM KNO;. Then, they were washed by steril-
ized water and frozen by liquid nitrogen. Each sample was
crushed using a TissueLyser Il (Qiagen), and 10 L of steril-
ized water at 80°C was added per 1mg of sample weight,
and vortexing was performed every 5min for 20min at
100°C. The sample was then chilled on ice and spun down.
The supernatant was stored as extraction solution at —80°C.
About 20 pIL of 0.05% salicylic acid in sulfuric acid or sulfuric
acid was added to 5puL of extraction solution in a tube,
which was vortexed, spun down, and left at room tempera-
ture for 20 min. Then, 500 pL of 8% NaOH in sterilized water
was added and the mixture was vortexed until it became
clear. Nitrate content in the solution was determined by ab-
sorbance at 410 nm using a Multiskan GO (Thermo Fisher
Scientific) or a Synergy LX (Biotek, Winooski, VT, USA).

EMSA

Recombinant proteins were prepared based on the method
previously described (Nishida et al., 2021). For preparing the
probes, DNA fragments (Supplemental Data Set 1) were la-
beled with carboxyfluorescein (FAM). The labeled DNA frag-
ments were purified on the Superdex 200 10/300 GL
column (GE Healthcare, Chicago, IL, USA). The purified DNA
fragments (0.25 pM) and poly (dI-dC) (50 ng/pL) were mixed
with the purified proteins in buffer D (10mM Tris—HCl pH
7.5, 100mM KCl, 100mM NaCl, TmM DTT, 2.5% glycerol,
and 5mM MgCl,), and incubated at 25°C for 30 min. The
mixtures were loaded on a 10% polyacrylamide gel, and fluo-
rescence was detected using LuminoGraph Il WSE-6300
(ATTO, Tokyo, Japan).

Gene expression analysis

The primers used for PCR are shown in Supplemental Data
Set 1. Total RNA was isolated from whole roots using the
PureLink Plant RNA Reagent (Invitrogen) or the Plant Total
RNA Mini Kit (Favorgen Biotech, Ping-Tung, Taiwan). First-
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strand cDNA was prepared using the ReverTra Ace qPCR
RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan).
RT-qPCR was performed using a 7900HT Real-Time PCR sys-
tem (Applied Biosystems Waltham, MA, USA) with a
THUNDERBIRD SYBR gqPCR Mix (Toyobo) following the
manufacturer’s instructions.

Immunohistochemistry

Immunohistochemistry was conducted based on the
method (Nishida et al, 2018). A monoclonal anti-myc anti-
body and an antibody conjugated to Alexa Fluor 488 Plus
anti-mouse IgG-Alexa Fluor Plus 488 (Invitrogen) were used
for detecting the signal derived from LjNLP4-myc. Before ob-
serving the signal, the roots were stained with 5ug mL™' 4,
6-diamidino-2-phenylindole (DAPI; Dojindo, Kumamoto,
Japan) for 15min. Fluorescent images were obtained using
an LSM700 confocal laser-scanning microscope (Carl Zeiss,
Oberkochen, Germany) equipped with ZEN software (Carl
Zeiss). The obtained images were analyzed using Image); first,
the threshold of the green signals derived from LjNLP4-myc
was set equally among the images, and then the ratio of the
number of the nuclei with green signals was quantified
against the number of the total, namely DAPI-stained, nuclei
in every image.

Transactivation using L. japonicus protoplasts

The isolation of L. japonicus mesophyll protoplasts and the
transactivation assay were conducted based on the method
(Nishida et al, 2021). To exclude the effect of endogenous
nitrate on gene expression, plants were grown without ni-
trate but with 10mM NH,CI for 16days. Fluorescence and
luminescence were measured using a Synergy LX (Biotek).
For transformation of protoplasts, equal amount of DNA
(10 ug each) of effector, reporter and internal control plas-
mids were used. 35S,,,;,LUC was used as the internal control
plasmid.

Immunoblot analysis

The plants with transgenic hairy roots were treated with
10mM KNO; for Th, and their roots (150 mg), which were
derived from five plants, were ground by bead beating after
freezing with liquid nitrogen. Lysis buffer (50mM Tris—HC],
pH 80, 120mM NaCl, 02mM sodium orthovanadate,
100mM NaF, 10% glycerol, 0.2% Triton X-100, 5mM DTT,
5mM EDTA, TmM PMSF, and 1 X protein inhibitor cocktail
[Nacalai Tesque, Kyoto, Japan]) were added. The ground
roots and buffer were thoroughly mixed by bead beating
and then sonicated on ice. The suspension was centrifuged
at 20,000 g for 20 min at 4°C. The supernatant was collected
and subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using 4%-15% Mini-PROTEAN
TG Precast Protein Gels (Bio-Rad, Hercules, CA, USA). The
separated proteins were electrically transferred onto a PVDF
membrane (Amersham Hybond P PVDF; GE Healthcare). A
primary antibody against c-Myc (Santa Crux Biotechnology,
Dallas, TX, USA; catalog no. c-789) diluted in blocking buffer
(1% bovine standard albumin and 1% polyvinylpyrrolidone
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in TBST buffer [Tris-buffered saline, 0.1% Tween-20]) was ap-
plied to the membrane for overnight incubation at 4°C.
After extensive washing, a Horseradish Peroxidase (HRP)-
conjugated secondary antibody (Rockland; catalog no. 18-
8816-31) diluted in the same blocking buffer was applied for
1h at room temperature. Immobilon Forte Western HRP
substrate (Merck, Kenilworth, NJ, USA) chemiluminescence
reagent was used to detect antibody binding. Signals were
detected using LuminoGraph Ill WSE-6300 (ATTO). For anti-
body stripping, the membrane was incubated in stripping
buffer (6.4mM Tris—HCI, pH 6.8, 2% SDS, and 10mM DTT)
for 45min at 50°C. After being washed by the TBST buffer,
the membrane was incubated with a primary antibody
against GFP (Invitrogen; catalog no. A11122) diluted in
blocking buffer. The antibody binding was detected in the
same way as above.

Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 9 (GraphPad Software, San Diego, CA, USA). Normality
was checked using the Shapiro-Wilk test and P > 0.05 was
considered as normal distribution. The F-test was used to
test if the variances of two populations were equal or not.
Appropriate methods were chosen according to the nature
of the data. The criterion of P < 0.05 means statistically sig-
nificant difference in this study. The results of the statistical
analyses are shown in Supplemental Data Set 2.

Accession number

Data from the short reads from genome-resequencing of
nrsym3 and nrsymé4 were deposited in the DNA Data Bank
of Japan Sequence Read Archive under the accession num-
ber DRA011845.
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Supplemental Figure S2. Complementation of the
nrsym3 phenotypes (Supports Figure 1).

Supplemental Figure S3. Comparison of LjNRT2.1 and
LjNRT2.2 (Supports Figure 1).
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