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Nutrient availability, in particular the availability of sugar [carbon (C)] and nitrogen (N),
is important for the regulation of plant metabolism and development. In addition to
independent utilization of C and N nutrients, plants sense and respond to the balance
of C and N nutrients (C/N-nutrient) available to them. High C/low N-nutrient stress has
been shown to arrest early post-germinative growth while promoting progression to
senescence in Arabidopsis. Although several signaling components of the C/N-nutrient
response have been identified, the inclusive molecular basis of plant C/N-nutrient
response remains unclear. This proteome analysis evaluated phosphorylation dynamics
in response to high C/low N-nutrient stress. Phosphoproteomics under conditions of
C/N-nutrient stress showed a global change in the phosphorylation status of proteins,
including plasma membrane H+-ATPase, carbon and nitrogen metabolic enzymes and
signaling proteins such as protein kinases and transcription factors. Further analyses
suggested that SNF1-related protein kinase 1 (SnRK1) is involved in primary C/N-
nutrient signal mediation via the transcriptional regulation of C/N-regulatory kinases. We
also identified a leucine-rich repeat receptor-like kinase with extracellular malectin-like
domain, named as LMK1, which was shown to possess cell death induction activity
in plant leaves. These results provide important insight into the C/N-nutrient signaling
pathways connecting nutrition stress to various cellular and physiological processes
in plants.
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INTRODUCTION

Plant growth and development are controlled by signaling
pathways that are triggered by various environmental conditions
and integrated with endogenous cues. Plant growth is dependent
on supplies of carbon (C), in the form of sugars, and nitrogen
(N) to provide energy and the major components for synthesis
of structural components. It is now well-established that C and
N nutrients function as signaling molecules in a wide array of
cellular processes, enabling plants to coordinate their growth and
development with nutrient availability (Rolland et al., 2006; Vidal
and Gutiérrez, 2008). Any imbalance between C and N supplies
is likely to have a detrimental effect on growth, therefore the
C/N ratio in cells is very important, and plants have developed a
sophisticated system to sense and respond to the ratio of available
C and N nutrients (Coruzzi and Zhou, 2001; Martin et al.,
2002; Sato et al., 2009). C/N-nutrient conditions can affect plant
phenotypes at all stages in the plant’s life cycle. For example, the
post-germination growth of Arabidopsis (Arabidopsis thaliana)
plants is markedly inhibited in medium containing excess
sugar and limiting nitrogen supplies (high C/low N-nutrient
stress). Growth arrest can be lifted by either lowering the
sugar concentration or increasing the nitrogen concentration,
or both (Martin et al., 2002). Another example of high C/low
N-nutrient stress occurs in Arabidopsis plants grown in elevated
CO2 concentrations with limiting N, which accelerates the
progression of plant senescence, including leaf yellowing and
anthocyanin accumulation, during the mature developmental
stage (Aoyama et al., 2014). Despite the importance of C/N-
nutrient responses for proper growth and development, the
underlying mechanisms remain unclear.

Previous mutant screening has led to the isolation of
the ubiquitin ligase ATL31, which plays a role in the C/N-
nutrient response in Arabidopsis (Sato et al., 2009). ATL31
is a member of the plant-specific RING-type ubiquitin ligase
ATL family (Serrano et al., 2006; Aguilar-Hernández et al.,
2011). ATL31 overexpression resulted in a phenotype insensitive
to high C/low N-nutrient stress and an increase in the
number of green-colored cotyledons during the early post-
germinative growth stage, whereas the atl31 loss-of-function
mutant showed a hypersensitive phenotype. In mature plants,
ATL31 negatively regulates the progression of leaf senescence
in the presence of elevated atmospheric CO2 and limited
N concentrations (Aoyama et al., 2014). Serine (Ser) and
threonine (Thr) residues at the C-terminal region of ATL31
were shown to be phosphorylated by CBL-interacting protein
kinases 7, 12, and 14 (CIPK7/12/14) (Yasuda et al., 2014, 2017).
Phosphorylation of these residues was found to mediate the direct
interaction with and ubiquitylation of 14-3-3 protein, resulting in
proteasomal degradation of 14-3-3 under high C/low N-nutrient
stress (Yasuda et al., 2014, 2017). 14-3-3 protein generally
interacts with phosphorylated target proteins and regulates
target functions, which modulates a wide range of physiological
pathways (Comparot et al., 2003; Mackintosh, 2004; Chevalier
et al., 2009; Jaspert et al., 2011). The target proteins of 14-3-
3 involved in plant C/N-nutrient responses, however, remain
unidentified. The phosphorylation of ATL31 by CIPK7/12/14

also increases the stability of ATL31 protein under high C/low
N-nutrient stress condition (Yasuda et al., 2017). Importantly,
CIPK7/12/14 are transcriptionally activated in response to high
C/low N-nutrient stress, suggesting the existence of an as yet
unknown upstream signaling component that mediates primary
C/N-nutrient signaling in Arabidopsis plants.

In this study, we carried out phosphoproteome analysis to
investigate the primary and global dynamics of C/N-nutrient
related phosphorylation signals in Arabidopsis seedlings. We
identified 193 proteins, the phosphorylation levels of which were
responsive to short-term high C/low N-nutrient stress. Among
the 193 identified phospho-regulated proteins, we found that
a plasma membrane H+-ATPase was a C/N-responsive 14-3-3
target. Besides, we showed that SNF1-related protein kinase 1
(SnRK1), presumably regulates CIPK7/12/14 gene expressions.
We also identified a putative C/N-nutrient responsive receptor-
like kinase, which possesses cell death induction activity in plant
leaves. In addition, the phosphoproteomics results identified
several proteins likely to modulate the progression of senescence
in response to C/N-nutrient stress. These results indicate the
existence of a comprehensive molecular network involved in
primary C/N-nutrient signaling and metabolic adaptation.

MATERIALS AND METHODS

Plant Materials and Growth Condition
Arabidopsis thaliana Columbia ecotype (Col-0) was used as
the wild-type (WT) in all experiments. Transgenic Arabidopsis
plants constitutively expressing FLAG-tag fused 14-3-3χ (FLAG-
14-3-3χ) under the control of a 35S promoter in the WT
background (Sato et al., 2011) and the double knockdown
mutant of SnRK1α (snrk1α1i/1α2) (Sanagi et al., 2018) have been
described. Nicotiana benthamiana plants were used for transient
protein expression. Arabidopsis and N. benthamiana seeds were
surface-sterilized and sowed on C/N-modified medium indicated
in each experiment. After kept in dark at 4◦C for 2–4 days to
synchronize germination, the plants were grown at 22◦C under
short-day (8 h light/16 h dark), long-day (16 h light/8 h dark)
or continuous light exposure condition as indicated in each
experiment. Glucose was used as sugar and, potassium nitrate and
ammonium nitrate were used as nitrogen. In most experiments,
we added 100 mM Glc in the control C/N medium. To optimize
the growth condition of snrk1α1i/1α2 mutant plants, we added
10 mM Glucose in the medium for gene expression analysis using
snrk1α1i/1α2 plants.

Phosphoproteome Analysis by
LC-MS/MS
Wild-type Arabidopsis seedlings were grown in liquid MS
medium containing 100 mM glucose and 30 mM nitrogen
(control C/N-nutrient) for 10 days under continuous light
exposure. The seedlings were transferred to control C/N-nutrient
or MS medium containing 200 mM glucose and 0.3 mM
nitrogen (high C/low N-nutrient) for 30 min. Phosphopeptides
were enriched as described previously with minor modifications
(Nakagami, 2014; Choudhary et al., 2015). LTQ-Orbitrap XL
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(Thermo Fisher Scientific) coupled with an EASY-nLC 1000
(Thermo Fisher Scientific) was used for nano-LC-MS/MS
analyses. A self-pulled needle (150 mm length × 100 µm i.d.,
6-µm opening) packed with ReproSil C18 materials (3 µm; Dr.
Maisch GmbH) was used as an analytical column with a “stone-
arch” frit (Ishihama et al., 2002). A spray voltage of 2,400 V was
applied. The injection volume was 6 µl, and the flow rate was
500 nl min−1. The mobile phases consisted of 0.5% acetic acid
and 2% acetonitrile (A) and 0.5% acetic acid and 80% acetonitrile
(B). A three-step linear gradient of 5 to 10% B in 10 min, 10
to 40% B in 120 min, 40 to 95% B in 5 min, and 95% B for 10
min was employed. The MS scan range was m/z 300–1,400. The
top 10 precursor ions were selected in the MS scan by Orbitrap
with resolution = 100,000 and for subsequent MS/MS scans by
ion trap in the automated gain control mode, where automated
gain control values of 5.00e+05 and 2.00e+05 were set for full
MS and MS/MS, respectively. The normalized collision-induced
dissociation was set to 35.0. A lock mass function was used for
the LTQ-Orbitrap XL to obtain constant mass accuracy during
gradient analysis (Olsen et al., 2005). Multi-stage activation was
enabled upon detection of a neutral loss of phosphoric acid
(98.00, 49.00, or 32.66 amu) (Schroeder et al., 2004) for further
ion fragmentation. Selected sequenced ions were dynamically
excluded for 60 s after sequencing.

Raw data was processed using MaxQuant software (version
1.6.3.41) (Cox and Mann, 2008) with label-free quantification
(LFQ) and iBAQ enabled (Tyanova et al., 2016a). MS/MS
spectra were searched by the Andromeda search engine
against a combined database containing the sequences from
Arabidopsis thaliana (TAIR10_pep_201012142) and sequences
of 248 common contaminant proteins and decoy sequences.
Trypsin specificity was required and a maximum of two missed
cleavages allowed. Minimal peptide length was set to seven
amino acids. Carbamidomethylation of cysteine residues was
set as a fixed modification, and phosphorylation of serine,
threonine, and tyrosine residues; oxidation of methionine
residues; and N-terminal acetylation of proteins allowed as
variable modifications. Peptide-spectrum-matches and proteins
were retained if they were below a false discovery rate of
1%. Statistical analysis of the intensity values obtained for
the phosphopeptides (“modificationSpecificPeptides” output file)
was carried out using Perseus (version 1.5.8.53) (Tyanova et al.,
2016b). Quantified peptides were filtered for reverse hits and
contaminants. For further processing, only peptides containing
a phospho(STY) modification were kept and the intensity values
were log2 transformed. After grouping samples by condition,
only those peptides were retained for the subsequent analysis
that had 6 valid values in one of the conditions. Data was
normalized by subtraction of the median (Matrix access =
Columns, Subtract = Median). Missing values were imputed
from a normal distribution using the default settings in Perseus
(width = 0.3, downshift = 1.8, separately for each column). Two-
sample t-tests were performed using a p-value cut-off of 0.05. The

1http://www.maxquant.org/
2ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10_protein_lists/
3http://www.maxquant.org/

accession numbers for proteomics data generated in this study are
PXD016507 for ProteomeXchange and JPST000703 for jPOST
(Okuda et al., 2017). To investigate possible interactions between
the C/N-responsive phosphoproteins, we used the STRING
database4 for known and predicted protein-protein interactions
with the standard setting (von Mering et al., 2005).

Coimmunoprecipitation Analysis
Arabidopsis seedlings constitutively expressing FLAG-14-3-3χ

were grown in liquid MS medium containing 100 mM glucose
and 30 mM nitrogen (control C/N-nutrient) for 10 days under
continuous light exposure. The seedlings were transferred to
control C/N-nutrient or MS medium containing 200 mM glucose
and 0.3 mM nitrogen (high C/low N-nutrient) for 30 min.
Proteins were extracted using protein extraction buffer (50 mM
Tris, 0.5% Triton X-100, 150 mM NaCl, 10% glycerol, 5 mM
MgCl2, 1 mM EDTA, pH 7.5) supplemented with 10 µM
MG132, Complete Protease Inhibitor Mixture (Roche Applied
Science) and PhosSTOP phosphatase inhibitor cocktail (Roche
Applied Science, Germany). Proteins were immunoprecipitated
with anti-FLAG M2 magnetic beads (Sigma-Aldrich, M8823) for
1 h at 4◦C with shaking. After washing the beads, the bound
proteins were eluted with 150 µg/ml 3x FLAG peptide (Sigma-
Aldrich, F4799), followed by precipitation in cold acetone and
resuspension in SDS sample buffer (62.5 mM Tris, 2% SDS, 10%
glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue, pH
6.8). The proteins were analyzed by immunoblotting with anti-
FLAG (MBL, PM020) and anti-plasma membrane H+-ATPase
(Agrisera, AS07 260) antibodies.

Gene Expression Analysis
WT and inducible RNAi knockdown mutant of SnRK1α

(snrk1α1i/1α2) plants were grown for 11 days on medium
containing 10 mM glucose and 30 mM nitrogen in the absence
of dexamethasone (DEX) under 16 h light/8 h dark cycles,
transferred to medium supplemented with 10 µM DEX, and
grown for 5 days. Total RNA was isolated from indicated
plant materials using TRIzol reagent (Invitrogen) and treated
with RQ1 RNase-free DNase (Promega) according to the
manufacturers’ protocols. First-strand cDNA was synthesized
using oligo(dT) primer (Promega) and ReverTraAce reverse
transcriptase (TOYOBO) and subjected to qRT-PCR analysis on a
Mx3000P system (Agilent Technologies) using TB Green Premix
EX Taq (TaKaRa) and the primers listed in Supplementary Table
S1, as described by the manufacturer.

Quantification of T6P, G6P, and UDP-Glc
WT plants were grown for 16 days on medium containing
100 mM glucose and 30 mM nitrogen (control) under 16 h
light/8 h dark cycles, and transferred to control medium or
modified C/N-nutrient medium containing 100 mM glucose
and 0.3 mM nitrogen, 300 mM glucose and 30 mM nitrogen
or 300 mM glucose and 0.3 mM nitrogen. The seedlings were
harvested 1 and 24 h later. T6P, G6P, and UDP-Glc were extracted
with chloroform/methanol and measured by anion-exchange

4https://string-db.org/
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high performance liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) as described in Lunn et al.
(2006) with modifications as described in Figueroa et al. (2016).

Plasmid Construction
The coding sequence of LMK1 (At1g07650.1) was amplified
from Col-0 cDNA. LMK1 with a point mutation (LMK1D805A)
and truncated forms of LMK1 (LMK11L, LMK11M, and
LMK11L1M) were generated by PCR-based site-directed
mutagenesis using the primers listed in Supplementary Table
S1. Amplified fragments were cloned into pENTR/D-TOPO
vector and transferred to destination vectors using the Gateway
system according to the manufacturer’s protocol (Invitrogen).
The sequences of all amplified fragments and inserts were verified
by DNA sequencing.

Transient Expression in N. benthamiana
Leaves
The surface-sterilized N. benthamiana seeds were sowed on
1xMurashige and Skoog (MS) medium supplemented with 1%
sucrose, and grown under 16 h light/8 h dark cycles at 22◦C
on the plates for 2 weeks, then transferred to flowerpot with
soil containing compost and vermiculate in the ratio of 1:6
and grown for additional 2 weeks. The various forms of LMK1
were subcloned into the destination vector pMDC83 (Curtis
and Grossniklaus, 2003), with all genes under the control of
a CaMV35S promoter and GFP attached to the C-terminal
of each encoded protein. These plasmids were introduced
into Agrobacterium tumefaciens strain GV3101 (pMP90) by
electroporation using a MicroPulser electroporator (Bio-Rad),
and the subcloned sequences were transiently expressed in
N. benthamiana as described (Yasuda et al., 2014).

Transient Expression in Arabidopsis
Mesophyll Protoplast Cells
The surface-sterilized WT Arabidopsis seeds were sowed on
1xMurashige and Skoog (MS) medium supplemented with 1%
sucrose, and grown under 8 h light/16 h dark cycles at 22◦C on
the plates for 2 weeks, then transferred to flowerpot with soil
containing compost and vermiculate in the ratio of 1:6 and grown
for additional 3 weeks. Full-length LMK1 was subcloned into the
destination vector pUGW5 (Nakagawa et al., 2007), with the gene
under the control of a CaMV35S promoter and GFP attached
to the C-terminal of each encoded protein. The plasmids were
introduced by polyethylene glycol-mediated transformation (Yoo
et al., 2007) into Arabidopsis mesophyll protoplasts prepared
from leaf tissues, and images were taken 16 h later.

Confocal Laser-Scanning Microscopy
Fluorescent images were obtained using a Zeiss LSM510 confocal
laser scanning microscope equipped with a C-Apochromat
(×40/1.2 water immersion) objective 2 days after the inoculation
of Agrobacterium into N. benthamiana leaves. GFP fluorescence
was excited by a 488 nm argon laser and detected using a 505–550
nm band-pass emission filter. Images were processed using Image
J software.

Preparation of Water-Soluble and
Membrane Fractions
Proteins were extracted from N. benthamiana leaves expressing
GFP or LMK1-GFP using extraction buffer (50 mM Tris, 150 mM
NaCl, 10% glycerol, 1 mM EDTA, pH 7.5) supplemented with
10 µM MG132, Complete Protease Inhibitor Mixture (Roche
Applied Science) and PhosSTOP phosphatase inhibitor cocktail
(Roche Applied Science, Germany). Lysates were centrifuged
at 20,000 g for 5 min at 4◦C to remove cell debris, followed
by ultracentrifugation (101,000 g, 1 h, 4◦C) to separate the
soluble and insoluble fractions. Membrane fraction proteins
were solubilized by the extraction buffer supplemented with
1% Triton X-100. GFP and LMK1-GFP proteins were enriched
by immunoprecipitation using anti-GFP antibody beads (MBL,
cat. no. D153-10), followed by SDS-PAGE and western blotting
analysis with anti-GFP antibody (MBL, cat. no. 598).

Electrolyte Leakage Analysis
Ion leakage was assayed with infiltrated N. benthamiana leaf
discs. Forty-eighth after infiltration, 15 leaf discs, each 6 mm
in diameter, were generated from four different leaves of each
construct. After washing with Milli-Q water, the leaf discs were
transferred to tissue culture plates. Each well-contained five leaf
discs and 3 ml fresh Milli-Q water. The conductivity of the water
was measured at 0, 24, 48, and 72 h using a conductivity meter
(HORIBA, LAQUAtwin-EC-33).

RESULTS

Phosphoproteome Analysis Reveals
Protein Phosphorylation Dynamics in
Response to High C/Low N-Nutrient
Stress in Arabidopsis Plants
To assess the effects of high C/low N-nutrient stress on
global protein phosphorylation status in Arabidopsis, 10-
day-old seedlings were transiently treated with control
(100 mM Glc/30 mM N) or high C/low N-nutrient
stress (200 mM Glc/0.3 mM N) medium for 30 min and
subjected to phosphoproteome analysis with HAMMOC-TiO2
phosphopeptide enrichment followed by LC-MS/MS analysis.
This analysis detected a total of 1785 phosphopeptides, of
which 1338 were quantified, with 193 protein groups having
significantly changed phosphorylation levels in response to
high C/low N-nutrient stress (Table 1 and Supplementary
Table S2). The functional networks of the C/N-responsive
phosphoproteins were assessed using the STRING (Search
Tool for the Analysis of Interacting Genes/Proteins) algorithm
(Figure 1). Seven groups of proteins with distinct molecular
functions were identified. Metabolic enzymes that function in
photosynthesis [rubisco small subunit 1A (RBCS1A), carbonic
anhydrase 2 (CA2), phosphoenolpyruvate carboxylases 1/2
(PPC1/2), phosphoenolpyruvate carboxykinase 1 (PCK1),
cytosolic invertase 1 (CINV1), phosphoglucomutase (PGM),
β-amylase1] and nitrate reductase 2 (NIA2) formed a highly
connected network. Proteins involved in RNA metabolism
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TABLE 1 | List of C/N-responsive protein kinases identified by LC-MS/MS analysis.

AGI codea Protein description Phosphopeptideb Ratio (log2)c p-Valued

At3g50500 SNF1-related protein kinase 2.2 (SnRK2.2) S(0.158)S(0.172)VLHS(0.699)QPKS(0.694)T(0.25)VGT(0.026)
PAYIAPEILLR

2.34 0.02

S(0.005)S(0.005)VLHS(0.016)QPKS(0.812)T(0.313)VGT(0.787)
PAY(0.06)IAPEILLR

At1g07650 Leucine-rich repeat malectin kinase (LMK1) S(0.002)LS(0.997)FSTSGPR 1.27 0.01

At3g58640 Mitogen activated protein kinase kinase
kinase-like protein

RS(0.333)IS(0.333)IT(0.333)PEIGDDIVR 1.04 0.01

At3g25840 Spliceosome-associated kinase (PRP4KA) DIVPET(0.009)GAPVS(0.455)T(0.455)S(0.081)PAVVIAANVGQAK 0.41 0.03

DIVPET(0.001)GAPVS(0.114)T(0.114)S(0.772)PAVVIAANVGQAK

DIVPET(0.751)GAPVS(0.122)T(0.122)S(0.005)PAVVIAANVGQAK

DIVPET(0.007)GAPVS(0.045)T(0.474)S(0.474)PAVVIAANVGQAK

At3g17850 Incomplete root hair elongation 1 (IREH1) VSNSHLTEESDVLS(1)PR −0.46 0.01

At1g18150 Mitogen-activated protein kinase 8 (MPK8) AAAAVASTLESEEADNGGGYS(1)AR −0.56 0.01

At5g19450 Calcium-dependent protein kinase 19
(CDPK19/CPK8)

SNPFYSEAYTT(0.003)NGS(0.991)GT(0.006)GFK −0.69 0.03

SNPFYSEAYTT(0.005)NGS(0.092)GT(0.903)GFK

At1g53165 AtMAP4K alpha1 DSYQNDY(0.001)QEEDDS(0.725)S(0.072)GS(0.072)GT(0.072)
VVIRS(0.059)PR

−0.76 0.03

DSYQNDY(0.007)QEEDDS(0.099)S(0.099)GS(0.094)GT(0.071)
VVIRS(0.63)PR

At3g45780 phototropin 1 (phot1/NPH1/RPT1) ALS(1)ESTNLHPFMTK −1.28 0.00

At3g01090,
At3g29160

SNF1-related protein kinase 1α1, 1α2
(SnRK1α1/AKIN10, SnRK1α2/AKIN11)

DGHFLKT(0.212)S(0.212)CGS(0.576)PNYAAPEVISGK −2.39 0.01

aAccession numbers of Arabidopsis genes. bPhosphopeptide sequences were detected by LC-MS/MS; phosphorylated amino acids with the localization probability
score and are underlined and in bold type when the score is higher than 0.75. cAverage log2 fold difference between high C/low N-nutrient stress and control conditions.
dCalculated by Student’s t-tests.

and translational regulation also formed clusters, including
RNA-binding Pumilio proteins (APUM2/4), FHA (forhkead)
domain-containing protein involved in miRNA biosynthesis
(DDL), pre-18S ribosomal RNA processing factor (PWP2),
and 40S and 60S ribosomal subunits. Several transporters
and membrane trafficking regulators were identified as being
C/N-responsive phosphoproteins, including plasma membrane
intrinsic protein (aquaporin) 2E (PIP2E), plasma membrane
H+-ATPase (AHA1/2), clathrin adaptor, clathrin-interacting
ENTH/VHS protein (EPSIN1), golgin candidate 5 (GC5), and
brefeldin A-inhibited guanine nucleotide-exchange protein
5 (BIG5/MIN7). Besides, transcription factors TCP domain
protein (TCP10) and FLOWERING bHLH (FBH4), as well as
several signaling proteins, including protein kinases [SNF1-
related protein kinase catalytic subunit alpha (SnRK1α),
SnRK2.2, calcium-dependent protein kinase (CDPK19/CPK8),
phototropin 1 (phot1)], phosphatases [BRI1 suppressor 1-like
2 (BSL2)] and ubiquitin ligase [Non-phototropic Hypocotyl 3
(NPH3), RING domain ligase 2 (RGLG2)] were identified.

Physical Interaction Between H+-ATPase
and 14-3-3 Is Enhanced Under High
C/Low N-Nutrient Stress Conditions
Plasma membrane H+-ATPases act as primary transporters of
H+, which regulates pH homeostasis and membrane potential
and drives several nutrient transport processes. High C/low
N-nutrient stress increased the phosphorylation levels of Thr

residues at the C-terminal regions of plasma membrane
H+-ATPases 1 and 2 (AHA1 and AHA2; Figure 1 and
Supplementary Table S2). Phosphorylation of the Thr948
residue in AHA1 and the Thr947 residue in AHA2 has
been reported to mediate the binding of 14-3-3 protein,
which promotes the activity of H+-ATPases (Kinoshita and
Shimazaki, 1999; Svennelid et al., 1999; Palmgren, 2001;
Chevalier et al., 2009). Therefore, we asked if there is any
link between high C/low N-nutrient stress response and
AHA–14-3-3 interaction. The transgenic Arabidopsis seedlings
constitutively expressing FLAG-tag fused 14-3-3χ (FLAG-14-3-
3χ) were transiently exposed to high C/low N-nutrient stress, and
then the interaction was evaluated by co-immunoprecipitation.
As shown in Figure 2, AHA protein abundance was not
affected after the stress exposure but enhanced interaction
between AHA and FLAG-14-3-3χ was observed under high
C/low N-nutrient stress conditions. These results suggest
that C/N conditions modulate H+-ATPase activity via 14-3-3
binding in Arabidopsis.

SnRK1 Is Involved in the Transcriptional
Regulation of C/N-Related Protein
Kinases CIPK7/12/14
We previously demonstrated that CIPK7/12/14 kinases directly
phosphorylate ATL31 and play important roles in modulating
plant growth in response to C/N-nutrient conditions (Yasuda
et al., 2017). The expression of CIPK genes was increased
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FIGURE 1 | Interaction networks of the identified C/N-nutrient responsive phosphoproteins. Functional network mapping was performed using the STRING protein
interaction algorithm (https://string-db.org/). Shown are the associations among C/N-nutrient responsive phosphoproteins identified by LC-MS/MS analysis
(Supplementary Table S2). Nodes with connections are shown. Line thickness indicates the strength of supporting data.
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FIGURE 2 | Co-immunoprecipitation analysis of plasma membrane
H+-ATPase and 14-3-3 proteins. WT and transgenic Arabidopsis plants
expressing FLAG-14-3-3χ were grown in control liquid medium containing
100 mM Glc/30 mM N, and 10-day-old seedlings were treated with the
control (C) or the high C/low N-nutrient stress medium containing 200 mM
Glc/0.3 mM N (S) for 30 min. Proteins were extracted and subjected to
immunoprecipitation with anti-FLAG antibody beads, followed by
immunoblotting with anti-plasma membrane H+-ATPase and anti-FLAG
antibodies. Three independent experiments showed similar results.

under high C/low N-nutrient stress, with these protein products
positively regulating the ability of ATL31 to adapt to these
conditions, suggesting that upstream components regulate the
C/N-responsive expression of CIPK genes. Phosphoproteome
analysis showed that high C/low N-nutrient stress significantly
reduced the phosphorylation level of SNF1-related kinase 1
(SnRK1) (Table 1). The putative phosphorylation sites of SnRK1
are found to be located in the activation loop conserved in

AMPK-family kinases, suggesting that SnRK1 kinase activity
can be affected by high C/low N-nutrient stress. This is
in line with our previous reports, showing that high C/low
N-nutrient stress reduced the expression of marker genes of
the SnRK1 pathway (Lu et al., 2015). Taken together, these
findings raised the hypothesis that SnRK1 is involved in primary
signal transduction of C/N-nutrient availability. To clarify the
function of SnRK1, the CIPK7/12/14 gene expression levels
were measured in SnRK1α knockdown plant (snrk1α1i/1α2),
inducible RNAi knockdown of SnRK1α1 in the background
of a SnRK1α2 knockout mutant (Sanagi et al., 2018). Induced
SnRK1α1 gene silencing upon DEX treatment resulted in
elevated expression of CIPK7/12/14 genes, suggesting that SnRK1
negatively regulates CIPK7/12/14 gene expression (Figure 3).
We also measured expression levels of C/N-nutrient responsive
maker genes, RUBISCO SMALL SUBUNIT 1A (RBCS1A),
a photosynthesis-related gene, and CHALCONE SYNTHASE
(CHS), a key enzyme that regulates anthocyanin biosynthesis.
RBCS1A gene expression was significantly decreased and CHS
expression was significantly increased in the snrk1α1i/1α2
mutant compared with WT (Figure 3), an expression pattern
similar to that observed in WT plants grown under high C/low
N-nutrient stress conditions (Martin et al., 2002; Sato et al.,
2009; Aoyama et al., 2014). These results suggest that SnRK1
functions as an upstream signaling component in plant C/N-
nutrient response.

Trehalose 6-Phosphate Amounts Are
Responsive to C/N-Nutrient Availability
Recent studies revealed that SnRK1 could directly bind to
trehalose 6-phosphate (T6P), resulting in downregulation of the

FIGURE 3 | Transcript analysis of CIPK7, CIPK12, CIPK14, and C/N response marker genes in snrk1α1i/1α2 mutant. WT and inducible RNAi knockdown mutant of
SnRK1α (snrk1α1i/1α2) plants were grown for 11 days on medium containing 10 mM Glc and 30 mM N in the absence of dexamethasone (DEX) and transferred to
medium supplemented with 10 µM DEX. After 5 days, total RNA was purified from each plant. Expression levels of CIPK7/1/14 and C/N response marker genes
were analyzed by qRT-PCR and normalized relative to the level of 18S rRNA in the same samples, and the expression in mutant plants was compared with that in
WT plants grown in DEX-treated medium. The results shown are the means ± SD of three biological replicates. Letters above the bars indicate significant
differences, as assessed by one-way ANOVA with Turkey’s post hoc test.
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SnRK1 kinase activity in Arabidopsis (Zhang et al., 2009; Zhai
et al., 2018). T6P, an intermediate in trehalose biosynthesis, is an
essential signal metabolite in plants, modulating not only carbon
metabolism but developmental processes such as flowering and
senescence (Paul et al., 2008; Wingler et al., 2012; Wahl et al.,
2013; Figueroa and Lunn, 2016). These findings prompted
us to hypothesize that T6P level is affected by C/N-nutrient
availability. Quantification of T6P amounts in Arabidopsis
seedlings exposed to various C/N-nutrient conditions showed
that cellular T6P level was increased in response to both high
C and low N conditions and was synergistically increased by
combined high C/low N treatment (Figure 4). T6P level was
slightly but significantly higher in seedlings exposed to high
C/low N (300 mM Glc/0.3 mM N) than to control (100 mM
Glc/30 mM N) conditions after 1 h and apparently increased
after 24 h, about sixfold at end of day and ninefold at end
of night, respectively. Interestingly, the amounts of glucose 6-
phosphate (G6P) and UDP-glucose (UDP-Glc), the substrates
for T6P biosynthesis, did not correlate with C/N-nutrient
availability and were not increased in plants exposed to high
C/low N-nutrient stress (Figure 4). These results suggest that
T6P is involved in the progression of C/N-nutrient responsive
senescence via SnRK1.

Identification of a Leucine Rich-Repeat
Receptor-Like Kinase LMK1 as a
C/N-Responsive Protein
Phosphoproteome analysis also showed that high C/low
N-nutrient stress affected phosphorylation levels of several
other protein kinases (Table 1), including At1g07650, a protein
belonging to the leucine-rich repeat receptor-like kinase (LRR-
RLK) family (Figure 5). LC-MS/MS analysis showed that the
Ser989 residue of At1g07650 (At1g07650.1), located in the
cytosolic region and close to the predicted kinase domain, was
phosphorylated, with high C/low N-nutrient stress inducing
a 2.4-fold higher level of phosphorylation than under control
conditions (Table 1). The LRR-RLK family is one of the largest
protein kinase family in plants, with over 200 members present in
the Arabidopsis genome (Shiu and Bleecker, 2003). LRR-RLKs,
which consist of a ligand-binding extracellular LRR domain
and a cytoplasmic serine/threonine kinase domain, play critical
roles in various cellular processes, directly modulating growth
and development, as well as responding to environmental stress
(Diévart and Clark, 2004; Macho and Zipfel, 2014). At1g07650
encodes a protein consisting of 1,014 amino acids, including LRR
and Ser/Thr kinase domains, as well as an additional extracellular
malectin-like domain and a transmembrane-like hydrophobic
domain. This protein, named as leucine-rich repeat malectin
kinase 1 (LMK1), along with 11 other proteins, formed the
LRR-VIII 2 subfamily (Shiu and Bleecker, 2003) (Figure 5). The
functions of these proteins remain poorly understood, although
one member of this subfamily, At3g14840, also known as LysM
RLK1-interacting kinase 1 (LIK1), has been reported to regulate
plant innate immunity (Le et al., 2014). Amino acid sequence
alignment showed that the kinase domain is highly conserved in
this subfamily (Supplementary Figure S1).

FIGURE 4 | Amounts of T6P, G6P, and UDP-Glc present in WT plants grown
under different C/N-nutrient conditions. WT plants were grown for 16 days on
medium containing 100 mM Glc and 30 mM N (control), and transferred to
control medium or modified C/N-nutrient medium containing 100 mM Glc and
0.3 mM N, 300 mM Glc and 30 mM N or 300 mM Glc and 0.3 mM N. The
seedlings were harvested 1 h [end of day (ED) or end of night (EN)] and 24 h
(ED or EN) after treatment, followed by metabolite quantification by
LC-MS/MS. The results shown are the means ± SD of four biological
replicates. Letters above the bars indicate significant differences, as assessed
by one-way ANOVA with Turkey’s post hoc test.

LMK1 Localizes to Membrane
Compartments in Plant Cells
To determine the function of LMK1, we first assessed its
subcellular location. Hydropathy plot analysis indicated that
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FIGURE 5 | Schematic diagram of LMK1 protein and phylogenetic tree of the LRR-RLK class VIII-2 subfamily. (A) Schematic representation of LMK1 protein. S,
signal peptide; LRR, leucin-rich repeat domain; malectin, malectin-like domain; TM, transmembrane-like hydrophobic region; kinase, cytosolic Ser/Thr kinase
domain. (B) Predicted transmembrane region and topology of LMK1, as determined with the TMHMM server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).
(C) Phylogenetic tree of LRR-RLK class VIII proteins constructed using MEGA X software with the neighbor-joining method.

LMK1 has two hydrophobic regions, amino acids 7–24 and
624–643 (Figure 5B). Database search predicted that the
first hydrophobic region corresponds to a signal peptide
sequence (Supplementary Figure S1), suggesting that LMK1
localizes to membrane compartments. To confirm its subcellular
location, LMK1 was fused to green fluorescent protein (LMK1-
GFP) and transiently expressed in Arabidopsis protoplast
cells and N. benthamiana leaves under the control of the
CaMV35S promoter. Confocal microscope analysis showed that

LMK1-GFP fluorescence signals were mainly detected at the
periphery of the cells and partly in cytosolic dot-like structures,
whereas GFP alone was present throughout cells, including the
cytosol and nucleus, in both Arabidopsis protoplast cells and
N. benthamiana leaves (Figure 6 and Supplementary Figure S2).
In addition, fractionation analysis with ultracentrifuge followed
by immunoblotting detected LMK-GFP signal in membrane
fraction (Supplementary Figure S2), together suggesting that
LMK1 localizes to the membrane compartments in plant cells.
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FIGURE 6 | Subcellular localization of LMK1 protein. Confocal laser
microscopy showing the subcellular localization of LMK1-GFP transiently
expressed in Arabidopsis mesophyll protoplast cells. GFP was the control for
fluorescent protein. Confocal microscopic images were taken 16 h after
transfection. GFP fluorescence (GFP), chlorophyll autofluorescence
(Chlorophyll) and the merged images of these fluorescence signals (Merge)
were shown. DIC, differential interference contrast image. We observed more
than 100 protoplast cells for each experiment and representative images are
shown.

Overexpression of LMK1 Induces Cell
Death in N. benthamiana Leaves
Transient expression of LMK1-GFP in N. benthamiana leaves
resulted in macroscopic tissue collapse and electrolyte leakage
indicative of programmed cell death (Figures 7A,B). In contrast,
mock treatment by infection of Agrobacterium carrying the
p19 vector alone showed no indications of cell death. LIK1,
a homolog of LMK1, was shown to have kinase activity
which requires conserved aspartate (Asp) residue in the kinase
catalytic domain (Le et al., 2014) (Supplementary Figure S1).
Therefore, we asked if the mutation in the Asp residue of LMK1
(LMK1D805A-GFP) alters the cell death-induction activity.
Infiltration of Agrobacterium carrying a plasmid expressing
LMK1D805A-GFP did not induce cell death (Figures 7A,B
and Supplementary Figure S3), implying that the observed cell
death in N. benthamiana leaves is likely to be associated with
LMK1 kinase activity. LMK1 has extracellular LRR and malectin-
like domains, which are often responsible for ligand binding
and protein-protein interactions. To determine roles of these
extracellular domains on the cell death induction activity, the
LRR domain (LMK11L), the malectin-like domain (LMK11M),
or the both domains (LMK11L1M) were deleted and expressed
in N. benthamiana leaves. Deletion of these domains resulted in
reduction of the cell death induction activity, and deletion of
both the LRR and malectin-like domains showed a synergistic
effect (Figure 7C and Supplementary Figure S3). These findings
suggest that the LRR and malectin-like domains of LMK1,
along with the cytosolic kinase domain, are involved in the cell
death induction.

DISCUSSION

C/N-nutrient availability has a lifelong effect on plant growth,
including during early post-germinative growth and progression
of senescence. Our previous study showed that high C/low
N-nutrient status, resulting from elevated atmospheric CO2

FIGURE 7 | Cell death induction activity of LMK1. (A,B) LMK1-GFP and
LMK1D805A-GFP were transiently overexpressed in N. benthamiana leaves.
(A) Pictures Staken 6 days after infiltration, (B) Ion leakage 0, 24, 48, and 72 h
after the leaf discs preparation. The results shown are the means ± SD of
three biological replicates. Mock, mock treatment by infection of
Agrobacterium carrying the p19 vector alone. (C) Ion leakage of
N. benthamiana leaves transiently overexpressing LMK1-GFP and mutated
LMK1 proteins fused with GFP. Ion leakage at 72 h after the cut is shown. The
results shown are the means ± SD of three biological replicates. Letters
above the bars indicate significant differences, as assessed by one-way
ANOVA with Turkey’s post hoc test. Mock, mock treatment by infection of
Agrobacterium carrying the p19 vector alone.

concentration and limited nitrogen availability, promoted leaf
senescence (Aoyama et al., 2014). We also identified several
components mediating C/N-nutrient signaling and revealed
that altered protein phosphorylation is strongly involved in
responses to plant C/N-nutrient imbalance (Maekawa et al.,
2012; Yasuda et al., 2014, 2017; Lu et al., 2015; Huarancca
Reyes et al., 2015; Huarancca Reyes et al., 2018). However,
comprehensive phosphorylation dynamics responsive to C/N-
nutrient availability, including proteins targeted by 14-3-3, were
unclear. The phosphoproteome analysis in the present study
showed that the phosphorylation status of around 200 proteins
was altered in response to high C/low N-nutrient stress. Among
the proteins altered were key enzymes involved in primary
carbon and nitrogen metabolism, several proteins involved in
RNA metabolism and translational regulation, transporters and
membrane trafficking regulators, and cellular signal transduction
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proteins, including protein kinases, phosphatases, ubiquitin
ligases, and transcription factors.

Plasma Membrane H+-ATPase
Using this approach, we found that plasma membrane H+-
ATPases were C/N-responsive 14-3-3 target. Plasma membrane
H+-ATPases are essential for plant life and are required for
various physiological processes, including stomatal opening,
nutrient uptake in roots, phloem loading, and cell expansion
(Kinoshita and Shimazaki, 1999; Svennelid et al., 1999; Palmgren,
2001). Of the 11 plasma membrane H+-ATPases in Arabidopsis,
two, AHA1 and AHA2, are the most highly expressed in seedlings
and adult plants (Haruta et al., 2010). Phosphorylation has been
shown to modulate plasma membrane H+-ATPase activities
in guard cells. The Thr residues conserved in the C-termini
of AHA proteins (Thr948 of AHA1 and Thr947 of AHA2)
are phosphorylated in response to light stimuli, with these
phosphorylated amino acids mediating direct binding to 14-
3-3 and enhancing AHA activity (Kinoshita and Shimazaki,
1999; Svennelid et al., 1999; Palmgren, 2001; Chevalier et al.,
2009). Phosphoproteome analysis in the present study showed
that high C/low N-nutrient conditions upregulated the levels
of phosphorylation of these Thr residues in AHA1 and
AHA2 and enhanced the interactions between these plasma
membrane H+-ATPases and 14-3-3 proteins, suggesting that
high C/low N-nutrient conditions enhance plasma membrane
H+-ATPase activity, at least in the short term, in Arabidopsis
seedlings. Accordingly, the photosynthetic production of sugar
was found to induce the phosphorylation of C-terminal Thr
residues in plasma membrane H+-ATPases and to increase
the activity of these enzymes in Arabidopsis mesophyll cells
(Okumura et al., 2016).

C/N-Related Metabolic Enzymes
Phosphoproteome analysis also revealed the phosphorylation
dynamics of several enzymes catalyzing key steps of
photosynthesis and primary carbon and nitrogen metabolism,
including rubisco small subunit 1A (RBCS1A), carbonic
anhydrase 2 (CA2), phosphoenolpyruvate carboxylase 1/2
(PPC1/2), phosphoenolpyruvate carboxykinase 1 (PCK1),
cytosolic invertase 1 (CINV1), phosphoglucomutase (PGM),
β-amylase1), and nitrate reductase (NIA2). Phosphoenolpyruvate
carboxylase (PEPC) is crucial in primary metabolism, irreversibly
catalyzing the conversion of phosphoenolpyruvate (PEP) to
oxaloacetate (OAA) and inorganic phosphate (Chollet et al.,
1996). PEPC plays central roles in glycolysis, respiration and
photosynthate partitioning, as well as being an important
route for carbon dioxide fixation, particularly in C4 plants.
PEPC is also involved in interactions between carbon and
nitrogen metabolism thorough OAA production. OAA and
2-oxoglutarate are obligate carbon skeletons that bind NH4

+ and
export it to other tissues (O’Leary et al., 2011). The Arabidopsis
genome encodes three plant-type PEPCs, AtPPC1, AtPPC2
and AtPPC3, and one bacterial type PEPC, AtPPC4 (Shi et al.,
2015). Compared with WT, a double mutant, ppc1/ppc2, showed
altered amounts of primary carbon and nitrogen metabolites
and exhibited growth arrest (Shi et al., 2015). PEPC is also

suggested to be involved in carbon metabolism and amino acid
remobilization during leaf senescence (Taylor et al., 2010). Due
to the irreversible nature of the metabolic reaction catalyzed by
PEPC, its activity is strictly regulated at the post-translational
level by multiple mechanisms, including allosteric regulation
and protein phosphorylation and ubiquitylation (Izui et al.,
2004; O’Leary et al., 2011). Plant PEPCs are regulated by
phosphorylation of the highly conserved Ser11 residue located
near the N termini of PPC1 and PPC2. Phosphorylation of this
residue activates PEPC by reducing its sensitivity to allosteric
inhibitors while increasing its affinity for PEP (Izui et al.,
2004; O’Leary et al., 2011). Our phosphoproteome analysis
showed increased phosphorylation of the conserved Ser11
residues in both PPC1 and PPC2, suggesting that PEPC activity
is post-translationally promoted in response to high C/low
N-nutrient stress.

Senescence-Related Proteins
Phosphoproteome analysis identified several proteins involved
in leaf senescence, such as the autophagy related protein
ATG13a, the reactive oxygen species (ROS)-producing enzyme
RbohD and the transcription factor TCP10. Autophagy is a
highly conserved cellular process in all eukaryotes, involving
the degradation of intracellular constituents, making autophagy
important for recycling essential nutrients under nutrient
starvation conditions and during the progression of senescence.
The autophagy-related protein ATG13 is involved in regulating
the initiation of autophagy. In yeast, ATG13 is an accessory
subunit of the ATG1/ATG13 kinase complex and positively
regulates ATG1 kinase activity (Mizushima, 2010; Suzuki and
Ohsumi, 2010). ATG13 is hyperphosphorylated under nutrient-
rich conditions, reducing its affinity for ATG1, but is rapidly
dephosphorylated under starvation conditions, resulting in
increased ATG1 kinase activity and initiation of autophagy
(Mizushima, 2010; Suzuki and Ohsumi, 2010; Alers et al.,
2014). In Arabidopsis, ATG13 is encoded by two homologous
genes, ATG13a and ATG13b, with the levels of expression
of both being induced during leaf senescence (Suttangkakul
et al., 2011). Moreover, double mutant of ATG13a/b showed
accelerated senescence and was hypersensitive to nutrient
limiting conditions (Suttangkakul et al., 2011). Intriguingly, levels
of ATG13 phosphorylation were altered in response to sugar
and nitrogen availability, although the phosphorylated sites were
unknown (Suttangkakul et al., 2011). The phosphoproteome
analysis in the present study consistently showed that ATG13
phosphorylation level was reduced in response to high C/low
N-nutrient conditions, with Ser248 identified as a C/N-
responsive phosphorylation site, suggesting that autophagy is
activated via ATG13 dephosphorylation and affects senescence
progression under high C/low N-nutrient stress condition.

Respiratory burst oxidase homolog (Rboh) proteins are key
enzymes involved in ROS production and function in various
physiological processes (Torres and Dangl, 2005). The level
of RbohD phosphorylation is upregulated in response to high
C/low N-nutrient conditions. Arabidopsis RbohD plays essential
roles in ABA-mediated ROS production and stomatal closure
(Kwak et al., 2003) and in the ROS burst of plant defense
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responses to pathogen attacks (Torres et al., 2002; Kadota
et al., 2014). RbohD has also been reported involved in ROS
production during the process of leaf senescence (Dai et al.,
2018; Yang et al., 2018). Together, these results suggest that
RbohD phosphorylation mediates ROS production in response
to C/N-nutrient availability and may regulate plant growth
pathways, including the progression of senescence and responses
to biotic stress.

TCP10 is a member of transcription factor Teosinte branched
1/Cycloidea/PCF (TCP) family. TCP10 and other class II TCPs
affect cell division activity and regulate leaf development under
control of microRNA miR319 (Palatnik et al., 2003; Koyama
et al., 2007; Nicolas and Cubas, 2016). These TCPs have also been
reported to regulate the progression of senescence by promoting
jasmonate biosynthesis (Schommer et al., 2008). A jaw-D mutant,
in which levels of TCP2, TCP3, TCP4, TCP10, and TCP24
mRNAs were all strongly reduced, exhibited delayed senescence
phenotype, which phenotype was restored by exogenous methyl
jasmonate (Schommer et al., 2008). Although expression of these
class II TCPs is tightly regulated at the post-transcriptional
level by the microRNA, post-translational regulation of the
TCP functions remains unclear. We found that the Thr110
residue of Arabidopsis TCP10 is phosphorylated and that its
level of phosphorylation was reduced in response to high C/low-
N nutrient stress, suggesting an as yet unidentified regulatory
mechanism of senescence progression via TCP phosphorylation
in response to C/N-nutrient status.

Involvement of T6P-SnRK1 Module in
C/N-Nutrient Signal Transduction
SnRK1 kinase, a kinase homologous to yeast sucrose non-
fermenting 1 (SNF1) and mammalian AMP-activated kinase
(AMPK), is a central regulator of metabolism under conditions
of energy limitation and carbon starvation in plants (Baena-
González et al., 2007; Smeekens et al., 2010; Emanuelle
et al., 2016; Baena-González and Hanson, 2017). In addition,
SnRK1 affects plant developmental processes and regulates age-
dependent and dark-induced senescence progressions (Baena-
González et al., 2007; Cho et al., 2012; Mair et al., 2015;
Baena-González and Hanson, 2017; Pedrotti et al., 2018). The
proteins SNF1, AMPK, and SnRK1 kinases form heterotrimeric
holoenzymes containing a catalytic α-subunit and non-catalytic
β- and γ-subunits (the latter being replaced by a hybrid bg
subunit in SnRK1) (Emanuelle et al., 2016; Ramon et al.,
2019). In Arabidopsis, the AKIN10 (SnRK1α1) and AKIN11
(SnRK1α2) genes encode the catalytic α-subunits, and plants with
double knockdown of AKIN10 and AKIN11 showed accelerated
senescence (Baena-González et al., 2007). Phosphoproteome
analysis in the present study found that high C/low N-nutrient
stress markedly reduced the levels of phosphorylation of the
Ser/Thr residues conserved in the activation loop of AKIN10
and AKIN11. Subsequent qRT-PCR analysis demonstrated that
the expression levels of CIPK7/12/14 genes were increased in
the snrk1α1i/1α2 mutants, even under normal C/N-nutrient
conditions, similar to the expression pattern found in WT
seedlings grown under high C/low N-nutrient stress conditions
and suggesting that SnRK1 mediates C/N-nutrient signaling

upstream of CIPK7/12/14. In addition, we found that high C/low
N-nutrient stress conditions increase the levels of T6P which
has been implicated as a signaling metabolite that regulates
progression of senescence and modulates SnRK1 activity in
plants (Zhang et al., 2009; Wingler et al., 2012; Figueroa and
Lunn, 2016). Recent study has demonstrated that T6P directly
binds to the SnRK1 α-subunit AKIN10/11, weakening the
affinity of the latter for Geminivirus rep-interacting kinases 1/2
(GRIK1/2) which phosphorylate and activate SnRK1 activity,
thereby inhibiting SnRK1 activity in Arabidopsis plants (Zhai
et al., 2018). Together, these results suggest that, under high
C/low N-nutrient stress conditions, the T6P-SnRK1 module
mediates C/N-nutrient signaling and regulates the progression of
senescence via CIPK7/12/14 transcription.

Isolation of Cell Death Related
Receptor-Like Kinase LMK1
This study found that the LMK1 protein was a putative C/N-
nutrient related protein kinase belonging to the LRR-RLK class
VIII-2 subfamily. LRR-RLK proteins have been reported to play
essential roles in various types of cellular signaling, including
phytohormone perception, pattern triggered immunity (PTI) and
fertilization (Diévart and Clark, 2004; Macho and Zipfel, 2014).
We found that transient overexpression of LMK1 induces cell
death in N. benthamiana leaves. Induction of cell death is an
important process in plant defense against pathogens as well as
in the progression of senescence (Lim et al., 2007; Coll et al.,
2011; Mukhtar et al., 2016). Although little is known about
the function of LRR-RLK class VIII-2 proteins, one of these
proteins, LIK1, has been reported to interact directly with and
be phosphorylated by Chitin elicitor receptor kinase 1 (CERK1)
and to negatively regulate ROS production and chitin-induced
immunity (Le et al., 2014).

LMK1 contains expected extracellular LRR and malectin-like
domains. Transient expression of LMK1 demonstrated that both
of these extracellular domains are involved in LMK1-induced
cell death. Malectin protein was first identified as a carbohydrate
binding protein localizing to the endoplasmic reticulum and
being involved in N-glycosylation of membrane proteins in
mammals (Schallus et al., 2008). Although proteins homologous
to malectin have not yet been identified in plants, malectin-
like domains have been detected in the extracellular regions
of several receptor-like kinases. Feronia (FER) is a receptor-
like kinase with two malectin-like extracellular domains that
plays critical roles in controlling Arabidopsis growth, including
in fertilization, senescence progression, pathogen resistance,
phytohormone signaling, and starch accumulation (Haruta et al.,
2014; Du et al., 2016; Liao et al., 2017; Stegmann et al., 2017; Feng
et al., 2018). FER has been shown to bind via its extracellular
malectin-like domains to the peptide ligand Rapid alkalinization
factor (RLAF), to leucine-rich repeat extension (LRX) protein,
and to cell wall pectin (Stegmann et al., 2017; Feng et al., 2018;
Dünser et al., 2019). Recently, FER was reported to directly
phosphorylate ATL6, the closest homolog of ATL31, and to
modulate C/N-nutrient responses (Xu et al., 2019), suggesting
that the extracellular malectin-like domains of FER can recognize
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ligands mediating C/N-nutrient availability. Identification of
extracellular ligands and/or interactors is required to further
understand LMK1 function in responses to C/N-nutrient stress.
Further detailed genetic and physiological analyses of this protein
may help to clarify its function and the as yet undetermined
physiological processes controlled by C/N-nutrient availability.
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FIGURE S1 | Signal peptide prediction and alignment of the kinase domains of
members of the LRR-RLK class VIII-2 subfamily. (A) Predicted signal peptide
region of LMK1 protein, as determined by the SignalP-4.1 servers
(http://www.cbs.dtu.dk/services/SignalP/). (B) Alignment of the kinase domains of
members of the LRR-RLK class VIII-2 subfamily. The arrowhead indicates the
position of the conserved Asp residue (LMK1D805), which is essential for kinase
activity in these proteins.

FIGURE S2 | Subcellular localization of LMK1 protein. (A) Confocal laser
microscopy showing the subcellular localization of LMK1-GFP transiently
expressed in N. benthamiana leaves. GFP was the control for fluorescent protein.
Confocal microscopic images were taken 48 h after transfection. DIC, differential
interference contrast image. (B) Immunoblotting analysis using anti-GFP antibody
of water-soluble (supernatant: S) and insoluble membrane (pellet: P) fractions of
lysate from N. benthamiana leaves expressing GFP or LMK1-GFP protein. Protein
extraction buffer contained no detergent. Closed and open arrowheads indicate
the position of GFP and LMK1-GFP, respectively.

FIGURE S3 | Expression check of LMK1 proteins in N. benthamiana leaves. Intact
LMK1 and mutated LMK1 proteins fused with GFP were transiently overexpressed
in N. benthamiana leaves. Expression of each construct was confirmed by
confocal microscopic analysis. Photos were taken 48 h after infiltration. Mock,
mock treatment by infection of Agrobacterium carrying the p19 vector alone.

TABLE S1 | Primers used in this study.

TABLE S2 | List of C/N-nutrient responsive phosphoproteins identified by
LC-MS/MS analysis.
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