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Calcium-dependent protein kinases are involved in various

biological processes, including hormone response, growth

and development, abiotic stress response, disease resistance,

and nitrogen metabolism. We identified a novel mutant of a

calcium-dependent protein-kinase-encoding gene, esl4, by

performing map cloning. The esl4 mutant was nitrogen de-

ficient, and expression and enzyme activities of genes related

to nitrogen metabolism were down-regulated. ESL4 was

mainly expressed in the vascular bundles of roots, stems,

leaves, and sheaths. The ESL4 protein was localized in the

cell membranes. Enzyme activity and physiological index

analyzes and analysis of the expression of nitrogen metabol-

ism and senescence-related genes indicated that ESL4 was

involved in nitrogen metabolism. ESL4 overexpression in

transgenic homozygous T2 plants increased nitrogen-use ef-

ficiency, improving yields when little nitrogen was available.

The seed-set rates, yields per plant, numbers of grains per

plant, grain nitrogen content ratios, and total nitrogen con-

tent per plant were significantly or very significantly higher

for two ESL4 overexpression lines than for the control plants.

These results suggest that ESL4 may function upstream of

nitrogen-metabolism genes. The results will allow ESL4 to be

used to breed novel cultivars for growing in low-nitrogen

conditions.
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Introduction

Calcium signaling occurs through a highly integrated network
and acts as a ubiquitous second messenger, playing important
roles in the division, growth, differentiation, aging, apoptosis,
and stress resistance of cells (Trewavas and Malhó 1998,
Sanders et al. 1999, Berridge et al. 2000). Calcium signal induc-
tion is mediated by the activities of many different calcium
sensors. Several families of calcium sensors in higher plants
have been identified, including calmodulin, calmodulin-asso-
ciated proteins, calcineurin B-like proteins, and calcium-de-
pendent protein kinases (CPKs) (Roberts and Harmon 1992,
Snedden and Fromm 1998, Zielinski 1998, Kudla et al. 1999,
Harmon et al. 2000, Kolukisaoglu et al. 2004). These proteins
bind to calcium ions, undergo conformational transformations,
then transmit the signal to another protein, activating a specific
downstream phosphorylation reaction (Harmon et al. 2001,
Defalco et al. 2010).

The CPK family of calcium sensors performs several import-
ant biological functions in plants. First, CPKs are involved in
hormone response. Treating rice seeds with gibberellin (Abo-El-
Saad and Wu 1995) and rice leaves with brassinolide (Yang and
Komatsu 2000) can increase CPK enzyme activity. Second, CPKs
are involved in plant growth and development. Expression of a
pollen-specific CPK gene in maize is limited to late pollen de-
velopment. Applying calmodulin antagonists, CPK inhibitors,
and multimeric nucleotide sequences directed against CPK
mRNA to cultured pollen inhibits pollen grain germination
and pollen tube growth (Estruch et al. 1994). An OsCPK23 de-
letion mutant of rice (Oryza sativa) has been found to accu-
mulate less starch and protein in the immature seeds than were
accumulated in non-mutant seeds (Asano et al. 2002).
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Third, CPKs are involved in abiotic stress responses. Closely
related CPKs (AtCPK4 and AtCPK11) have been found actively
to regulate abscisic acid signaling pathways and to be involved
in seed germination, seedling growth, cytoprotection, and salt
tolerance regulation in Arabidopsis thaliana (Zhu et al. 2007).
The degree to which OsCPK7 is expressed in rice is closely
associated with exposure to cold and to salt and drought
stress, and OsCPK7 overexpression accelerates the response of
genes related to salt and drought stress (Saijo et al. 2000).
OsCPK9 positively regulates drought tolerance and spikelet fer-
tility (Wei et al. 2014). Fourth, CPKs are associated with patho-
gen resistance. OsCPK4 overexpression in rice significantly
enhances salt tolerance, drought tolerance, and rice blast resist-
ance (Campo et al. 2014, Bundó and Coca 2016). Inactivating
NtCDPK2 by virus-induced gene silencing has been found to
cause Cf-9-/Avr9-mediated plant hypersensitivity to disappear
(Romeis et al. 2000, 2001). CPKs are also involved in carbon and
nitrogen metabolism. Sucrose phosphorylase is a key enzyme
involved in carbonmetabolism. Nitrate reductase (NR) is a rate-
limiting enzyme in the nitrogen metabolism process.
Phosphorylation of sucrose phosphorylase and nitrate reduc-
tase is inhibited in the dark, and CPK-mediated Ca2+ signaling is
involved in the phosphorylation process (Chung et al. 1999).
Sucrose phosphorylase and NR activities in the dark are sup-
pressed by CPK, consistent with the intracellular Ca2+ concen-
tration being higher at night than in the day (Johnson et al.
1995). However, CPK may also activate sucrose phosphorylase
by phosphorylating Ser424, but this phosphorylation-depend-
ent activation only occurs during hypotonic stress responses
(Toroser and Huber 1997).

Nitrogen is an essential nutrient for plants and an important
factor limiting crop productivity. Applying nitrogen fertilizer to
paddy fields is an important way of improving rice yields.
However, applying excess nitrogen fertilizer decreases both
the nitrogen absorption efficiency and the efficiency of the
fertilizer, and contributes to pollution of the environment
with nitrogen. Fully exploiting the genetic potential of rice to
make use of nitrogen could allow nitrogen absorption and use
by rice to be effectively improved. Nitrogen metabolism by rice
is a complex dynamic process involving numerous physiological
and biochemical processes, including nitrogen transport, distri-
bution, use, and reuse (Ladha et al. 1998). Nitrogen uptake and
use by rice are not independent, but rather form a cyclic meta-
bolic system mediated by a series of enzymes. NR, glutamine
synthetase (GS), glutamic acid synthase (GOGAT), and glutam-
ate dehydrogenase are the key enzymes involved in nitrogen
metabolism by plants (Marschner 2012). CPKs are also involved
in nitrogen metabolism by plants. Calcium signaling mediated
by CPK is involved in the phosphorylation of NR, which is ac-
complished by ser543 phosphorylation and the 14–3-3 protein
phosphorylation site in a two-step reaction (Chung et al. 1999).
Nitrate–CPK–nin-like protein signaling is key to the nitrogen
growth network, nitrogen signal integration and gene expres-
sion coordination, nitrogen metabolism, and growth (Liu et al.
2017).

Having previously identified an esl4 mutant of rice (Guo
et al. 2014), in the present study we cloned the ESL4 gene

that encodes a CPK. The active oxygen contents of the leaves
were higher and senescence-related genes were expressed more
in the mutant than in the wild-type, and the leaves of the
mutant senesced prematurely. Nitrogen-metabolism-related
gene expression, enzyme activity, and physiological index ana-
lyzes indicated that the esl4mutant was nitrogen-deficient and
that ESL4 is involved in the nitrogen metabolism process. ESL4
overexpression improved the nitrogen use efficiency and
increased the yield. We investigated the involvement of ESL4
in nitrogen metabolism regulation and the regulatory gene net-
work. The results presented here improve our understanding of
the roles of CPK gene in regulating nitrogen metabolism and
provide a molecular basis for elucidating nitrogen uptake
mechanisms in plants.

Results

ESL4 encodes a CPK

The early-senescent-leaf ricemutant esl4was extracted from ethyl-
methylsulfonate-induced mutations of ‘Jinhui 10’ indica rice. The
tips and margins of the second, third, and fourth leaves of the esl4
mutant became yellow in the early tillering stage, and the prema-
ture senescence phenotype was developed gradually at an early
stage of heading (Fig. 1A–F). Transmission electron microscopy
images indicated that the chloroplast areas in the mesophyll cells
in the apical portions of the leaves were smaller in the mutants
than in the wild-type, and the matrix of the mutant chloroplast
was blurred and lamellae loose. The photosynthetic pigment con-
tents of the leaves were significantly lower for the mutant than for
the wild-type. In a previous study, ESL4 was localized to a 63 kb
region on chromosome 4 (Guo et al. 2014). There are 12 open
reading frames in this interval (Fig. 1G), and four genes
(LOC_Os04g47240, LOC_Os04g47250, LOC_Os04g47300, and
LOC_Os04g47330) may be associated with plant senescence. The
LOC_Os04g47240 gene encodes an S_TKc protein that belongs to
the mitogen-activated protein kinase family, LOC_Os04g47250 en-
codes a cytochrome P450 protein, LOC_Os04g47300 encodes a
CPK protein, and LOC_Os04g47330 encodes a protein associated
with rho-GTPase activation. We performed sequence analyzes of
the wild-type and esl4mutant genomes for each of the four genes.
The mutant had a single-base G to A substitution at the 2,511 bp
position (522 amino acid glutamic acid) in the last exon of
LOC_Os04g47300 in the genomic DNA (Fig. 1G and
Supplementary Fig. 1A). However, no difference was found be-
tween the mutant and the wild-type cDNA sequences at this
site (Supplementary Fig. 1B). These results suggest that RNA edit-
ing and repair had corrected the genomic mutation at this site, so
the same amino acid was encoded in the mutant and wild-type.
Gene and protein expression of LOC_Os04g47300 in wild-type and
esl4 mutant leaves at the tillering stage were analyzed by western
blot analysis and quantitative real-time PCR (qRT-PCR) to deter-
mine whether LOC_Os04g47300 was expressed differently in the
esl4mutant and wild-type. LOC_Os04g47300was expressed signifi-
cantly less in the esl4mutant than in thewild-type (Fig. 1H and P).
LOC_Os04g47300was also expressed less at the protein level in the
esl4 mutant than in the wild-type (Fig. 1I). We therefore classed

2513

Plant Cell Physiol. 59(12): 2512–2525 (2018) doi:10.1093/pcp/pcy169

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
c
p
/a

rtic
le

/5
9
/1

2
/2

5
1
2
/5

0
8
5
1
6
5
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data


LOC_Os04g47300 as a candidate gene for ESL4. LOC_Os04g47300
encodes the CPK OsCPK12, which is a 2,549 bp single-copy gene,
with eight exons and seven introns and encoding 533 amino acids.

We constructed the LOC_Os04g47300 genome complemen-
tary vector, which included the 4,618 bp upstream promoter
sequence, coding and noncoding regions, and 1,108 bp

downstream 30 terminal region, then transformed the vector
into the esl4 mutant to determine whether the candidate gene
corresponded to ESL4. PCR and staining the T0 generation for
b-glucuronidase (GUS) activity indicated that there were 22
positive transformants. No phenotypic differences were found
between the 22 transformants and the wild-type throughout

Fig. 1 Results of the phenotypic analysis of the esl4 mutants and cloning of the ESL4 gene. (A and B) Morphologies of the wild-type (WT) and
esl4 mutant plants at the early tillering stage. The morphologies of the (C) second, (D) third, and (E) fourth leaves of the WT and esl4 mutant
plants at the early tillering stage are also shown. In each subfigure, the WT is on the left and the esl4mutant on the right. (F) Morphologies of the
WT and esl4mutant plants at the mature stage. (G) Fine mapping of the esl4 locus on chromosome 4. (I) ESL4 protein expression in the leaves of
the WT and esl4 mutant plants, determined by Western blot analysis. (J–O and Q–S) Phenotypic complementation achieved by introducing
ESL4. esl4-Com means plants transformed with a 8,275 bp WT genomic DNA fragment from ESL4. The normal phenotype was recovered in (J, L,
and N) plants, (K, M, and O) leaves, and (Q, R, and S) the matrix lamellar structures of the chloroplasts (la, lamella). Bar: (A and B) 15 cm; (C, D,
and E) 3 cm; (F, J, L, and N) 20 cm; (K, M, and O) 5 cm; (Q–S) 400 mm. (H and P) Relative expression of ESL4 in the leaves of the WT and esl4

mutant plants (H), and in the WT, esl4 mutant, and two complementary (Com-1 and Com-2) plants (P). The data are shown as the mean ± SD
(n= 3). An asterisk indicates the mutant was statistically significantly different from the WT (**P� 0.01).
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the growth period, and premature senescence was not observed
(Fig. 1J–O). We then performed transmission electron micros-
copy to investigate the structures of the chloroplasts in the leaf
tips of wild-type, mutant, and positive complementary plants.
The chloroplast areas were larger in the mesophyll cells of the
wild-type leaf tips than in the mutant cells, the matrix structure
was clear, and the lamellar structure was compact (Fig. 1Q).
The chloroplast areas were smaller in the mesophyll cells in the
apical portions of the mutant leaves, the matrix structure was
blurred, and the lamellae structure was loose (Fig. 1R). The
chloroplasts of the positive complementary plants were similar
to the chloroplasts of the wild-type plants (Fig. 1S). The chloro-
phyll and carotenoid contents of the positive complementary
plants were not significantly different from the chlorophyll and
carotenoid contents of the wild-type plants (Supplementary
Fig. 1C). These results demonstrated that LOC_Os04g47300

was the target gene ESL4.
The phylogenetic analysis results indicate that ESL4 belongs

to a highly conserved family of CPK proteins and is closely
related to OsCPK19 (Supplementary Fig. 2C). It has previously
been found that CPK contains an N-terminal variable domain, a
kinase catalytic domain, a linker region, and four EF-type do-
mains (Harper et al. 1991, Harmon et al. 2000, Hrabak et al.
2003) (Supplementary Fig. 2A). Multiple amino acid sequence
alignments were found for the CPK proteins, indicating that
ESL4 has a high sequence similarity with other CPKs
(Supplementary Fig. 2B). These results indicate that ESL4 con-
tains typical CPK domains that can bind calcium and partici-
pate in signal transduction responses to external signals
(Harmon et al. 2000). The esl4 mutation site was found to be
in the fourth EF-type domain of the sixth non-changeable glu-
tamic acid.

Activity analysis of the ESL4 recombinant protein

We performed an in vitro enzyme activity assay to determine
whether ESL4 (OsCPK12) has kinase activity. We constructed
pet32a vectors to express proteins containing full length ESL4
and truncated ESL4 with truncated C-terminal CaM-like do-
mains in vitro. Expression bands were found in the induced
samples but not in the untreated control samples, and the
molecular weight was consistent with the expected molecular
weight. Full-length ESL4 and truncated ESL4 were successfully
expressed (Fig. 2A). The induced cells were purified using a
recombinant protein. The purified product was detected by
SDS-PAGE, and the high purity recombinant protein was ob-
tained (Fig. 2B). This suggested that the recombinant protein
was present as a soluble protein.

The enzyme activity of the recombinant protein was deter-
mined using a luminescent kinase assay kit. In the enzymatic
reaction catalyzed by full-length ESL4 (Fig. 2C and D), the rela-
tive light unit measured in the presence of Ca2+ decreased as
the reaction time increased, indicating that ATP was continu-
ally consumed during the enzymatic reaction and that the full-
length ESL4 recombinant protein was catalytically active.
Ethylene glycol-bis(b-aminoethyl ether)-N, N, N0, N0-tetraacetic
acid is a Ca2+-specific chelating agent that binds to Ca2+ during

an enzymatic reaction without binding to Mg2+. Adding ethyl-
ene glycol-bis(b-aminoethyl ether)-N, N, N0, N0-tetraacetic acid
to the solution in the absence of Ca2+ did not markedly change
the way the luminescence value changed over time, indicating
that ESL4 activity was dependent on Ca2+. In the enzymatic
reaction catalyzed by truncated ESL4 (Fig. 2E), the lumines-
cence value did not decrease over time even in the presence
of Ca2+, indicating that the ATP content of the solution did not
change and that the truncated enzyme was not clearly active.
These results indicated that ESL4 activity did not respond to
Ca2+ after the C-terminal CaM-like domain was truncated. In
the blank enzymatic reaction (Fig. 2F), the luminescence value
did not decrease over time even in the presence of Ca2+, indi-
cating that the ATP content of the solution did not change and
no proteins in the solution reacted with Ca2+.

In the enzymatic reaction catalyzed by full-length ESL4,
increasing the ESL4 protein concentration caused the relative
light unit measurement to decrease, suggesting that the ATP
consumption rate of the enzymatic reaction increased. These
results indicated that the catalytic activity of the full-length
ESL4 recombinant protein was positively correlated with the
concentration of the protein (Fig. 2G).

ESL4 is expressed in phloem and localized on cell

membranes

We collected root, stem, leaf, sheath, and spike samples at the
seedling, tillering, and booting stages, and analyzed the samples
using qRT-PCR. ESL4 was expressed in all of the organs at each
developmental stage, so we concluded that it was expressed
homogeneously in all tissues (Fig. 3A).

We constructed a PESL4:: GUS vector and transformed it into
wild-type plants. GUS activity staining indicated that ESL4 was
mainly expressed in the root, stem, leaf, and sheath vascular
bundles but was also expressed in the spikelet palea and lemma
vascular bundles (Fig. 3B–L). We investigated the ESL4 expres-
sion pattern further by performing in situ hybridization, and
found that ESL4 had strong signals in the sheath and stem
vascular bundles (Fig. 3M–Q). These results were consistent
with the qRT-PCR results, indicating that ESL4 does not have
a tissue-specific expression pattern and is mainly expressed in
the vascular bundles of various organs.

We constructed a green fluorescent protein (GFP) fusion
vector containing the ESL4 coding sequence to allow the sub-
cellular localization of the ESL4 protein to be investigated. The
vector was transformed into rice protoplasts, and confocal laser
microscopy showed that the ESL4-GFP fusion protein was loca-
lized on the cell membranes (Fig. 4E–H) but the GFP signal was
localized in the cytoplasm and nucleus (Fig. 4A–D). These re-
sults indicate that ESL4 is a membrane-localized protein.

esl4 is a nitrogen-deficient mutant

Calcium signaling mediated by CPKs is involved in nitrogen
metabolism by plants (Chung et al. 1999). Nitrogen metabolism
directly affects plant growth during the development stage. We
performed transcriptome sequencing of esl4 and the wild-type,
and the differential gene KEGG pathway enrichment results
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contained four pathways with P values < 0.001 (Fig. 5A).
Photosynthesis-antenna proteins and photosynthesis pathways
were directly related to the premature senescence phenotype
but changes in the glyoxylate and dicarboxylate metabolism
and nitrogen metabolism pathways were unique to esl4. The
wild-type andmutant transcriptome sequencing data indicated
that one lyoxylate and dicarboxylate metabolism gene and
other two senescence-related genes were substantially up-regu-
lated in the mutant (Fig. 5C). We quantitatively verified the
expression of these aging-related genes, and the results showed
that these genes were all up-regulated (data not shown). At the
same time, five nitrogen metabolism genes were altered (all
were down-regulated) in the mutant (data not shown). The
nitrogen metabolism effects of the five genes were quantified,
and the different genes were found to be down-regulated to

different degrees (Fig. 5B). The five genes were CARBONIC

ANHYDRASE (CA), PSR1 (PROMOTOR OF SHOOT

REGENERATION 1), NR, OsGLN1; 2 (GLUTAMINE SYNTHETASE

1; 2), and OsNRT2.2 (HIGH AFFINITY NITRATE TRANSPORTER

2.2). OsNRT2.2 encodes a transporter, and the other four genes
encode different enzymes involved in the nitrogen metabolism
process. An enzyme-linked immunosorbent assay was used to
measure the activities of these four enzymes in the wild-type
andmutant strains. The results showed that these four enzymes
had significantly lower activities in the mutant than the wild-
type plants (Fig. 5D–G). We therefore hypothesize that the esl4
mutant phenotype is the result of abnormal nitrogen metab-
olism. We measured the dry weights, nitrogen content ratios,
and total nitrogen contents of wild-type and esl4mutant at the
tillering, heading, and maturity stages. The dry weights and

Fig. 2 Expression, purification, and activities of full-length and truncated recombinant ESL4. (A) Expression of full-length and truncated
recombinant ESL4. Mr, protein marker; 1–2, induced control; 3–4, induced expression of full-length ESL4; 5–6, induced expression of truncated
ESL4. (B) Purification of full-length and truncated recombinant ESL4. 1, purified control; 2, purified full-length ESL4; 3, purified truncated ESL4. (C)
Activity of full-length ESL4 in the presence of calcium ions. (D) Activity of full-length ESL4 in the absence of calcium ions. (E) Activity of truncated
ESL4 in the presence of calcium ions. (F) Activity of the control in the presence of calcium ions. (G) Activity of full-length ESL4 at different
concentrations in the presence of calcium ions. F1, F2, F3, and F4, the reaction was supplemented with 20, 30, 40, and 50 ml, respectively, of
purified full-length ESL4 recombinant protein. The data are shown as the mean ± SD (n = 3).
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nitrogen content ratios of the leaves and sheaths were signifi-
cantly lower for the esl4 mutants than for the wild-type plants
at the tillering stage. The leaf and sheath total nitrogen con-
tents were therefore significantly lower for the esl4 mutants
than for the wild-type plants. The dry weights of the vegetative
organs and seeds at the heading and maturity stages were sig-
nificantly lower for the esl4 mutants than for the wild-type
plants, but the nitrogen content ratios and total nitrogen con-
tents of the vegetative organs were significantly higher for the
esl4 mutants than for the wild-type plants and the total nitro-
gen contents of the seeds were significantly lower for the esl4
mutants than for the wild-type plants (Fig. 5H–J). The nitrogen
use efficiency of grain at the maturity stages were significantly

lower for the esl4 mutants than for the wild-type plants
(Fig. 5K). These results indicated that nitrogen metabolism
was defective in the esl4 mutant.

We determined whether the esl4 mutant was a nitrogen
auxotrophic mutant by exposing plants to four concentrations
of exogenous nitrogen (ultra-low nitrogen (N0), low nitrogen
(N1), standard nitrogen (N2), and high nitrogen (N3)) in pot
experiments (with 0 g (N0), 0.1 g (N1), 0.2 g (N2), and 0.4 g (N3)
nitrogen added per kilogram of soil) and field experiments
(with 0 g (N0), 90 kg (N1), 180 kg (N2), and 270 kg (N3) nitrogen
added per hectare). At the tillering stage, the N1 treatment esl4
mutant leaf tips prematurely senesced and all the physiological
and agronomic traits measured were significantly lower than

Fig. 3 Expression of ESL4. (A) Expression of ESL4 in various organs of the wild-type plants, analysed by quantitative real-time PCR. SR, seedling
stage root; SL, seedling stage leaf; JR, jointing stage root; JS, jointing stage stem; JL, jointing stage leaf; JLS, jointing stage leaf sheath; BR, booting
stage root; BS, booting stage stem; BL, booting stage leaf; BLS, booting stage leaf sheath; BSP, booting stage spike 0.5 cm long. The data are shown
as the mean ± SD (n= 3). An asterisk indicates the test item was statistically significantly different from the SR (*P� 0.05, **P� 0.01). (B–L)
Histochemical staining for the ESL4 promoter–GUS reporter gene. The GUS signal was detected in the vascular bundles of the (B–D) root, (E and
F) leaf, (H and I) leaf sheath, and (J and K) stem. (G) The GUS signal was detected in the vascular bundles of the spikelets. (L) The GUS signal was
not detected in the phloem in the wild-type stem. (M–P) Expression of the ESL4 gene in the sheaths and stems. A signal was detected in the
vascular bundles of the (M and N) sheath and (O and P) stems. (Q) No signal was detected in the stems. Bar: (B, H, and J) 2mm; (C and F) 100 mm;
(D and E) 20mm; (G) 5mm; (I, K, and L) 50 mm; (M–Q) 50 mm.
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for the wild-type plants. Increasing the amount of nitrogen
applied caused senescence to be partially avoided and all the
physiological indices of the esl4 mutants to be partially re-
covered (Fig. 6A–H and Supplementary Fig. 3). The total
chlorophyll contents were significantly lower for the mutants
than for the wild-type plants, the N0 treatment mutants having
only 44.84% of the total chlorophyll contents of the N0 treat-
ment wild-type plants but the N3 treatment mutants having
90.99% of the total chlorophyll contents of the N3 treatment
wild-type plants (Fig. 6I). The reactive oxygen species contents
of the wild-type and esl4 mutant plants decreased as the
amount of nitrogen applied increased, and the difference be-
tween the reactive oxygen species contents of the wild-type
plants and esl4 mutants decreased (Fig. 6J–L). The N1 treat-
ment wild-type plants grew normally until the maturity period
but the esl4 mutants prematurely aged and the seed-setting
rate was lower than for the wild-type plants. Adding exogenous
nitrogen caused the agronomic traits of the esl4 mutants to
recover. In particular, the esl4 mutant seed-setting rate
increased from 55.1% of the wild-type seed-setting rate in the
N0 treatments to 71.5% of the wild-type seed-setting rate in the
N3 treatments (Fig. 6M). The esl4 mutant spike length was
significantly lower than the wild-type spike length in the N0
treatments but the esl4 mutant spike length was not signifi-
cantly different from the wild-type spike length in the N3 treat-
ments (Fig. 6N). The esl4 mutant yield per plant was 26.07% of
the wild-type yields per plant in the N0 treatments but 80.02%
of the wild-type yields per plant in the N3 treatments (Fig. 6O).

We used qRT-PCR to detect the expression of ESL4 and
genes related to nitrogen metabolism at tillering stages and
with different amounts of nitrogen applied. ESL4 expression
in the wild-type increased as the amount of applied nitrogen
increased except for the N3 treatment, which had less ESL4
expression than the N2 treatment. ESL4 expression in the esl4
mutant increased as the amount of nitrogen applied increased,

from 32.03% of ESL4 expression in the wild-type in treatment
N0 to 115.12% of ESL4 expression in the wild-type in treatment
N3 (Supplementary Fig. 4A). NR1 and PSR1 were expressed in
the wild-type and esl4 mutant to a similar degree as ESL4 was
expressed, but unlike in the wild-type, the NR1 and PSR1 ex-
pression ratio in the esl4 mutants increased as the amount of
nitrogen applied increased (i.e. from the N0 treatment to the
N3 treatment) and was almost the same as the ratio for the
wild-type plants in the N3 treatments (Supplementary Fig. 4B
and C). CA, OsGLN1; 2, and OsNRT2.2 expression in the esl4

mutants did not recover as the amount of nitrogen applied
increased (data not shown).

The esl4mutants grown under low-nitrogen conditions had
premature leaf senescence, but applying nitrogen prevented
leaf senescence. We found that the senescence-related genes
NON-YELLOW COLORING 1 LIKE (NOL), STAYGREEN (SGR),
NAC Family Transcription Factor NAC-LIKE ACTIVATED BY

AP3/PI (OsNAP), and OsL85 were expressed at different tillering
stages when different amounts of nitrogen were applied. The
degrees to which the senescence-related genes NOL, SGR,
OsNAP, and OsL85 were expressed gradually increased in the
wild-type plants but gradually decreased in the esl4 mutants as
the amount of nitrogen applied increased. In the N0 treat-
ments, NOL, SGR, OsNAP, and OsL85 expression in the esl4

mutants were 393.86%, 489.87%, 722.68%, and 1,318%, respect-
ively, of the degrees to which they were expressed in the wild-
type plants. It can be seen that each gene was expressed mark-
edly more in the mutants than in the wild-type plants.
However, increasing the amount of nitrogen applied sharply
decreased the expression of these genes in the esl4 mutants
(Supplementary Fig. 4E–G). NOL expression changed relatively
little, expression in the esl4 mutants being 393.86%, 239.20%,
109.16%, and 67.72% of expression in the wild-type plants in the
N0, N1, N2, and N3 treatments, respectively (Supplementary
Fig. 4D).

Fig. 4 Subcellular localization of ESL4 fusion protein in rice protoplasts. (A–D) Free GFP was used as a control. (E–H) The ESL4–GFP fusion
protein was expressed in rice protoplasts. The GFP fluorescence, chlorophyll autofluorescence, bright-field image, and the merged bright-field,
GFP fluorescence, and chlorophyll autofluorescence images are shown. Each scale bar represents 10 mm.

2518

Y. Xing et al. | Nitrogen metabolism is affected in the nitrogen-deficient rice mutant esl4 with a calcium-dependent protein kinase gene mutation

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
c
p
/a

rtic
le

/5
9
/1

2
/2

5
1
2
/5

0
8
5
1
6
5
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcy169#supplementary-data


Overexpression of ESL4 increased the total yield

under low-nitrogen conditions

We constructed an ESL4 overexpression vector and obtained
positive homozygous T2 transgenic lines using the
Agrobacterium tumefaciens infection technique (Fig. 7A–F).
We selected two T2 transgenic lines (OE-3 and OE-4) that ex-
pressed ESL4 relatively strongly (Fig. 7G) and the trans-loaded
control, and cultivated the plants in a field trial using the N0,
N1, and N2 nitrogen applications described earlier. The seed-
setting rates, yields per plant, numbers of grains per plant, grain
nitrogen content ratios, and total nitrogen contents of the
seeds per plant were significantly or highly significantly higher
in the overexpressed plants than in the controls (Fig. 7H–L). In

particular, the yields per plant were 14.34% and 20.41% higher
for the OE-3 and OE-4 plants, respectively, than for the controls
in the N0 treatments and 3.45% and 13.21% higher for the OE-3
and OE-4 plants, respectively, than for the control in the N1
treatments (Fig. 7I). The total nitrogen contents per plant were
21.69% and 26.96% higher for the OE-3 and OE-4 plants, re-
spectively, than for the controls in the N0 treatments and 8.73%
and 20.28% higher for the OE-3 and OE-4 plants, respectively,
than for the controls in the N1 treatments (Fig. 7L). The nitro-
gen use efficiency of grain at the maturity stages was higher in
the overexpressed plants than in the controls (Fig. 7M). No
significant differences were found in the yield indicator traits
for the overexpression lines and the controls in the N2 treat-
ments (data not shown).

Fig. 5 Expression, enzyme activity, and yield indicator traits for wild-type (WT) and esl4 mutant plants in the N0 treatments. (A) Differential
gene KEGG pathway enrichment in esl4 and WT transcriptome data. (B) Relative expression of CA, PSR1, NR1, OsGLN1; 2, and OsNRT2.2 in the
WT and esl4mutant plants in the N0 treatments. (C) Relative expression of NOL, OsL85, and SGR in the WT and esl4mutant transcriptome data.
(D–G) Activities of (D) CA, (E) NR, (F) PSR1, and (G) GS in the WT and esl4 mutant plants in the N0 treatments. (H) Dry weights, (I) nitrogen
content ratios (g nitrogen per kg weight), (J) total nitrogen contentsper plant, and (K) nitrogen use efficiency of grain for the WT and esl4mutant
plants in the N0 treatment. T-L, tillering stage leaf; T-S, tillering stage leaf sheath; H-VO, heading stage vegetative organs; H-S, heading stage spike;
M-VO, maturity stage vegetative organs; M-S, maturity stage seed. The data are shown as the mean ± SD (n= 3). An asterisk indicates that the
test item was statistically significantly different from the WT (*P� 0.05, **P� 0.01).
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The two overexpression lines expressed ESL4 significantly
more than the controls in the N0 and N1 treatments
(Supplementary Fig. 5A). NR1, PSR1, CA, OsGLN1; 2, and
OsNRT2.2 were up-regulated in the overexpression lines relative
to the controls to different degrees in the N0 and N1 treatments
(Supplementary Fig. 5B–F).NOL, SGR, andOsNAPwere expressed
slightly less in the overexpression lines than in the controls
(Supplementary Fig. 5G–5I). OsL85 expression was significantly
down-regulated in the overexpression lines relative to the con-
trols, expression in the OE-3 and OE-4 plants being 6.80% and
17.42%, respectively, of expression in the controls in the N0
treatments and 28.25% and 57.88%, respectively, of expression
in the controls in the N1 treatments (Supplementary Fig. 5J).

Discussion

ESL4 encodes a CPK, and a mutation of ESL4

resulted in a new mutant

Calcium-dependent protein kinase cDNA was first isolated
from Arabidopsis, and CPK genes have since been cloned
from various plant species, including carrots, maize, mung

beans, rice, and tobacco (Harper et al. 1991). CPKs perform
numerous biological functions, participating in hormone re-
sponses (Abo-El-Saad and Wu 1995, Sheen 1996, Yang and
Komatsu 2000), regulating growth and development (Estruch
et al. 1994, Hepler et al. 2001), mediating abiotic stress signal
transmission (Bush 1995, Trewavas 1999, Knight and Knight
2001), being involved in resistance to pathogens (Xu and
Heath 1998, Blume et al. 2000, Fellbrich et al. 2000, Grant and
Loake 2000, and participating in carbon and nitrogen metab-
olism (Johnson et al. 1995, Chung et al. 1999, Liu et al. 2017). In
this study we identified the nitrogen-deficient rice mutant esl4.
Genome and cDNA sequencing analyses showed that the ESL4
gene in the esl4 mutant had a G-to-A single-base mutation at
position 2,511 in the last exon, which significantly decreased the
amount of ESL4 RNA and protein in the esl4 mutant. The EF-
type domain structure consists of 12 amino acid residues, with
glutamic acid always being at position 6 to ensure that the
protein structure is stable (Luan et al. 2002). The bases at pos-
itions 2,511–2,513 in the ESL4 coding region therefore encode a
glutamate residue, the most important core amino acid for
maintaining the CPK hand-shaped domain. Mutation of this
residue would affect the stability of the CPK, resulting in the

Fig. 6 Phenotype and physiological and biochemical characteristics of wild-type (WT) and esl4 mutant plants grown with different nitrogen
application rates. (A–H) Morphologies of the WT and esl4 mutant plants after applying nitrogen at the booting stage (applied 70 d after
transplanting). Each scale bar represents 20 cm. (I) Photosynthetic pigment (chlorophyll a and b) contents, (J) �OH activities, (K) H2O2 contents,
(L) O �

2 contents, (M) filled grain weights per plant, (N) seed-setting rates, (O) panicle lengths of the WT and esl4mutant plants in the N0 to N3
treatments. Each error bar indicates the SD (n= 9 individual plants). An asterisk indicates the test item was statistically significantly different from
the WT (*P� 0.05, **P� 0.01).
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fourth-hand structure of the CPK failing to combine with Ca2+

and therefore being dysfunctional. RNA editing repair may have
occurred at this site in the esl4 mutant after the genome mu-
tation had occurred to regain the stability of the EF structure.
The amino acid and protein in the esl4 mutant and the wild-
type were identical, but ESL4 and protein were expressed sig-
nificantly less in the esl4 mutant than in the wild-type. It has
been predicted, using PREP-mt software with a cutoff of 0.6,
that 1,084 sites in the Cycas mtDNA protein coding gene are
C!U RNA editing sites (Mower 2005). This is typical of RNA
replacement (modification), which includes C!U (Chen et al.
1990, Wang et al. 2004), A!I (Yang et al. 2008), A!G
(Petschek et al. 1996), and U!C (Chaw et al. 2008) RNA edit-
ing. RNA editing sites can support racial development through
genetic variation (Yang et al. 2008) and repair harmful genomic
mutations (Gray and Covello 1993).

We constructed full-length and truncated ESL4 recombin-
ant proteins to investigate the role of the C-terminal CaM-like
domain in the CPK protein. Activity analysis indicated that ESL4
activity was calcium-dependent and that the activity of the
truncated protein without the C-terminal CaM-like domain

was inhibited and no longer stimulated by Ca2+. This suggests
that the CaM-like domain activates CPKs by binding Ca2+, con-
sistent with the CPK protein family regulation mechanism. The
protein sequence in the esl4 mutant was the same as the pro-
tein sequence in the wild-type, but ESL4 was expressed signifi-
cantly less in the esl4mutant than in the wild-type, which could
have caused the ESL4 protein concentration to be lower in the
esl4 mutant than in the wild-type. The catalytic activity of the
full-length ESL4 recombinant protein in the presence of Ca2+

was positively correlated with the ESL4 concentration. The
lower ESL4 protein concentration in the esl4 mutant means
the ESL4 catalytic activity is lower than in the wild-type, and
this may be why the esl4 mutant has a mutant phenotype.

ESL4 may be involved in regulating nitrogen

metabolism

Following transcriptome sequencing and quantitative verifica-
tion, we found that expression of five important genes involved
in nitrogen metabolism was down-regulated in the mutant
compared with the wild-type. OsNRT2.2 was found to encode

Fig. 7 Phenotypes and characteristics of transgenic plants that overexpressed ESL4 grown under ultra-low-nitrogen and low-nitrogen conditions.
(A–F) Morphologies of the control check (CK) and two transgenic lines (OE-3 and OE-4) that overexpressed ESL4 after applying nitrogen at the
booting stage (applied 70 d after transplanting). Each scale bar represents 10 cm. (G) Relative expression of ESL4 in the CK and two transgenic
lines (OE-3 and OE-4) that overexpressed ESL4. (H–L) Statistical data for the (H) seed-setting rates, (I) grain yields per plant, (J) filled grain
numbers per plant, (K) total nitrogen contents of the seeds, (L) total nitrogen contents of the seeds per plant and (M) nitrogen use efficiency of
grain for the control and two transgenic lines. Each error bar indicates the SD (n= 30 individual plants). An asterisk indicates that the test item
was statistically significantly different from the control (*P� 0.05, **P� 0.01).
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a transporter, and the other four genes were found to encode
different enzymes involved in nitrogen metabolism. The activ-
ities of these four enzymes were significantly lower in the esl4
mutant than in the wild-type, indicating that nitrogen metab-
olism was defective in the mutant. The ability of a plant to take
up nitrogen and maintain nitrogen balance is an important
factor in the normal development of the plant. In the experi-
ments with different amounts of nitrogen fertilizer added, we
found that the esl4mutant was sensitive to exogenous nitrogen
and that increasing the amount of nitrogen applied improved
the ability of the mutant phenotype to avoid premature leaf
senescence, indicating that the esl4 mutant was nitrogen
deficient.

Endogenous nitrogen is translocated as amino acids through
the roots and above-ground organs. Nitrogen absorbed by the
roots is transported in the xylem to the above-ground organs,
and a portion of the nitrogen is retransported through the
phloem to the roots as a signal to regulate nitrogen absorption
by the roots (Larsson et al. 1991). The GUS test and in situ
hybridization test results indicated that ESL4 was expressed in
the vascular bundles of various organs. Some other CPKs had
similar expression patterns. OsCDPK19 was expressed more in
the vascular tissues of leaves and stems than in other tissues,
suggesting that these tissues contain regulatory elements that
control expression of the downstream genes (Wang et al. 2007).
Phloem is an important source-to-sink transfer route for ni-
trates involved in the nitrogen metabolism pathway (Fan
et al. 2009). We found that the nitrogen contents of vegetative
organs such as stems and leaves were significantly higher for the
esl4 mutant than for the wild-type but that the nitrogen con-
tent of the grain was significantly lower for the esl4mutant than
for the wild-type, indicating that nitrogen was transported to
the grain in the esl4 mutant relatively inefficiently. Consistent
with this interpretation, the expression analysis results sug-
gested that ESL4 may be involved in the regulation of nitrogen
transport.

Plants decompose and recycle nutrients in ageing organs
and initiate senescence-related genes expression to maintain
metabolic balance. Nutrients are transferred from senescent
organs to reproductive organs or actively growing organs to
allow the nutrients to be fully used, meaning that ageing and
senescence are necessary for normal plant growth and devel-
opment (Lim et al. 2007). The SGR gene encodes the chloroplast
transport peptide protein, and its overexpression can decrease
the lamellar structures of thylakoids, leading to leaf yellowing.
NOL encodes chlorophyll b reductase, and a mutation gives a
stay-green phenotype. OsNAP overexpression accelerates leaf
senescence (Jiang et al. 2007, Park et al. 2007, Sato et al. 2009,
Zhou et al. 2013). SGR, NOL, and OsNAP were expressed mark-
edly more in the esl4 mutant than in the wild-type, especially
under N0 conditions. This reflects the fact that the needs of the
plant are not met in a low-nitrogen environment, meaning that
the plant up-regulates chloroplast-degradation-related gene ex-
pression in aged leaves to release nitrogen. OsL85 encodes iso-
citrate lyase (which is involved in fatty acid metabolism), which
is the key rate-limiting enzyme in the glyoxylic acid cycle. OsL85
is a senescence-related gene, and involved in fatty acid

degradation and remobilization (Lee et al. 2001). OsL85 was
expressed markedly more in the esl4 mutant than in the
wild-type, indicating that more fatty acid was degraded and
remobilized in esl4 mutant (Lee et al. 2001).

Overexpression of ESL4 increases nitrogen-use

efficiency under low-nitrogen conditions

Future breeding developments will focus on green, mechanized,
and high-quality approaches. The pressure to achieve environ-
mental sustainability means that a key aim for crop breeders is
to increase food production under low-nitrogen conditions. It is
therefore very important to study the effects of decreasing ni-
trogen fertilizer application rates and to improve the efficiency
with which nitrogen is used by crops to reduce pollution and
ensure continued increases in rice yields. GLUTAMINE

SYNTHETASE 1 (GS1) overexpression in rice improves nitro-
gen-use efficiency (Brauer et al. 2011). Plant biomass and leaf-
protein content are higher in tobacco plants that overexpress
the GS1 gene than in plants that do not, indicating that GS1
may improve nitrogen-use efficiency in transgenic plants
(Oliveira et al. 2002). GOGAT overexpression in transgenic
plants can improve nitrogen-use efficiency, and OsNADH-

GOGAT1 overexpression in rice has been found to increase
spike weight by 80% (Yamaya et al. 2002). OsARG overexpres-
sion in rice has also been found to increase nitrogen-use effi-
ciency (Ma et al. 2013). Introducing indica rice type NRT1.1B

into japonica rice has been found to increase yield and nitro-
gen-use efficiency, indicating that NRT1.1B could improve ni-
trogen-use efficiency in japonica rice (Hu et al. 2015).

It has been found that ESL4 (OsCPK12) promotes salt toler-
ance, negatively regulates disease resistance, and may be
involved in the abscisic acid signalling pathway (Asano et al.
2012). OsCPK12 overexpression in incubator-grown plants
increased the dry weights of shoots and the total nitrogen con-
tents of the plants (Asano et al. 2010). We used rice mutants in
which the CPK gene ESL4 was overexpressed, driven by the
Cauliflower mosaic virus 35S promoter. In studies in the field
and in pots, the yields per plant, numbers of grains per plant,
seed-setting rates and total nitrogen contents were significantly
higher for the overexpression plants than for the controls. The
higher rice yields and nitrogen use efficiency of grain for the
overexpression lines than for the controls were especially
marked under ultra-low-nitrogen and low-nitrogen conditions.
ESL4 is not only involved in nitrogen metabolism but is also
directly involved in controlling the rice yield, meaning the func-
tion of ESL4 and its role in regulating nitrogen metabolism
should be analyzed further.

Materials and Methods

Plant materials and growth conditions

The early senescent rice mutant esl4 was previously derived from ethyl-methyl-

sulfonate-induced mutagenesis of ‘Jinhui 10’ indica rice. The ESL4 gene was

localized to a 63 kb region on chromosome 4 (Guo et al. 2014).

All plants were grown at an experimental farm run by the Rice Research

Institute of the College of Agronomy and Biotechnology, Southwest University,

Chongqing, China. Each plant was grown in soil, either in the field or in a pot.
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The total nitrogen, total phosphorus, and total potassium contents of the soil

were 0.97, 0.67, and 19.18 g/kg, respectively. The available phosphorus and

available potassium contents of the soil were 40 and 225mg/kg, respectively.

Nitrogen fertilizer was applied to the pots using four application rates, 0, 0.1, 0.2,

and 0.4 g per kilogram of soil for the N0, N1, N2, and N3 treatment pots,

respectively. Nitrogen fertilizer was also applied in the field experiment at

four application rates, ultra-low nitrogen (0 kg/ha; N0), low nitrogen (90 kg/

ha; N1), standard nitrogen (180 kg/ha; N2), and high nitrogen (270 kg/ha; N3).

During the growth period of an experiment, 40% of the nitrogen fertilizer was

applied as a base application three days before the plants were transplanted,

30% was applied at the tillering stage (20 d after transplanting), and 30% was

applied at the booting stage (70 d after transplanting). A standard fertilizer was

applied to the pots, giving P2O5 and K2O application rates of 0.1 and 0.2 g per

kilogram of soil, respectively, and a base fertilizer was applied to the field plots in

a single dose to give P2O5 and K2O application rates of 100 and 120 kg/ha,

respectively. The nitrogen fertilizer was urea (46.4% N), the phosphate fertilizer

was superphosphate (containing 12% P2O5), and the potassium fertilizer was

potassium chloride (containing 60% K2O). The rice growth period was divided

into five stages, namely seedling, tillering, jointing, heading, and maturity.

Gene cloning and sequence analysis

The candidate genes were amplified from the esl4mutant and wild-type ‘Jinhui

10’ DNA and cDNA. Specific primers were designed from the DNA and cDNA

sequences of Nipponbare japonica rice (http://www.gramene.org/). The ampli-

fied PCR product was recovered using a DNA gel recovery kit (Beijing Tian Gen

Biochemical Co., Beijing, China), then inserted into the vector pMD19-T

(Takara Bio Inc., Dalian, China) and transformed into Escherichia coli strain

DH5a. Positive colonies were sequenced by Shanghai Invitrogen

Biotechnology Co. (Shanghai, China). The sequences were compared using

Vector NTI Advance 10 (Invitrogen; http://www.invitrogen.com/). All the pri-

mers used are shown in Supplementary Table 1 (available online).

Vector construction for genetic complementation

and ProESL4:: GUS

Complementation of the esl4 mutant was achieved by amplifying a 8,275 bp

genomic DNA fragment containing the entire 2,549 bp ESL4 coding and non-

coding regions, a 4,618 bp upstream region, and a 1,108 bp downstream region

from the ‘Jinhui10’ genomic DNA, and the amplified fragments were cloned

into the pCA1301 vector.

The ProESL4:: GUS vector was constructed by amplifying the upstream

4,618 bp promoter sequence of ESL4 from the ‘Jinhui 10’ genomic DNA, then

cloning the sequence into the pCA1301 vector.

Full-length and truncated ESL4 prokaryotic

expression and purification of recombinant

proteins

A pet32a vector containing full-length ESL4 and another containing truncated

ESL4 without the C-terminal CaM-like domain were constructed. The full-

length and truncated recombinants were transformed into E. coli induced

using isopropyl b-D-thiogalactoside. The cells were collected and analysed by

SDS-PAGE along with untreated control cells.

The induced cells were cleaved by applying ultrasound, then the mixture

was centrifuged at a high speed, and the recombinant protein in the super-

natant was purified. The recombinant protein ended with a 6X His purified tag,

allowing the protein to be purified using a Beaver BeadsTM IDA-Nickel kit (cat

no. 70501-klo; Haitian Nano Technology Co., Suzhou, China).

Determining the activities of full-length and

truncated ESL4 kinase

Recombinant full-length and truncated ESL4 enzyme activity assays were

performed using a Kinase-Glo
�

Luminescent Kinase Assay kit (cat no.

#V6071; Promega Biotechnology Co., Beijing, China). Enzymatic buffer and

Syntide2 substrate were added to an electrophoresis tube. Recombinant

proteins were added to start the reaction, and the reaction mixture was

transferred to a white 96-well reaction plate when the reaction stopped.

Luminescence was measured as specified in the Kinase-Glo
�

Luminescent

Kinase Assay kit instructions.

Expression analysis

Total RNA was extracted from various tissues using a Total RNA Extraction and

Purification kit (Tiangen Biochemical Technology Co., Beijing, China). First-

strand cDNA was synthesized using an UEIris RT Reagent kit (US Everbright

Inc., Suzhou, China). qRT-PCR was performed using an ABI Prism 7500 Real-

Time PCR system (Invitrogen) using a NovoStart
�

SYBR SuperMix Plus kit

(Novoprotein Technology Co., Shanghai, China). Relative expression of each
gene was calculated using the 2���Ct method and expressed relative to

OsActin expression.

In situ hybridization

The 484 bp gene-specific ESL4 probe was amplified using the Prob-ESL4-F and

Prob-ESL4-R primers and labeled using a DIG RNA labeling kit (SP6/T7; Roche,

Germany) following the manufacturer’s instructions. Section pretreatment, hy-

bridization, and immunological detection were performed using previously
described methods (Sang et al. 2012). The primer pairs used are shown in

Supplementary Table 1.

Determining enzyme activity

Fresh plant tissue was thoroughly ground in liquid nitrogen and extracted with

0.1mM phosphate-buffered saline at pH 7.4 (using a fresh sample weight:

extractant volume ratio of 9) at 4�C for 2 h. The sample was then centrifuged

at 3,000 rpm for 10min at 4�C, and the enzyme activity in the supernatant was
determined. The enzyme activity was determined using plant CA, NR, PSR1, GS

ELISA test kits following manufacturers’ instructions.

Western blot analysis

Each harvested sample was mixed with a grinding buffer (containing 50mM

Tris, 150mM NaCl, 10mM MgCl2, 0.1% NP-40, and 1mM phenylmethanesul-

fonyl fluoride at pH 7.5). The buffer was prepared by dissolving one complete

protease inhibitor EASYpack tablet (Roche) in 10mL of lysis buffer. The lysate
samples were immediately denatured at 100�C for 10min, then sonicated, and

then diluted by a factor of three with loading buffer (containing 187.5mmol/L

Tris-HCl, 6% sodium dodecyl sulfate, 30% glycerol, 150mmol/L DL-dithiothrei-

tol, and 0.3% bromphenol blue at pH 6.8), and the mixture was heated to 100�C

for 5min. The protein extracts were then separated by SDS-PAGE using a 4%–

15% polyacrylamide system. The resolved proteins were transferred to polyvi-

nylidene fluoride membranes, blocked by incubating the membranes with 5%

non-fat milk for 1 h, and then the membranes were incubated at 4�C overnight

with ESL4 primary antibodies.

Transcriptome analysis

The second leaf was collected at the tillering stage. The RNA was extracted and

subjected to transcriptome sequencing. Each sample was analysed in duplicate. The

RNA purity and concentration were determined using a NanoPhotometer spectro-

photometer (Implen, Westlake Village, CA, USA) and a Qubit RNA Assay kit and a

Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA, USA). A library was con-

structed and RNA sequencing performed by Novogene Bioinformatics Institute

(Beijing, China) using a HiSeq 4000 system (Illumina, San Diego, CA, USA).

Differentially expressed genes were identified using the DESeq R software package,
and the P values were adjusted using the Benjamini and Hochberg approach to

control the false discovery rate. Differentially expressed genes with adjusted P values

<0.05 were used in the gene ontology enrichment analysis using the AgriGo system

(http://bioinfo.cau.edu.cn/agriGO/).

ESL4 structure and sequence analysis

Amino acid sequences for the plant ESL4 proteins were aligned using Vector

NTI Advance 10 software. Proteins homologous to ESL4 were obtained from the
US National Center for Biotechnology Information (http://www.ncbi.nlm.nih.

gov/), Phytozome 10.3 (http://phytozome.jgi.doe.gov/pz/portal.html), and

UniProt (www.uniprot.org/) databases. A neighbor-joining tree was
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constructed using MEGA v6.0 software, and support for the tree topology was

obtained using the bootstrapmethod with 1,000 replicates (Tamura et al. 2013).

Subcellular localization

The full-length coding sequence of ESL4 was fused to the N-terminus of GFP

controlled by the Cauliflower mosaic virus 35S promoter at the XhoI and SpeI

sites of the pA7-GFP vector, giving a pESL4-GFP construct. pESL4-GFP and the

empty pA7-GFP vectors were transformed into rice protoplasts (Chen et al.

2006). GFP fluorescence was determined using an LSM710 confocal laser scan-

ning microscope (Zeiss, Jena, Germany).

Determining the total nitrogen content

Each dried whole plant tissue sample was mixed thoroughly, and the total

nitrogen content was determined using a KDY-9830 Kjeldahl system

(RuiBangXingYe, Beijing, China, http://www.rbxycn.com/) following a previ-

ously described method (Fan et al. 2007).

Statistical evaluation

We used four nitrogen application rates in the field experiment. Wild-type, mutant,

and two over-expressing strains (OE-3 and OE-4) were arranged in random blocks,

with a conservation line around each block. Each treatment was performed in three

replicate blocks. In each block, 100 plantswere planted in 10 rows. Statistical analyses

of the gene expression, chlorophyll content, active oxygen content, and enzyme

activity data required six samples from each set of triplicate plots to be analysed,

with paired samples from individual plots being analysed independently. Each ex-

periment was performed three times, and there were nine biological replicate ex-

periments. Statistical analysis of the agronomic traits required 10 samples to be

collected from each of the three replicates of each community, with a total of three
biological replicates. Statistical analysis of the dry weight and nitrogen content

measurements indicated that three replicate plots for each treatment were required.

Ten samples were taken from each plot, and a total of three biological replicates

were performed.

Supplementary Data

Supplementary data are available at PCP online.
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