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Advances in the study of calcium signaling-mediated
nitrate signaling in plants

Liu Li, Han Zhen, Yang Yang™, Li Bo"

( Shandong Academy of Grape, Shandong Academy of Agricultural Sciences, Jinan 250100)

Abstract. Nitrate is not only the main nitrogen source in plants, but also an extremely
important signaling molecule. Nitrate signaling integrates and coordinates the expression of a
wide range of genes, metabolic pathways, and ultimately, plant growth and development.
Calcium signaling is involved in the primary nitrate response pathway. However, how calcium
signaling mediates nitrate sensing and signaling from the extracellular space to the cytoplasm
and nucleus is much less understood. In this review, we describe how cyclic nucleotide-gated
channel 15-nitrate transceptor 1.1 ( CNGC15-NRT1.1), calcineurin B-like protein (CBL),
CBL-interacting protein kinases ( CIPKs), calcium-dependent protein kinases (CPKs), and
phospholipase C (PLC) act as key players and the potential backbone of the nitrate-signaling
pathway, from the plasma membrane to the nucleus. We also discuss future directions for
studying how calcium signaling interconnects the upstream nitrate sensor complex with
downstream multiple sensors of the nitrate-signaling pathway to complete nutrient-growth
regulatory networks.
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nase, CDPK) fEWgFI Ca® Fr it ghs, Hittrfs
S G0 RS TE E K (Zea mays L) FlK#
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B ¢ —FE . LBk DU 2 ( Ethylene glycol tet-
raacetic acid, EGTA) 34 Ca i i BH i 751 S fb i
(Lanthanum chloride, LaCl,) 4bHi )5, X 26 3E K
1) mMRNA 7K1 95 R SRR B i 3, KAzt
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R, RN A R ER B JE R NR R NIR i 2
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FAPEMIEE R, Riveras 5 BT &L, ARG+
¥ NJEAI Ca® /KB & 63 H (Aequorin) J&, A
fig b b PR A% 5 SE R ) Ca™ kst ik B 38 T,
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M Ca® k¥, Cafs 5 Xt T2 5 PNR iy —sb3t
B NRT2. 1 F1 TGAT) B AR AT D1, SR
17, AN I T I 0L i PR R 10 32 PR B AR T3 2% 38
B, kK E 2k AFB3 1 i ATEE NRT1.1,
HEANKH PLC Al Ca® IfELE, DL E a2k
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LN BA% L, OsNLP3 (Nin-like protein 3) &
THIRELF T R O sk 1, 52 SPX4 (Phos-
phate signaling repressor 4) P, 7 5 W & B9 il
MR 2N, G R #h {2 #F NRT1.1B-SPX4-NBIP1
(NRT1.1B interacting protein 1) & & & ) IE i,
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JF A8 He, BH 7% £%5 3 i ( Voltage-dependent calcium
channels, VDCCs) , 2z A ¥a il 144538 i ( Receptor
operated calcium channels, ROCCs) #1 Mechani-
cal-stimulation-gated i#iE " ' #F5E KB, WY
L7 7E VDCCs Fil ROCCs, Hi A= # 2= Flljst L2
FEESE, MUMEUR R Ca® Wi fr e THY
Rt BRAZ AR RR 1] 4% B Tl i ( Cylic nucleotide-
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K, SRR R S NLP7 (Nin-like protein 7)
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TV RS i 2 6 vl 3 8 9 1) 32 MR -TE B 43 TP G,
TR AP AR R h Wk B AR Ak, WO B G Ca® il
W, IR AR ERER A T 1 Ca®™ 4 5 L I Bl R AIE
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CNGC15-NRT1. 1 J& i AP SR b e BEAR Ak, G sG] Ca? @il , JFr= Ak fiimEhis B Ca f¢ 5 it
WHREYE Ca (5%, MMk e A8 k(55 . CIPK8 2 5K MAERAEEIE M (AR ER YR >1 mmol/L)
SR, CIPK23 25 i 25 MM PR 2532 iy (SR Eh W BE <1 mmol/L) i, NRT1.1 Fl PLC 3 [ 8 4% 20 Jitd 5t
Ca?* kB 725k, NLP7 il CPKs FE4I A% & A 38 BB RR AL AR, R4 R AR R MR AR SR

ANR1: MADS box %% R T M ;. CHL1/NRT1.1/NPF6.3: fil§ ik £k X35 % 3 4K 11 1Al R 56 2 1
#%; CIPK8. HE5{AmEIRES B 258 H (CBL) HAEE H A 8; CIPK23: S5z B 2 H (CBL) i
FERR G 23; CNGC15-NRT1. 1, FEH IR JHil il SRR L s R E G4 ; CPKs. FHRMIHE 1M,
CNGC15-NRT1.1 senses NO; ™ status and regulates calcium influx channel activity of CNGC15 upon for-
mation or dissociation of NRT1.1-CNGC15 complex, generating NO,~ induced-specific Ca®* signature to
transmit NO, ™ signaling. CIPK8 participates in low-affinity response (NO; "> 1 mmol/L). CIPK23 partici-
pates in high-affinity response (NO, < 1 mmol/L). NRT1.1 and PLC co-regulate cytoplasmic Ca®* con-
centration. CPKs promote phosphorylation of NLP7 in nucleus and activate primary nitrate response.
ANR1. Member of MADS box family of transcription factors; CHL1/NRT1.1/NPF6.3. Dual-affinity NOg~
transporter and sensor; CIPK8. CBL-interacting protein kinase 8; CIPK23. CBL-interacting protein ki-
nase 29; CNGC15-NRT1.1. Transceptor-channel complex of cyclic nucleotide-gated channel protein 15
interacting with nitrate transporter (NRT1.1) ; CPKs: Calcium-dependent protein kinases.
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Fig. 1 Calcium signaling networks mediating nitrate signaling pathway

1.3 CIPKs, CPKs #1 Ca®" - CPKs-Arabidopsis
nitrate regulated 1( ANR1) @B ZEFHER B (5 S 10
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FEHBERR I B 254 11 ( Calcineurin B-like pro-
tein, CBL) J& i 4F >k MAE ¥ v 75 85 Rl 45 o 1) — 2
Ca’" 552 REH, CBL XA E T —4l 4 n
Ca f&ifds, it 5 M 22 7R/ 70 2 R
( CBL-interacting protein kinases, CIPKs) % Ji% #)

FHEAE I FURR B0 Y Ok ff % 4515 5. A4S CBL-
CIPKs ( CIPK23-CBL1/9 HI CIPK8-CBL1/9) i
NRT1. 1 M EAEH, ARIRE S 5985 IR N
MIRSIRERAG Y (B 1) o fE RS R A T,
YER—AE R ETEH, CIPK8 = S5 YK %M
TR R 2 5 (WY FRER W B >1 mmol/L) )%, Hu
S22 R R ER T LA S CIPKS ik,
WH R T 85055 R PR AR5 = Z (] G B M i 52
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i 17 il TR &k 1) A 7 S P, R EAR M AR K, T
CIPK23 7 1L #e Ji fiF§ 2 16 19 2% 14 °F 3 3w iR 1
NRT1. 1 (% Thr101 07 #3255 &5 5% RV R R 12 i
Ni(FR 1), NRT1.1 BYEFPEARYE T101 A BERR 1k
ARZS T AR P2 2 AR R R RR AT,
CIPK23 il it itk T101 I8 NRT1. 1 A8 i — 1~ i 2%
(AR ER M E <1 mmol/L) B RS IR IR #5i5 E H .
X— NG T 3 AN FR AR 12 25 1 NRT2. 1
Fik BRI R4 CIPKS 1E Bl IR £ 15 5 )7 T
EHE 2, (HJEA SRl 4 B R B, an
THIREL eI &k Ca® -CIPK {55, AtCIPKS iy
IS Y Ca® ¥k BE A4k, CIPK8 T i i) 1 3
PRI 2 1 A R e

Ca #1113 ( Calcium-dependent pro-
tein kinase, CPK) j&—JHEM Ca* {55 /R Z 4%,
FEAEY S S SR E AR, Liu 5 ER T
R SR AE B TR I 28 v A 1 i TR SR A I Ca™ {5
ST, DT E TR T — R AR LA
SFERE AT T, LA GE ) SR AR A BT R 4L
A CRIE T — R AERR R R s Y Ca® 55, M

VILHE T AHIRER 5 T 15 0L . BIF9R S R
ABIURRIY Ca® YL IRAS , SRR 1) ) g 3L A
HIFVEUERA T CPKs /E A E 2T N 72 5 iR th
IR ZE, R 25 7 2D Bl T CPK 3 R XL
FA R P BRI EBE I T g R ()8, AW
R B A R A5 5, O B AR OR E R
CPK10, CPK30 Fll CPK32 f£i 3 F i, &R
BRI ER AT LAE S Ca® E M AR &, T
HR AT DL 5] & CPKs 7 41 il % W 19 % 3.
CPK10, CPK30 Al CPK32 1 L FiliH 4% PNR Ay 4%
DFE SRR T NLP7 FEANAAZ N & A 2R TR k1
FCE 1), BERRILEE B2 5 M R B B IR A A7 45,
J& Ser205, NLP7 () L #ifz 1k Ser205A 2848 AR
FEETANMIAZ, HANBERIAN R AR nlp7 B R %
Y B Ca® 1 58 A7 il 17 K D9 il Rk ViR
AR Ak, SR JE W5 CPK % DL il NLP7 A%,
540N NLP7 & EAE, mIL#iE T CPK
%3 WK CPK10, CPK30 LA CPK32 1k
4 PNR BUSCHED 1, PhilmY AR R S 4 iie N Ca®*
HWEAZ R ABEREN, 7E84 PNR o fEi
PAPEVER
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Table 1 Genes involved in calcium-mediated nitrate signaling
%?‘@Hﬁ?ﬁé%ﬁ
ST S ik et i e s
name Gene ID Chromosome  Location Function regulation Reference
by NO;~ or not
AINRT1.1  AT1G12110 1 NC_003070.9 ﬁé%i?ﬁ SAL St AR, TSRS T [25]
AtCIPK8 AT4G24400 4 NP_001078442 IE[m A HI KM AL SN B A5k iHIRER AT [22]
AtCIPK23 ~ AT1G30270 1 NC_003070.9 [zl JH4= R M B K Rk AR R A] 1755 [23]
AtCPK10 AT1G 18890 1 NC_003070.9  JEA Nitrate-CPK-NLP %% iR #1755 [24]
AtCPK30 AT1G74740 1 NC_003070.9  JEA Nitrate-CPK-NLP 4% IR S [24]
AtCPK32 AT3G57530 3 NC_003074.8  JE )il Nitrate-CPK-NLP [ TR L 175 [24]
AtNLP6 AT1G64530 1 NC_003070.9  JEA Nitrate-CPK-NLP %% iR #1755 [24]
ANLP7 AT4G24020 4 NC_003075.7  JE ik Nitrate-CPK-NLP %4 HER 1S [24]
AtANR1 AT2G14210 2 NC_003071.7  JEAL Nitrate-CPK-NLP [ 4% TSRS 5 [26]
AtCBL 1 AT4G17615 4 NC_003075.7 g lg_ 'Pgig*mgcg g};@ A EN [27]
AtCBL7 AT4G26560 4 NC_003075.7  JAF&AMRMR L A il R e 17 3 72 TR LRI [28]
OsNRT1.1B  LOC_0Os10g40600 10 NC_029265.1 %;E@ﬁﬁﬁgg%ﬁ%g&g?ﬁ IR S [14]
OsNLP3 LOC_0s1g13540 1 NC_029256.1 {55 &R LS EF MRS [15]
OsCBL1 LOC_0Os10g41510 10 NC_029265.1 il A4S EL (S MZ KRR RPHIRE IS [29]
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ANR1 ( Arabidopsis nitrate regulated 1) fE A
¥ MIKC %I MADS box Z Ji% %% 5% 1 F ( MADS-
box transcription factor, ANR) f)— 51, B IKTEE
FEANERIG R 8 5 MM ( Lateral root, LR) k&%
H & B Gan AR HE Y, 7E SRS IR
ANR1T 5hfRE: L [F IE a8 3 LR 89 % & f4h i iy
R A K, Zhang 4% 71k Ca®-CPK-ANR1 {5
Sl AR R EMRAEREE, X
F23Z NRT1. 1 B L R iE F . NRT1 AT e
TR Ak 28 A8 R TE i A 2 48 ( High nitrate, HN) FIAE A
fiz#h (Low nitrate, LN) A% 4B B 1 4 g 5 o
Ca”™ fF 5 m3as, 1M NRT1. 17 Bl iR 1k 58 A5 (4 0]
RIS, b, 78 HN 25044 T, T101A
ZI ANRT 355 T T101D &, ik, NRT1.1 /Y
LB AR LR ZS TG Ca® -CPKs-NLPs 15 51 i,
I ANRT By R ik, SR E LN KT
NRT1. 17 (i R AL AN 5 B R AL an el i b ANR1 5%
i Ca® {5 18 BE A — A 0F 58, 8K ANR1
AT Ca* 54tz PNR % 3 i R 4npL i,
AT LB G- b PRAR S (55 Al LU hs iR SR AR IR
BYE T URER R 15 5 1 B 1 2 A8 B A B
e, WPEEANEG(E S ML Sy B KR L,
1.4 SRR B XE QMBS '=F'E1’J1’EFH

T CBL K& — 2 RE i) R AL 315 5
Ca™ &z %, W kI, Mt CBLY ua?zﬁw&
JERHTRER N i AR, X FEN AR A AR AT
PERSFRER LIRSS . TCAHMRERIT CBL7 Iy T3
MREB AL K32 230, NRT2.4/2.5 B FiEKFE T
Rel2 PSR B CBLY FIZE (AR RR G 2C F
B ABI2 RS R R SR 552 | RN AR Sk fe (R
1) Yang 512 e K R R 3R OsCBL 1 i 1+t
R A S m g m K G MM AR (£ 1),
OsCBL1 2 7R (AR AE B N (W 450 F R B A KR
o, WHERMM FHEFTAR, BINERES, Os-
CBL1 Z&7 RN AR I e BU VT 043K 2, R T FN B A=
RIMIH, OsCBL1 Z&7R R i iR W AR 1 I 4
MR, TCI S A B ] 34 2 e B[] i 17 5k Ak 3L
OsCBL1 W F kA ZHiFES, SR OsCBL1T %
kT PNR B4R G5 K OsNRT2. 1 il OsNRT2.2
% ZHRN M, X FEW OsCBL1 Al A8 o fild ik £h

Sk KR A K . OsCBL1 Al REAE Jy—AN5%
Tﬁé%& B AR E MRS S Ca® F5, M

s T iF R OsCIPKs -3 12 T lir K& IH 1 3 1k ok
{gﬁ Ca2+,fl"1 7o

2 PLCs, IP3 EWHEREES
EH

PLCs J&—JS M, REMSFTHEBENG T, 51
BRRETERY, ForE 2 hes T E M A AR
PR SR A TR 43 R P2 PLCs, T UL P e S5
P RS B C ( Phosphatidylinositol-PLC, PI-PLC)
AR VEREIERE C (NPC) . A i NPC Fi4
FH) NPC [A] 8, NPC fli 4o % £ £ Bt JH #if ( PC-
PLC) . Wilsik 2 Bl (PE-PLC) 55 W5 N5 Mt 22 44 2
(PS-PLC), PI-PLC J& H Ao I M) iz 1) — 2K
PLCs, ‘EfiTFE4IAfE Bk AsBENLEE 4,5- B IR
(PIP2) 7K i i 1P3 1 —. [t % H- il ( Diacylglycerol,
DAG) "*> % IP3 nJ LI fifi 4 i ¥ i 77 1Y Ca®™
Bl >k ﬁimﬁmﬁﬁ Ca™ BRI 5 — A5 1l
IP3/Ca* {55 R4t vl LAZ 5= g i i i £ 4 ¥k
E, TRLE A Ca™, duEd HE RS RSk
FL:EE CaZ+[9 33]

Riveras %‘E[” WFFEIERE Ca® VN —fHfi2 5
THERERAS S %, IR A BB A A5 00 RS T+ 41 B 5 7
Ca® MWk LT, AN b 1P3 Wk T
SR, PLCs (2 B~E il 3R] U73122 (1SR R Ak
PG IT R Y IP3 il Ca™ ¥ & H B S LA Bl 42
Tesi iy PLC il 570 25 L4 U73343 A fig 7 A= il
U73122 —FERG Ak E . NRT1. 1/NPF6.3 1Y 28 28
& (chl1-5 Fl chl1-9) H4iffifi Ca® ik 2R ER Ak
RS FF, Ca Fil PLCs (o4 il 57 ™ 5 5 0
TR SRR ER S (NRT2. 1. TGAT, AFB3. NIR,
NRT3. 1) 1k, WFFEUEM Ca® J2 Ul mg I+ fil iR £
{55 38 B% 0 58 {5 i, NRT1.1/AtNPF6.3 Al
PLCs e [R]85 i i i {2 45 56 F ( NRT2. 1, TGAT,
AFB3. NIR. NRT3.1) ikl

3 BE

HEHPLEE CIPK8 11325 PNR B A1 5 b
SR R R AR 22 %) RSk B S N i e
CIPK8 4nfaf 2 5 fif§ ik £k A% J8a % DA A% 14 B F
WElE 5 02> T HUHD, AT 52 35 4 R R A% 5 W 2%

FIP1(Factor interacting with poly (A) polymerase
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