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TR B A oA ok vp 4 LR,
|08 B 1

JoT R — il B AU R 2, LI sl M e e R A
b BRI (AR AR O AR GE RIS, A0
IR BN BT AR AL, AVRIRS 2 R R 7 7 114 2 1
AN IR 0 ek A8 5 B s M S ) AR IR T 52 M 2
PIMISE >0 BB ARIRA,  HORHZ A UE 22 ],
IR T 40 MRS E A R IR A T A 2 5 IR AR 5 1Y%
AR XS AR S A AR T A A B B
(Ca*"). R R (cyclic adenosine monophosphate,
cAMP) . U =#§M& (inositol 1,4,5-trisphosphate, I1P3)
O AR U B R T, TR RS,
NI RE B T A5 i .

20154F, Hh ERl B AR Y b 58 B i R DR A2 % 81
JKFFOsCOLDI(chilling tolerance divergence 1)Zifi—
FRGHEE TR, AL T BREA N 5T . fF5R R W Os-
COLD1if i 5 G H oM IEAH AR, P #4525 -l 1
IRVEEE NI, M TR K R IR Y. seah,
IR A 58 B HABAS (5 S ARG F, Aok FE
OsCRT3(calreticulin  3)Lk 2 OsCIPK7(CBL-interacting
protein kinase 7). P50 E (7 HOsCRT3 4 FH AR
W RS AR, (e H 5 O0sCIPKT HIAHEAEITE
145ROsCIPK 7 B PTG 1, M-SR 75 = A 45 2
TR RITHIBFR A B, OsCOLD6 518531
OsOSM 1 (osmotin-like 1)JERAGIREAE &1, il
B 2',3-cAMP/K SRR R RO A PEN T, Sk sefif ot %
B, RBEAE 1A 118 L PR 58 A (X K R T 2 e i
YER (1 (a)).

AP %5 T ARG S B 1l 1 CNGC20(cye-
lic nucleotide-gated channel 20)!'"®!L) K 78 A48 B 155
IZKANNI(annexin 1! 2 S5CR S S 055 B T N .
BEAb, A ) 2 H 1§ CPK 28 (calcium-dependent pro-
tein kinase 28)7EARIRIFA T E5 (5 5 A B e a1
FH. CPK28EN TAMMAR -, HIH PERE A R PR i
I, WERRALHE 5 FFNLP7(NIN-like protein 7), fdi
JHE S A A 0 A R 4 i 7 35 DR ) 2k PO 1 (). 4R
MM, XL PR S 4 YIRS S 1 5 R
RNy 2P k.

1.2 BT
R P AH 53 2 (phase  separation) (14 55 22 K 1

Z—, RBHESZMAH B R R G REIR S, DA T R
BERIRRIE . BFERWI, B 40 BE NS 8 of W- T AH
418 (liquid-liquid phase separation, LLPS) H 3/& 2 1k
FEAE AL, fltn, $FIFELF3(early flowering 3)8 FA1E
Tk B T B AR S, DA SRR RN PR B I R 1 AR
B2 ELF3 2R IT A W 4h 7 W] 5 & 1K (evening
complex, EO)MAsr2—, SHMEMDEKEE.
FEBAR AR EE F (5~15°C), ELF35ELF4 X LUXJE A
B 2 AR, TR MIAX N VRE AT, T e
R FTH Rk, IREF R, ELF3 &AM B8 il e 5%
A, AR XTI Ui R AL A 2 S, AR A A K RITT
221 ELF3E U & — B S S polyQ(polygluta-
mine) & & J7 51 [)PrD(prion-like domain)Z5 4. 1A
HMEE R, ELF3 PrDZ5H4 (RS 5 41 85 1 B e 7
T 5 T v B i A W - VA G T IR, T A R
TREHRE B G, 3RO ER 1 REAS BB IR R AR
’f’{ﬁ[zl].

AN, Skt EphyB(phytochrome B)ifid Y5 nl
TR G A0 SRS - TR 3 5, SEBAE RIS TR
3 WA i G A B TR T ) [N, 55 W, phyB
AUNTE(intrinsically disordered N-terminal extension)%%
Fa SRS B 2 B L B AR A & 2E A 4y B TR A e SR A
(K1 1(b)). Btk 5,5 CRY2(cryptochrome 2)2: 5 55 (1) %1
SR, RERSAE BOCHIT T & A M2 B T e R A, 3.
IZ AT AEST & 21, (RIE RE SIS R CRY 228 1 A e 1,
AT IE R R T Bt e SR, CRY2JE 75 [FIkE
VR VA W S Z A i 3 A 4 B SRR B AR A AT 5 2 —
HARGE.

2 HIICIRLE TS

YA RS G, A0SR 220 2 Tk A T
PEARE, QIRGLETUEMG . 7ok . Fesk e T B
JE M (E (e, d)), XLl TR T SE R ik
PRS2 . BRI, AR R e SRR 25 0T
FEE AR 38 o X 0L P A MR Ak B 22 s ) A5 Y
FERLE R BAE AT R G, K PRI RS 5 R B
TR LR FAR 2 s R, R R R
B Si b R B S D] 32 AR B 5 B A8 i A7 M b k4 AR
P G g St 7 BRI R 458 B A
RPN . fEERE . AR P BT R R A A
PRI 33 S 2 S A2 A P 5 A1 5 PR S ¥ T 1 (COR) 2
301
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Figure 1 Schematic representation of plant perception and response mechanisms to cold stress. (a) The role of membrane-located proteins in cold
signal perception and transduction. (b) The mechanism by which nuclear-localized proteins sense temperature signals through liquid-liquid phase
separation. (¢) The CBF/DREBI-dependent transcriptional regulatory network, with red and blue fonts indicating genes that positively or negatively
regulate plant cold tolerance, respectively. (d) The multi-layered celluar responses to cold signals, including epigenetic modifications, alternative
splicing, and translational regulation, highlighting the complexity of plant cold stress adaptation (created with BioRender.com)

2.1 RBRAME T-CBF/DREB1 GRS 5@k

S TAR KR N BITE R K- | Sk R /KT Je
B AKOF R HL IR T R EE s, (HH AT
M A R 2K T CBF/DREB YK 15 5 i B%
(K 1(c))PY. CBF/&—3%ERF/AP2(ethylene-responsive/
apetala 2)JSHUAE SR, $URSIT T CBF L AL 5 DU A~
LB, 4y CBFI~4. i, CBFI. CBF2, CBFs(u

N RIFRCBFs) B MR HES 76 100 I B PR 41 55 45 e (K
8.7 kbAy XN s K, CBFI. CBF2. CBF3
% SR KO- BRI B 5, T BRI 1 e 4 A
WK EARPL CBFsHE MR PN 45 & R CORYE
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J¥ %17 i) CRT/DRE(C-repeat/dehydration-responsive
element)ﬁ:ﬁ: PR IX S BL A R 23k, T AE A
VEL 5 3435]

CBFSZ VPRI AR ME R TE PR FRT B
(R yve2l e 1 11 2 B O (12 P B s = = B/ (LN
E3 V2 GRS, RRNS B Hzal 4545 CBFs 1y % sk
H AR, WS S YRR A2 0. filhn, 7
SRS K BRI 5% [ F-ICE1 (inducer of CBF expression 1)
FICAMTAS (calmodulin binding transcription activators)
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PIF3(phytochrome-interacting factor 3)1Z. 415 =i
rF B EIN3 (ethylene insensitive 3) 7 45 CBFsHI 21k, 1M
T4 TR (S 5 % H M A X 2(more axillary growth 2)
FHTH R 2 S 155 58 [ BZR 1/BES 1 (brassinazole-resis-
stant 1/BRI1-EMS suppressor 1) 1EJ#4E CBFsI)#
4]

CBFsf 51 %t O H2H 53 14 38 A8 oo HARR R
TR s AR R B FRATRIBESE R, CBFsI L
PHER FICEL #5189z R ALB MG K il B A A8 1 52 el
LRI T ATE AR e . i, IR FPUB25/26
(plant U-box )il i A Al 1912 R AL S S MHIEICEL 19
E AR EMER; HEEOST1 (open stomata 1), BIN2
(brassinosteroid insensitive 2)HIMPK 3/6(mitogen-acti-
vated protein kinase 3/6)ill il BEFR L IR ICE1 AU R
SEPEROST SCSe2] 433 A S ICE LAY BRI 16 M e 2
SN CBFs IR, IIMTREAE IR ARTE. eAh, AR
I & PIBTF3(basic transcription factor 3). 14-3-3
AN PP2CG1/2(protein phosphatase 2C G group 1)fEf%
Hi%EZ 5CBFsHE H AR, S CORKEER I £
KU CBFs B AOGIRIE S, BIAIIR ~ CBFs&
1 5 PIF3 M GAEH, 40l phy B2k FIRER D, Sl 4
#F, CBFL@MEVEPIFA/S B A EIEE T
(17°CHUREIT T Rl A 4.

CBF/DREB VA 1915 -8 % % TAEP i Ik 8
WARELEEH. AREHERTEERN 2505
5 CBF/DREBIH: N e st 4. ZmICE1A LI
T ZmDREBIFEIN, b A SC 5 A4 R/ R & R R A
Yy AL R (N ZmASs) 9235, TR LR RTE PR
(reactive oxygen species, ROS)MJF=A: Fll T K a1k
ZmICE1J7 2hF-465 i i H SRS i 2 5 ZmMYB39
HIZEARE T, TR ZmICE 1235 T B K e pE R
AR, PIASCIEEMPK A 51 (ZmMPK2  F1ZmMPK8) ffi
P BORTRAPER S ZmMPKSTES F T, kit
FHAE 2 K 1 15 15 F-ZmRR 1 (response regulator 1)[7
Wefdt, S0 T iFZmDREB K At et 4 3 6 BUB ) JE A
ZmCesAMIFERP0. zmRR1PPAR R0 & — N5 E K
TtV e BEAR DG 1Y A #8748 55 (InDel-35), HARSF (B5IR
AL (Ser] 5)REAL B 1F Hipk ZmMPK 8B L M 412
ZALREMRI AN, ZmMPKSIE IR L5 % N T
ZmbZIP68, N HAR AR E M N ] ZmDREB 1) 3
KL K BRI I, MPKA 578 T KV THlhac i 17 1 42
R HEEEAEN. AR SR R 4 1 — 1

PR FOKT R Y FE P Zm COOL 1 (cold-responsive  op-
eration locus 1). %3EH 1Y H SRS 5 BE 058 1 15 5 (R TR
T} 32 1A (12 A HC T o8 45 M DX PR R . Y TR
N T TR I e £ B AR A A 2 AL PERE R
B, RIS ZmCPK 1 7R SE P, (2 i DA 4 i o
R B AN A% T WL ZmCOOL, 358 HE 1 fa e
M, M DREB 1} TPS(trehalose-6-phosphate
synthase)f)F2R07. X EEF5E 50, CBF/DREBIK
T SRR I 280 K v B 2B G L

e S BUR o PR W], BRI ITCBFs{UATE 124
10% v M R 36 R B, PR R A7 AN T CBFs YA
TR B, SETTH RN THSFC (heat shock tran-
scription factor C 1), ZAT12/RHL41(responsive to high
light 41), SZF2(salt-inducible zinc finger 2), LA M A&
& 4R (mediator complex)tH 5%V FMED2(mediator 2).
MED14, MEDI62: 5 1 4 i i 5 B 7 8 #2215
CRY 23 3 37 T CBFsi % 14 % 5% [ F- BBX 7/8(B-box
domain protein) i & Wi R LK A k) 0ARE K
ZmbZIP68%; sk N 7 B #:AE T 5 ¢ I 7
ZmHSF211) L7, M LR 25, ZmHSF2 i P74
BRI RS AR KA T ZmDREB1, FE4H AL 25K
BEHE TR AT RO i — IR 7T & BN, o B
MERYHD-ZIPHI % S [K-F-CTB5(cold tolerance at the
booting stage S)FEST i U AR IS AR K 5 Ik
R EZIEH]. CTB55 54— "HD-ZIPZEH, 5% [H 7
OsHox 12AHEAEH, ¥ IR 8E 2805538 I i OC Bl e
PRIk, M RZ IR K R TRAPEC. R gE UK
#i T CBF/DREB 13 #% {5 5 41 70 1 I 2 Ry ik v 1
i 4 BV,

2.2 HoRJrR PR A R

Pre-mRNA B BYHZH S 5 i T OCHEAL B,
2H BRI BY 4% (constitutive splicing) 1 7] A8 BY % (alternative
splicing). 2T BT E2K N % 58 2 MmRNART {4 1 2
5, FEd—Rl A mRNA, 1A 2R 55 322 )5 o A [6] )
BT A 2 mRNABY 8 Ak, 80 SRR
FE S RE R L BEL29) mRNARTA R BT
B2 BT R (spliceosome) 5 A, BYFEAV 15 A0 TEAR I
FEBR N & F R CHEA IR, Y By HE07 s BRI, AT AR
B K AR O,

IR 23175 T K v Wi 107 35 PR % A AT AR By 48
Ak, PN SE AT ) R A . 50, $0Lmg e il b 2
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S5 (R SN R P30 43 T R W, ARIRAR R 6 h/s D 1)
e A AR A0 5 5 s B A [R] I Ak 2 T, 7R mf
AR Y AR TR 2 Hh A SE AR, IR ST A B
55 K FEAN ] AR A N Rz % sk . T AL
DA oy 52 0, B R AR B4RV I 2 v ) E AR
L, 5 KRR AR B 1 R i DG EE L R OsRS 33
FOsRS2Z38. AR BB (4 7] A8 DY HE RS i 4 5
YR IRIEE N M. N, S48 % (Solanum  tuberosum
LO)FALRHI RIS ING2 - 159 B2 A6 2 SRR A
PP e S R AR RELO) AR, IR S A Py P A G
LR B AT AR B e s DA 0. ARTE SR A4S
555 e W L DR A AR BB R 20 43, AUFELSM8(sm-like 8).
STAl1(stabilized 1)FIRCF1(regulator of CBF gene ex-
pression  1)!7~ AR 41 587 B9 A 9 2 DI HDL R I
CBFstlt 2 540w i H K (1) ] A8 87 4%z, IR T CBFsHES
fEFEBTH2 K FSKIP(SKI-interacting protein)JE iliiZ 5 5K
R, B AR A BV ey L PRI SR AR, DT ey L B A%
SRIT0
3 Jjg#
R ST
WFSEHERR, SCSERFGEACIIE T TR T I
M5 FHL A ERAR, EAA V2 R 2 b (AR ATR
K. an, FEAEY)EANREE (55 ALHIPTIE T, o
YRS, G 8 1 LU AN 4 25 138 18 DL S A2 ARt il
RES SIS S AN 14500 20 it FEAE o 20 it 5 41 S
IS BB, WFST RS & 8 AR IR B B Pk
HEZ IS EE . SR, BErmst= w0 n94t
AEAEAIE X SE 20 J7 e 6 AR AMIRRAR 5. Ak, i
W IR, R T IR-IROR 50 2 R 1 4 B
HEZIR AR TP e 4y F2 e o T UMM,
FNEI AN AT R 1 2 RO BRI S S R, &
FEAE R —Fh Y5, FLRGNALHMT 5 A2 AR b5

RPN

T R G

T AR ENR AR S, STEZAZ AL
M. ASZE AR FE A A T mRN A4 7E AL 7 A
YEH, R B 1 it Ji DN 1) e 5 B v] A% B AR A )
Mt v s rh B Thfe. SR, SRR R R, &
1) A A2 AL LA L RN A BHIF R 078 A TRl RE X
Yyt Ak BAT (A 1(d)). BI40, REIL (reil-like)
B RES IR TS T A A EE ¥ (ribosome  remodel-
ing)id B, (it A WA L g A R U I i i
LRI T CBFs ) BIPF 42 w9 i T A L7 ). MTAL
(methylase A)if# i1/ Fm°A(N-methyladenosine)&1fii,
PR I H M B R A WD GAT 1 (diacylglycerol
acyltransferase 1)FFIFRCE, MMEEIE IR IT
A K78 FE16°C &R, H3K36me3(histone H3 lysine
36 tri-methylation)f&1fi 1948 {2 FEMARNA [ A A8 5 42
Folk, DEMPHE IR I AT R HAh, RNAK)
S5 AR AR (AN GV BRAAR 2 )t ik WA B T A ik
RAGIRIRET. BT HE F g SmRNALIAL, RIS AET
FAEGRISRNA  (neRNA)W ™A=, filln, FLC(flowering
locus CYJER [z SUBE G 5771 K B EZRBRNA (IncRNA)
COOLAIRBEWSHEMMFRIGIDAE HREESR, THIEFLCH)
Faik, IRl eI N AFAERL Rk, Aokt
mRNAZEH) . B . FMEME L AR SRS RNARY
SR By T 5 4 T FL A ) A ] 7 22 AP i3

WAk, AR A 5T %) A5 A0 X AR Py it 4 1 D 4
W HAFEEE L. AR R A AR
Y SCEE AR S 5 R TR A PRS00 2 g
B, PRSI CBF S Gl B 2 UIAH G, (H I ELpA %
B AT 2882 Rk, e Akt — R ge R i
TH BEAEAE DI PR A E AR — A B A 5 1.
WA RS L Z RS, RATE
[H40 B R VAN ER /B VA o7 S RN IR S E S
SAEYT B AP AT A B AR A AR SRR
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Cold stress is one of the most important abiotic stresses that can severely limit plant growth, development, and agricultural
productivity. To adapt to cold stress, plants have developed sophisticated mechanisms to perceive, transduce, and respond
to cold signals. This review focuses on the molecular mechanisms underlying plant responses to cold stress, with particular
attention to cold stress signal perception, signal transduction pathways, and regulatory mechanisms that modulate cold
stress tolerance.

The first step in plant cold stress response is the perception of cold stress. Plants sense temperature changes through
alterations in cellular structures such as membranes, the cytoskeleton, and organelles, leading to the activation of specific
signaling pathways. Recent studies have highlighted the role of second messengers, such as calcium ions (Ca®"), reactive
oxygen species (ROS), and inositol phosphates, in this early response. These molecules function as key intracellular signals
that trigger downstream signaling cascades, activating the plant’s cold stress response mechanisms. A novel aspect of cold
stress signal perception involves protein liquid-liquid phase separation (LLPS). LLPS enables certain cold-responsive
proteins to form biomolecular condensates that spatially and temporally regulate the activity of signaling molecules,
enhancing the cold stress response. Following the initial perception of cold stress, signal transduction pathways are
activated to coordinate gene expression changes necessary for cold acclimation. The CBF/DREB1 (C-repeat binding
factor/Dehydration responsive element binding protein 1) pathway is one of the most studied cold stress-responsive
pathways. Upon cold exposure, the transcription factors CBF/DREBI are rapidly induced and bind to C-repeat
(CRT)/dehydration-responsive elements (DRE) in the promoters of cold-responsive (COR) genes, leading to the activation
of these genes. The expression of COR genes is critical for improving cellular tolerance to cold stress by enhancing
membrane stability, modulating osmotic balance, and detoxifying reactive oxygen species. The regulation of CBF genes
involves complex transcriptional control, including the involvement of upstream regulators such as ICE1 (Inducer of CBF
expression 1) and various other regulators.

In addition to the CBF/DREBI1-dependent pathway, plants also rely on CBF-independent signaling mechanisms to
respond to cold stress. These alternative pathways involve various transcription factors, including the ZAT, HSFC1, and
CAMTA families, which regulate cold-responsive gene expression through different molecular mechanisms. Hormonal
signaling pathways, particularly those involving abscisic acid (ABA), ethylene, and jasmonic acid, also play crucial roles in
modulating the plant’s cold stress response. The integration of these signaling networks provides a flexible response to
fluctuating cold stress, allowing plants to optimize their survival strategies. Moreover, post-transcriptional regulation,
especially alternative splicing (AS), has emerged as a key mechanism in modulating cold stress responses. Alternative
splicing of pre-mRNAs leads to the generation of distinct isoforms of key regulatory proteins, thereby increasing the
diversity of the proteome under cold stress. This flexibility allows plants to fine-tune their cold stress responses by
producing functionally distinct protein variants that may have enhanced or specialized activities under cold stress
conditions.

Together, these insights highlight the complexity and multi-layered nature of plant responses to cold stress.
Understanding the molecular basis of cold stress perception and signal transduction can provide valuable information for
developing strategies to improve cold tolerance in crops, particularly through genetic engineering and breeding approaches.

cold stress, cold acclimation, cold signal perception, cold signal transduction, CBF signaling pathway
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