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MAZLEBRR. IRARGKBEWEREK(Zea mays). KFE(Oryza sativa). G105 (Antirrhinum majus)~ N RIFT(Arabidopsis thaliana). TR
#(Populus trichocarpa)F TCPZE 4 b 5 2. Hivh 4 i 746 14 751 A Snapdragon Genome Database(http://bioinfo.sibs.ac.cn/Am/)Tﬁm, HaeY
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AT AR R R G (U TCPAS M A T/

Figure 1 (Color online) The categorical feature and evolutionary relationship of TCP protein family. (a) Sequence logo of TCP domain. The sequence
logo is generated by the Weblogo online tool (http://weblogo.threeplusone.com/)[é] based on the alignments of Arabidopsis TCP domains. Bits
represents bit score, which indicates information content for each position in the sequence. (b) The phylogenetic relationship of TCP protein family.
Unrooted phylogenetic tree shows the evolutionary relationship of the TCPs in Zea mays (Zm), Oryza sativa (Os), Antirrhinum majus (Am) Arabidopsis
thaliana (At) and Populus trichocarpa (Pt). The protein sequence of AmTCPs is downloaded from the Snapdragon Genome Database (http://bioinfo.
sibs.ac.cn/Am/). TCP sequences of other species are downloaded from PlantTFDB (http://planttfdb.gao-lab. org/)[l] HMMER™ is used to search for
TCPs, and e<10™ is chosen as a standard of compliant sequences. Then the phylogenetic tree is constructed using MEGA7 software’” with Neighbor-
joining method"”". Note that only the TCP domains are used for the analysis
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JEI, SETE A A A s sk, PCEIETT S 5
P . R R B A X — 7 T
FERE IR AN Z BT IZETCPRE R LR R A ZS B
TFEETCPAAE AL TUR IS, MIETCPRIAES
HARMIZETCP A (B R ITAE R A IZETCP L JE
PR & AR IR F 9 LA 3 5 LT RERILA (1) 2 FEE.

IZETCP R H N gt B 145 5 7 51 A G(T/C)
GGNCCC"Y. CINTERM LR A KPR 78
LR K PTL B AE B R BRI 25T 25 )y T o 2 EL A T
TR REAE IS CINGR A 30 A B TT 4y 3R
G530 500 T IR 3 S S PR T RTS8 A T TR, ot
A, TIZETCPHEB43 1 CINAZ ElmicroRNA3 19113
§[34,35](%%1)'

R TG T TCPRIEM R Giit Ak, M AR
AR TP AR AR TCPII B T 91, FRATT
FEE T ARG . R 1 (a) T DL HEIZRAITIZETCP, L
KA INZE TCPE R IR T A X 1), MEL1(b)
ATLAE Y, TCPHEZANYIRNERAE oA, F HIEH Ak

B PEAG I RE TR .

2 TCPHORIT-Z SHWk & i

TCPHRIGHE H EZAE /AL P Y A K
MET R, YIRS A A A R N 5%, gk
HHAW R B MTE R AR KD Y
BT A (2).

2.1 TCPH R AT A1 8 B s

TCPH, e F X e 1 2 8 B A AT EH]. Houds:
AP%EE (4 (Populus  tomentosa) 5% 32 B,
PtoTCP20FEZE A E LT Rk R, PtoTCP205E
%38 121 25 -5 PtoWOXda i ¥ 4E 45K 1= A i o, Jf H
T8 L WG Pro WND 6 11 76 SR AR 1 R A= A T3 4t L 44k
AR, NACHS: SRR T 5TCPHE SEIN 74 5 R R, B
LA S TCPHG s A EARE,  XOAT DR H R e
M, EFESSHYAEHSUL B RE. NAC(NAM,
ATAF1/2FICUC2)#s 5k K FfuESND1. NSTIFINST2.

F 1 miR319Z5REMTCPRIEE B RE AW BEEE SLHR36])
Table 1 TCPs regulated by miR319 and their biological functions (modified from Ref. [36])

Yy HEIEH YEET e E =P TN
AITCP24 Qi 1ok N R A Y e 2 ) [37]
PAEEN AU 5 [38]
VAR AR A WA R, SRt e [39]
_ VAR R KA [40]
(Arabidij;fsj;zaliana) AtTCP4 TNy G [24]
TEREE [26]
VA A [27.41]
AR S Sk [42]
PRSI, [43]
VUAH A 5 i (Agrostis stolonifera) AsPCF5. AsPCF6. AsPCF8. AsTCPI4 Z 5 ER I E T S A A [44]
2% (Brassica rapa) BrpTCP4 PR S ERE 1 [45]
KB (Camellia sinensis) CsTCP3. CsTCP4 PR Z AR A IR [46]
KA (Gossypium hirsutum) GhTCP4 PR AT 4 D200 0 (e 2 40 A B 34 R 14 5 A [47]
FHETE (Medicago truncatula) MiTCP3/4/104/10B FEARAR I Bt [48]
PtoTCP19 P BRI AL, 3205 B B RE [49]
B H M (Populus tomentosa) ‘ A
PtoTCP20 PR A A AR [50]
Wik B (Panicum virgatum) PvPCF5 FRPEAN A REA:= W) 5 0, R e [51]
FeMi(Solanum lycopersicum) SITCP3 RN ENEE [52]
OsPCF5. OsPCF8 P R I /K RS H e 1 [11]
IKFE(Oryza sativa) OsTCP21 UV M L [53]
OsPCF6/0sTCP21 HsRK R SEE, P im MR BRAR ) [54]
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Figure 2 (Color online) Regulatory network of TCP transcription factors. TCP transcription factors can participate in all aspects of plant growth and
development. They play an important role in the development of various tissues and organs, such as roots, stems, leaves, flowers and vascular tissues.
Moreover, they can directly or indirectly participate in the regulation of plant secondary metabolism, resistance to stress and other important
physiological processes. Am, Antirrhinum majus; At, Arabidopsis thaliana; Cm, Chrysanthemum morifolium; Fa, Fragaria % ananassa Duch.; Fv,
Fragaria vesca; Gh, Gladiolus hybridus; Ma, Musa acuminata Colla; Os, Oryza sativa; Pe, Phyllostachys edulis; Ps, Pisum sativum; Pto, Populus

tomentosa; Sl, Solanum lycopersicum

KoyamaZ§ A\ XU B SR IAFFY % B0, AtTCP3AEMS ]
CUCH:H M F23k. BRI TCP4 S5 VND 7S S 454
TG R IA, B R A NI RE A A= A5 1, AT R
HBARFIR R MY FERIE IR, miR319id 5%
IR B EZE T TCP4=F B B I RN IR B 41 i BE B B 7L,
TCP41 3t ek il AR HER A A B BETE B, - H.TCPA
W [N ) 3R 35 B BGRB8 46 = VND 71 B s, R
miR3 1943 () TCP4 7] BEiE 1L W% VND 7% s kA7 1 S
5 TABRSE b, kT SRR kA R
ALY miR3 1938 0] LAVEFE A TCP4 5 61k, HETT S
AR & B AN, IEEIFTCPIITT AE i S SEP3F
VND74% RN, 25 T 4e8 d U AR S
TR Y

2.2 TCPHERIA TR B SRR e

TCPHe 5 [N 1 n] LU i B2 v e AR DG 2
. miRNA. HYHEFESSHE. R RNFI

¥5. AtTCP5. AtTCP8. AtTCP15. AtTCP21.
AtTCP22. AtTCP23 7] LLif i KNOX 138 S a4 i (1) A&
H!'72U. AtTCP5 5 BEL-like/t 55 H ¥ 2L [R]85 i1 2%
AP AlvarezZE \PUHFIE %, BIRGIFHNGATHA
(NGA) S TCPA R IIRETUAY, RESHEMT A R BINZE
AHrBeELF Rk, BIAITCP3. TCP4. NGA1FINGA4
TEL IRk, KR IT oA 20 2 I B
FRAITED S AR I, TS it oy
FIEAS B R g K. A MEMGE, ATCP4il T
PO — b AR AR 43 S 1 B 4 3 R GIS SR Il v - 3¢
T BRAAR 43 3. BRIk 2 4b, FoBr iRt M, TCP4
Al 215 GLABRA3(GL3)AH B A F ki i 2 B IR AR
E,:JZ%T%:[GI,@].

TEM I, ArTCP4mRNANmIiR3 19AY#E 5 2
—, ZFImiR319AYIEE, XU EZS K& Bk 5 2
PEE, TEFE N (Solanum lycopersicum)t, LANCEO-
LATE(LA)%if5%— 52 miR3 19745 [ CINZE TCP#E 5% [
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T, TELalse sAs kb, BFAE A 5 s Ry B2 A
G At P cin 3 R 2878 0T A B i A R4, T
RESE & I H CINGH 12 A% 20 i %o BE A5 5 18 R & 4%
YEH, EMTE T 40 R B R, R FEERIACIN
(14 DX 58 LEAS 32 35 CINF X da et i A K 10%),
TCPREM 2 5 Z R Y s st i A K

M HIEA, WA ZE (3-indoleacetic acid, IAA). Zififi5
42 (cytokinin, CK). A #Z (jasmonate, JA)FIIHF 4
N (strigolactone, SL)%. 4 A [R5 E M, CINKY S
KosgEutia g tsh, TCPAT LB TAARICK
ARV F & & I B S R4, I IE IV
WA FEERTIRE. ATCPAFIATPEBRAHMA (BRM)
— [Al {2 FECKAR N A Hh il X FArARRI 60935, M
PR Y. DanismanZE AYBFSE R, JA
B I AtLOX 2 AtTCP20F1 AtTC P4 [] 8 i,
TCP20REME NG AtLOX2F 35, T AtTCPAFLTE H Ak,
IFLABLEE T 3T TCPH S IR F I e R BT A JA R il i
FoR BRI BEE ATTCPAS N, M & & 15,
AtLOX2W ik e hn, JAW =k . fErt A
KB RN RLE, e F AR A ) T 40
WA S R R, AR RN, Atcpl Tt X
AR K T8 LB A BN, FLTCPIRY A TE
GR244DO(—Fh A T4 1SL)AL 35 AD 14(SLAZ ) K
W AT, FWITCPLA LIS S SLE R Bk
(4 A BT RO TEW . (Pisum  sativum) FIITFIE & L,
Psbre ] ZZ7SARF I b #8572 50 B3R A, PsBRCI
BN EEAER AR RIS, B INGR24(—FP A T4 K
AISL) FICK Al W 4 fifi He 1 sl % F iRk, &M
PsBRCI N[ figE SLAMCKAS 5 K HEVEH, MiSLsELHAE
FHTRREE P IR A 0

2.3 TCPHEORIATRHRPIEIZ A T

TCPHEH XM R LT ERAE . 1£
MF A AW, VPR RM, CYC/TBIFEE AL
SRR 2507 T B 2 B 2, Yuan®e N PiE g
BEXARAS S50 LU X BIFCEE B, 256 CmCYC2-
CmCYC2d. CmCYC2b-CmCYC2e. CmCYC2c-
CMCY C2d#: FHZ A ] B BSR4, I Haz i
Bl B2 5 S0 DA K e 6 2R I 5 3 DR ARG 0 ik B
CmCYC2cH IS5 CICYC2 R B T 454, WEnE
CmCYC22E (e s R F o] Rl ad A B 456 DL S S R 3
FLEA R ERIFRE T, BN, CINtXT
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R BAW, Fln, BIRTr i epSii AR BT
HE TR B SE AT, 5 AR SRR 24, 2 miR319
PP A TCPAEAE I & B i AR b e 2 VR . oF
SR, miR319a)BEHILI (1 5 A (AR AE I HLIEF A RUAE,
AfTCP43L 3R W] AR %t Fe A 74

TCPH s R T 0l IJEFEAE LA, s AE
], AR IT Y, top4 e B S A8 A L BT A T A6 RG,
M TCP 43t F IR 5 AR (TCP4: VP16-C) 5 B A= T TF 1E
S S s, TCP45PHYTOCHROME
AND FLOWERING TIME 1(PFT1)45 & 340G s s A+
CONSTANS(COY¥% 3, fEHEIREIFIT £, 14k, TCPT
Al L5 COMINuclear Factor-ys(NFys)AH 5 AF FH#5
SOCIFEIE UMM T IT e,

FO BRI R, UG S TCPART LA i il -2
FA IR OB . TeP4RT LY
a2 A OB PORB. DVRUL K IE 45 4 2%
HMSOCINA BT X456, FFfilx se Rk 3Rk, #F
T 4% o BRI I

2.4  TCPHFIF AR B )R

TCPH, AT 5L A RE. AW HGE,
WHE(Citrus reticulata)Z:=FER A LA 4tiS20TCPFE 5
R PRI R FEN, 4358 CsTCPI~CsTCP20, i3 %t
AL, AR LB IRIE RS, CsTCP2I#RIK
EERSLP R E, CsTCPS. 7+ 8 10+ 11, 15~171
FEIRTE LT A BRI 5 W 20 5 A0 R BBt HLA ) ik 22
S, RUITCPT RES SGHHE RS2 st 27 534k,
TERF B RS (Fragaria vesca)'f', FvTCPI# AT 2K
AEAR SR Ry, G I 5 I Y5 2 (abscisic acid, ABA)
55 S RN (N FaNCEDI . FaPYRI. FaSnRK2
HIFaABI5)H k31 5SFaMYC U BEAE R b &
AN, AR S, N (Musa acuminata)
i1, MaTCP20REMNS SMaTCP545 S 1K, ik
XTH10/ 11(AASME N E L AL I/ 7K ik 1t ) 1 2 S ok fift
AL, 5MaTCP1945 G IE i 515 — SR AR il ixX Fp
B T Ak, BAPRPTE A, SITCPEH
Al gl BAHZ [ 25508 IR R Ak 2 51 %
O

2.5 TCPHEORI TR B A

TCPH sk AR v LIS 525K . IRIRARFR . 1R
JE IR S T B A )2 b . DaviereZE AN R IF



RFSE R IN, TZETCPHG 5 K5 240 A J5 AR G 35 R 1
454, JEHDELLAZ (A IWHITCPRYVER. tboh,
tep8tepl4tepl5tep 22U R AR FEIN H A BE B AL LA K Al
75 2% (gibberellic acid, GA)AN I i FRAY, X LbgE FLZL | 1
KTCPH] LU i/ S GALS Sk Ity s ™, e
B (Gladiolus hybridus) 5T & B, GhTCP19i# 1t
I T IR (ABA)Y A LN GRNCEDW #3431 HAR i
CKA B GRIPTV) Ko7 5 3 3 [ GhARRK 1E 1] 7]
PEBRERIRARIR T W, 15 DR (Solanum  tubero-
sum) P EIBFFE W], StBRCIbA] LU {2 HEABATE 5
e, (R 228D, DU R RS R T
SPOA[n ZF iz,  H A2 F A R 2 A RHIR 1 0 o) ke
2T BFSE N XIS Y AR A ]
IR E 5 HT(BR profile assay), LS SEHTHGE 7
PCR(quantitative real-time polymerase chain reaction,
qRT-PCR) YL (0 Jif S e LT HE SF 300, K BLACTCP1Y
BRA M CHE N DWARF4(DWF4) JE 3 1 v iy w4
GGNCCCHEFEHAE, M4 DWF433k, W AtTCP1A]
LLGE 1 BRATH A A K AR F T, kg
AR 9T 2, OsTCP 1938 it 7 ] 44 %5 4 BE A2 0k 3 (K]
DWARFHMILOW-TILLERING(DLT)iY ik, KPR E
fuh ik w SRR BAh, ARFFEHGE, PRI A
T A(TCPAX AL K Z A PR i 2 A 3L DGR YUCCAS
FIR R, FENCAE T IE S A K R PR T R
Ko R 2 1 R RO/E I

3 TCPHORIAT-Z SRR AR )

TCPHE SR F AT IS ST ER LT,
I HLAE DR AE AR A i B ke 31 8 22 0 R 4 1R .
WA G YR 2R 20 B AEAE ), B —1
IS IE R AR, 2t R IR N e AR 1) — A4 SR AR
H AT CTCP 5 RN Le R oY 2 B4R i fE i Skl
ST, SRS AR P T ARTE, R TR
TR AT 2=, XS A A W 5 5 A W B 1 S A
S et R, A B S &
REVE 5 v s MR T 0 B S A 1Y, LifnZach-
g0 "X miRTAW-resistant ¥ 4 tm TCP 3% 5 K ik Al
AtTCP33: P M) B8 235 1. At TCP3SRDX G SR A Mk A T
W9, G5 L, AtmTCPIFEY)WL T AR TSt AR
RUERE . (67 R EAET R, M TCP3SRDXFEY)THI
JRAET R AP TR, JF HR2R3-MYBH Hi B
W, =JCR2R3-MYB/bHLH(TCP3)/WD40(MBW) & & ¥)

T MR AR B A ) & i Y, SRIATCP AT 2
WEAEY AR, A, WE(Fragaria x ananassa)
FaTCP11 7] REE i SMYBELbHLHZ 5% s K F AR,
I TR B i A T 2R R A B 1 5 356 R e 3] 1 9
PER®

4 TCP¥RM TP a-h iy fEH

4.1 TCPi M T-Z 5 :Ypad

TCPZJGHE KW LU AL P8 T B3 e . 28 4
{087 N R S e =7/ D T S B Y v U L e o W
IR AT 39 15 B3 P e 7

OsNHX L2 58 (v FE B I 3 & AUK -Na/H
mER, ReERiEL. TR MABAFTES. HiH+
OsPCF2fEME 45 & OsNHX I A 81 F, 0% OsNHX 13
ik, MER/KHEHasawi) iR LR B, Zadibihaab#E,
OsPCF27EMR H RS L8 3Rik, RUEFES S It
R[86]

TR mERMRA T, YRS A i M4 (re-
active oxygen species, ROS)55A E W), XX ¥ i )
BT ) — R E A X e Ak
T, SEARIRIRE A L, % APeTCP10MIPI R I8
TR kI S AL S (catalase, CAT)FATE 06 B 5% L 4
AR ST A P AR BE T, I BG5R LT H, O, Y i 32
P 586, AT (Phyllostachys edulis) 1 PeTCP10%:
RIFE R T SRR GE, BERSIG AR XS K & &, /b fi
Bl AINa TR K AGOsTCPIOTERI R Sk,
REAS I/ DA R SRR FITE AR, FE BRI R R,
Y v T e DR AR R 4 B 0 0 SRR O B ™Y
FEMEBetula platyphylla), BpTCP74% 3¢ H 7] LI i
THBRIGTEA, FRACTRR Ok 2P AR ME i A= 27 T
e,

TCPLAEHSIE T 2 5 R (5 5 W Bk JE T Y
BrARE YA RE Sy, B, oK ZmTCP42AE R I+
M)A T TR AR T8 & P XT ABART FEBIURE, T
SRILHT M BRI A, TCPIAR T LS 506 B
BEJEREHLE. Zhoud NPV R B, (RIRAMET, #L3zik
AtCRYPTOCHROME 1(AtCRY 1)&E%% 5 AtTCP174H H.
YEH, FEARAtTCPI7RTE M, AHE, &R AT LAXS
AtTCP17(0RaE T, MAICRY 1-TCP178 &¥H B it
%, FHPHYTOCHROME-INTERACTING FACTOR 4
(PIF4) ik, SEmfedbiRaer: PR A K. iR
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M, TCP14MITCPISRENS SPIFAMHEAEM, 7550k
5 2L L BB A KR S R g 2502

T8k, BAIFSRHGE, BAiEE (Artemisia annua)™
AaTCP 155 5%k gt 2 5 TAFI AB A XU i i ] 4%,
LRI ASRCRF VAEL7/raNi )

4.2 TCP¥HT-Z 5Pt #

TR AR R B AR, AR 5 BRI X 1
T ERBIR, HIHFRTCPS S 4 Yyihia
AR EE. MR C 4% R I TCP13
BENE 5231 Golovinomyces orontii(Gor)« 254 Hyalo-
peronospora arabidopsidis(Hpa)$ v § F144~Pseudomo-
nas syringae(Psy)RUn FHEAEH H IR, A
FIWE I TCP14. TCP1SHITCP19REMS B 2 /WA
JERIIRON T TR, BRI Rk
Fhti(Solanum lycopersicum)SITCP 14-26E05 B 5H AT R XT
BRI RS (Phytophthora capsici)%E, TSITCP14-25
CRN12_ 997454, AT IR s i Y. e ok,
IR I IR TCPR R [ (TCP8. TCP14, TCP15,
TCP20. TCP22FITCP23)5SRFR1(SUP PRESSOR OF
rps4-RLD DM EAEH, 18+ SRFR 1B f 1k, #
IR B SRR FER AT R, R
IFTCP8 K TCPIR) AR S Isochorismate Synthase 1
(ICSHIEATES. 1 H, (EiepStep 97K, ICSIHY
FIRTERSENE B E AR, X LeF5E R, TCP8HI
TCPY W] Bl L 5 ICS TR R KRS 5P E YA,
TCP8FISARD1. WRKY28#NACO19Z[H], PIK
TCP8. TCPOFITCP20Z [AIfF7E R FUAHE AR, W]
ICS Y IAA —A 52 R R S BL AR .

5 e

TCPHE A T 56— UV SR T 5
R, I A5G R E A B e AR T R PR R
KK TCPA R PP IA L — 32 2 Y BE A ik
P28 R RO E T, JT b M A fr i fe b 2
AR Y R (F2).

TR LB LA, XITCPHE % N F 1454 . W2
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Research advances in the plant TCP transcription factors
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Transcription factors (TFs) are a group of protein molecules that can bind to a specific gene with a specific sequence
specificity, thus ensuring that the target gene is expressed at a specific time and in space at a specific intensity. The plant-
specific TFs of the TCP family (for Teosinte branched 1 in corn, CYCLOIDEA (CYC) in snapdragon (Antirrhinum majus)
and PROLIFERATING CELL FACTOR 1/2 in rice) are characterized by an N-terminal non-canonical beta helix-loop-
helix (bHLH) domain known as the TCP domain, and regulate the spatiotemporal expression of genes by binding to
specific promoter sequences. TCP TFs play important roles in regulating the development of roots, stems, leaves, flowers,
fruits, and vascular tissues, and participate in physiological processes such as plant secondary metabolism, plant immunity,
and the responses to biotic and abiotic stress. The TCP TF family is conserved and widespread in plants. Based on the TCP
domain sequence, TCP TFs are categorized into Class I and Class II; based on the amino acid sequence of the basic region
and bHLH domain, the Class II TCP TFs can be further divided into CINCINNATA (CIN)-like TCPs (CIN) and CYC-like
TCPs (CYC-C).

In recent years, increasing numbers of studies have shed light on how TCP TFs regulate plant growth and development,
especially on the functions of upstream regulators and downstream target genes. Plants have evolved multiple ways to
accurately regulate their downstream related factors, and their own gene expression is also strictly regulated. TCP genes
have also been analyzed in various plants and found to take part in the regulation of circadian rhythms and the biosynthesis
and signaling pathways of plant hormones, among other functions. Other studies have investigated the regulatory
relationships between TCP TFs and microRNAs. Additionally, members of the TCP family are often functionally
redundant, making it difficult to study their functions; therefore, gene-editing technology and high-throughput sequencing
have opened up new avenues to study this TF family. Here, we summarize recent advances in our understanding of how
TCP activity is translated to the dynamic spatiotemporal control of cell-fate determination, life-cycle transitions, dormancy
release, seed germination, leaf development, outgrowth of shoot branches, growth-repressing microRNAs, and interactions
with the chromatin remodeling machinery to modulate phytohormone responses. Furthermore, we discuss existing
problems and future directions in TCP research, in particular the role of TCP-related protein modification in plant growth
and development and stress responses. Finally, we provide perspectives on the future research that is needed to gain a deep
understanding of the diverse regulatory networks of TCP TFs in plant growth and development.

TCP transcription factor, biological function, adversity stress, regulatory network
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