EHKEFEF ZmbHLHS4 BIEE R H
M 2 2 fB R Th &€

WER, KK, KA, ZRX, TFFE, #RF, FF

(T@RLKFAEGHFFIT, d KM 450046)
WHE: [88] fkmiiZi-#-4E#% %4 (basic Helix-Loop-Helix, bHLH) %% & B -F K& ¥ & & F F
BEGH AR ZmbHLHS4, 7T ZARAETIMATE T e midl. (&) KR EDES &5 Epik
ERLEH, RORKR, SWHERARENKXEZ, RTEFARBHTIRIAER T BT FHia T i
AR R ERMHTEAL T, B AN ALEE (superoxide dismutase, SOD) A=id A 448 (peroxidase,
POD) MM Z, AREHEXZE PCR (RT-qPCR) #&Ml48 % & B £ A KPF LA, wF BATE-FEMib
oty b . [45R]) ZmbHLHS4 3 1R A7 #4069 bHLH 44035, & T bHLH # % B -F K% ; %4 K (CDS)
2K 690bp, A 229 NAKK; BT RRAESANSHFf T FMibw A X6 TH:; ZmbHLHS &
OAFRKEEG, LB REN, TEWiES5dE, MENRBHEKEARNIGTAEEEENLL, oK
D RERGDHENRF TR FRRERR A 2ME S, TFWEFMT, zmbhlh54 REARFH SOD 4= POD
FHILES T MR, B zmbhlh54 R LA & A (reactive oxygen species, ROS) 7Tk 48 % £ B (ZmSOD3
F2 ZmSOD4) #9%& ik Lifl, ROS ARt X A B (Zm00001d036557) 9k Edphl. [44#4] bHLH # %R
F A B K% ZmbHLHS4 T 6 £ 28 138 57 F F W8 T 69 ROS Frkhuh] & F FMhid, 332 R TIkE i
Fi,

XK Rk, FTEME; ZmbHLHS4 AR ; &M & FR A
hESHES: $513 EIRERE: A

Cloning and functional analysis of the maize
transcription factor ZmbHLHS54 in response to drought

stress
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Xiaowei, WU Jianyu
(College of Life Sciences, Henan Agricultural University, Zhengzhou 450046, China)

Abstract: [Objective] To identify a novel gene, ZmbHLH54, within the basic Helix-Loop-Helix

(bHLH) transcription factor family that responds to drought stress, and to investigate the response
mechanism of this gene in a drought-stressed environment. [ Method] Bioinformatics approaches
were employed to systematically analyze the gene structure, protein characteristics, phylogenetic
relationships, conserved motifs, and promoter cis-acting elements. Furthermore, phenotypic
identification of the gene mutant material was conducted under drought stress conditions. The
activities of superoxide dismutase (SOD) and peroxidase (POD) were measured, and the expression
levels of relevant genes were quantified using real-time fluorescent quantitative PCR (RT-qPCR).
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These analyses provided preliminary insights into the mechanisms underlying drought resistance.

[Result] This region is 690bp, encoding 229 amino acids. There are several elements related to
hormone and drought stress response in promoter region. ZmbHLHS54 is a hydrophilic protein
without transmembrane helical structure. After 5 days of drought stress, the negative control plants
showed obvious leaf curl and wilting, while most of the mutant seedlings still kept the leaf stretch
state or only slightly curled. Under drought stress, SOD and POD activities in zmbhlh54 mutant
were significantly higher than those in the negative control, and the expression of reactive oxygen
species (ROS) scavenging genes (ZmSOD3 and ZmSOD4) was up-regulated in zmbhlh54 mutant.
The expression of ROS gene (Zm00001d036557) was inhibited. [ Conclusion] The bHLH
transcription factor family ZmbHLHS54 may mainly respond to drought stress by regulating ROS
clearance mechanism under drought stress, and enhances drought resistance of mutant at seedling
stage.

Key words: maize; drought stress; ZmbHLH54 gene; ROS clearance mechanism

eI T A BARAS, PG HA KK G FF A" 205, S2on Aol 4 =ik
JRAFI N, (SR E TR EIEMZ —, TREYERRAO A 77 A AR R & 2 4 5 T 2
AT BRIEH SR, Ko HoE 20 o il i e S i, FoRS A4 & W BLs 5 %2 3
T-Epa g, R R, EIR AR S ADCE R, T E I SR [F )
S RFCBENAR R , FERERS R & SZBH . FPRIE/D RIS GEIR , S sgm &5, Y
PEXTAEAE WIS, s A% O s F B, Hasd &5 S8R R S 3h 1 B B
WA IR RIE, MM a e K fmeme. Har, Of 240
RFRGEWiE S5 T2 am s, HAads bZIP (basic leucine zipper) ZXj%. AP2/ERF
(apetala2/ethylene-responsive factor) ZXjt. WRKY (tryptophan-arginine-lysine-tyrosine)
15 J% bHLH (basic helix-loop-helix) Fl 1% . ix Bk 3% 1 52 A AN IR T4 99 45 1) i 0
R, AR R e AN KA K K B T R A EER A DI, AP2/ERF SSEE S
F ZmERF21 @it 515 BN AVE 57 FEEM R B3 T4 & ks HRE, D
IR R A B DU BB RS 1, 3k 3 0 EOR G i i R, ZmbZIP33 7R
TRpHe A LR EKZ G, RigsTt TR . MK ER (abscisic acid, AB
A) IR, EZEE T M IT ST R R I S E R I FORARFLR P AR T B MYB (v
-myb avian myeloblastosis viral oncogene homolog) #% 3% [K-¥- ZmMYB56 i it i 15 ZmTOM
7 FFRIE SR K4 B AR AL IS AN R 410, ZmROPS8 i 21k e 38 i SE AL P g 3%
P, Yt A (hydrogen peroxide, H202) FUFR R, smFEEL N TOKAIPLRME, REXK
PRI ET 7, 1 RKFESR 7 ZmALLA @i ] ZmROPS,  fiif T R oK1 R,
ZMWRKY79 55 [Ffilid 4% ABA WG R, S8 9misE 2 UEBREE /1, k> HaO0 AT
(malondialdehyde, MDA) 1R, $EmHia b BgE M, MET 5 M o & R AR /E I RA,
ZmHsf28 & i K FI#R (jasmonic acid, JA) I ABA {5455 K HAl/E 5@ BE 52,
Perm T T ) FOR AR A3 R T b S

bHLH 337 i AR <7 1) bHLH S5#3skimi A 40, ZIRMORBERIE R, TgER,
LTI T DHLH 3SR AR AR X S i i 2 ) D e A 707 HL) o AR S0 R
Jrrpid ik AtbHLH112 LA, ENS 225 BB AR R PR SRR, (R (Pro) &&
FHUASR i, E PR SR A R R UL B T ST PPl PO 52 g 4. Eh 4% % rh bHLH118 Fi1 bHLH66
AR S ABA S KT S RO R R R AR, i Rak IbbHLH118 2 B ARk Ao
TP A 521 1 3% IbbHLHE6 AT LS FHE Y i 5 e 1oL e 5[5 7 SIbHLH96
I REHTRMT . ABA 5573 155K 5w 2 i A A0, K Ag o OsbHLHS9 A £ 1t
PRSP AN R LAY, RSP AT KRE A K AT R T7 A AR R DR R F K FE R
i, 3847 208 A~ bHLH R e e, B 5 N A & 2005 2 ¥ 6000 (& 7Rk
ATRAU AL BE, X5 EOK AR oK 2 R aRIA ) bHLH BERIHET 5558, LA e ik



51 AN R L bHLH JEH, X 51 ATk bHLH B 2 R AR b, #F%
0, T FIE R R bHLH SR ZmPIF3 B 14 5 /K R 6ot T 500 £k oy o i 22 1191,
ZmBES1/BZR1-1. -3 F-9 il % B R /K R AU B 7+ 1O 5244, 10 ZmBES1/BZR1-4 £ 1id
1% ZmMBPL Al ZmPum6 K24 ZmTLPS, MR IEE T KRG A Rk i S 20,
ZmbHLHA47 & (i@t ZmbHLH4-ZmSnRK2.9 #iErE ABA M R Al T KT 52 b ) o 4% 1 5
PER®RY, ZmPTFL BRI 0 FRAR R R B DL R & R B A, 1E Al 4 oK
EA22) | kS ZmbHLH124 B 454 T 5 /&L K ZmDREB2A ({15 31 - X % H ik
T S 25 1 1 K R 1 123240

g5 I, bHLH #3%HFEPURE L S R P A B R /. R, Bl A RECE
) bHLH #3672 5T TR 50, A 5% bHLH #4538 K78 KT 52 e i 5
R S D o AW AR S K F ZmbHLH54 ZE4E5T T2 a5 i /e, 5
W& T ZmbHLH54 [, 3R] ZmbHLH54 2K () 2828 (R84 kL, W1 HIN T ZmbHLH54 %} &
KT W5 B g 7 S o RIS, B A D R DR 0k R XA B A B AR AR I, WISBAIE
SEFE SRR F ZmbHLHS54 32 B3 b 1 55 M B bR RGN TR T R E . sk, Xt
ZmbHLH54 F:[K 5 81 FIRIE TR A as R W, RN T 58 K R KPS 5
SBINERS SRR DRI, AT 4SS BB MR ANT oK bHLH 3 308 7 BT R e 1) 5 1
VAP I 4% DA K K7 7 it b 50 (R A P 5 R % YRR B B BB A 4R

1 HRSTA
1.1 R BE AR}

ARG KL LA B73 AL 15 5, Gadfh 2715748 71 F AL % 2155 (Ethylmethanesulfonate,
EMS) iR B RAA . Hor, Ze G SR IR 70 B 43 B 465 BH 1 I AR (A RE R 0 9 0]
TR 301 BA zmbhin54 1 ZmbHLHG54 o . K # Rl E TRE N 28 °C, JuE iy 16 St /8
BEIRE TR R TR B, M A 2 i JE, Pk KRS A — 800 TR G i AT T 2
EHAREE,

1.2 DNA 5SE28FIINEMEEED

i@ MaizeGDB (https://maizegdb.org/) #1 Gramene Chttps://www.gramene.org/) A
RIZHHHREE, R IFZRE ZmbHLH54 (Zm00001d011847) FE[AIf4s K cDNA 41, FEHE4H
4. gL A F5 LRSS . FIF SMART 7848 T2 (https://smart.embl.de/) TR 5F
ghErts, JFIET Expasy Protpara ZEZ:#f4 (https://web.expasy.org/protparam/) 4347 &% 5 [
STRE. FHA ARE R L EERRA . H TMHMM 7EZR# 44 (https://services.
healthtech.dtu.dk/servicessTMHMM-2.0/) % & [ )53 ()15 5 46 74 147 TGl . ik B ProtScale T

(https://web.expasy.org/protscale/) 43 #rH &gt /K. FJH Predict Protein T.H Chttps:/pred
ictprotein.org/) il —Z%45#. M NCBI fi5 (https://www.ncbi.nlm.nih.gov/) F3RECAEY
PRt B AEER T H, FIH MEME A4 A FeARsp 27, 1@ MEGA B & R4t K & it
. AN, 18 PlantCARE (https:/bioinformatics.psb.ugent.be/webtools/plantcare/html/) 7
APkt 3 X B AE o7 AR T .

1. 3 SCRTRHEE PCR 4347

HL 0.15 g W Fr H U S ER S P B ot A, A 42 304 TransZol $2 UG & w2k
BRI Fr 212U RNA, £r RNA 584 I sl e B Bk FE 5 40 2, A FH v E A 2 ) 3k
& HEAT )5 (HiScript IV 1st Strand cDNA Synthesis Kit(+gDNA wiper), Vazyme) Al




gRT-PCR (ChamQ SYBR gPCR Master Mix) ¥ 14, DL EFla Jt[x (F: TGGGCCTACTGG
TCTTACTACTGA, R: ACATACCCACGCTTCAGATCCT) fEANS. RMNFEFHN: 95 C
A1 30 s; 95 CAZME 10 s, 60 ‘CiB-k 30 s, FLiE4T 40 MEFF. KH 224C0E it
R RIS E, BMMEHEEE 3 MEE,

1. 4 FEHEEIBIEFRNE

1.4.1 A8 A4 fuBs (SOD) &b SEAREL 0.1g TEMAEMF, HZEKEEA
] SOD ¥ A S AL FAE R FH BgbR OE 3% 560 nm AR G1E, fJa iR4E LI 1
A AT SOD JiMETHE . SOD TG PETH R HEFE A S 115, AN U - gte H, 18
B NS A S AT B S A4 2R AR A 1 43 3RO 509% 0, [ i & H ) SOD i /15 SCA 14
it 35 P BT

1.4.2 it £4L4h (POD) EHAM  SEFRE 019 FREMHEEMH H, HHZEEEAR
POD JEPERT AT &, T2 MBS 3AE S, 55 AR GE % 470 nm K 30 s B OGAE
Al A1 90s I HIMOEAE A2 FHARHE A R iH5 POD 35 . POD JE PE T+ 5 I REAS G Jof B 1 5,
BAR U - gte Hi, & g HEERZF R RAE Z R min Asonm 2244 0.01 25—~ POD i
TG PE A

2 ERE5 7D

2.1 ZmbHLH54 ZEEMERBLM BRI

ZmbHLH54 B FE M T FoKRRIEE 8 S tafk, XK AN 690 bp, &% 1 MW HT
X, i 229 MEER (F1-A) , BAMAM HLH g3k (E 1-B) , RHHJET bHLH
HRRNTRKEEA . 3t—2% ZmbHLH54 [Z L8R 7 5T BN A 4, a5 R EoR, Hoa
F N Cr114H1745N3030346S7; 73 T i BN 25.14 kD, HEIREEH S (p) A~ 6.12; ZIEFRZ K
B4 M R, Ser (S) & f s, BT i ELBi 11.8%; HUKCA Leu (L), BT ELBIA 11.4%;
TERKAAZ Trp (W) Fil Cys (C) , B LB 0.4%1 1.7%. ProtScale 443 #7 it 45 51
WESE ZmbHLH54 HEENEKEEH (B 1-0) .
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[T 462 1 /aa Sequence position

A: ZmbHLH54 JER R AR L5 B: ZmbHLH54 & F K45 H3; C:ZmbHLH54 25 [ 1436 6 /K 14 Tt
A: The basic structure of ZmbHLH54 gene;B: The domain of ZmbHLH54 protein; C: The prediction of
hydrophilicity of ZmbHLH54 protein
1ZmbHLH54 R LR ER RMERD
Fig.1 The analysis of structure and protein properties of ZmbHLH54 gene

2.2 ZmbHLH54 BRSO



FIF Predict Protein HHAT R ZEHITIM, 73BT ZmbHLH54 & 1 450, ZE AT
FESH o B, TP AHNEM (8 2-A) o Hd, AEEERA 128 NEERR, B
i LU 55.90%; o BRTEA 79 NEIEER, I LU 34.50%; IE{HEEA 22 NEIERR, P
i B4 9.61% . [A It , ZmbHLH54 1) 3= 224544 Jy Jo AL 6 AT o #2158, T o L 4515 1) 89.40%
FIF TMHMM 3E47 5 JER2UiE [X 51, ZmbHLH54 2 [ R B A B 2 ie 45+ (& 2-B)
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A: The secondary structure prediction of ZmbHLH54 protein; B: The transmembrane structure prediction of
ZmbHLH54 protein
2 ZmbHLH54 A RBZE DT

Fig.2 The structure analysis of ZmbHLH54 protein

2.3 ZmbHLH54 B # UK RIRTERF 2

G K ZmbHLHS4 BE R 5 HARYIFR P54 5 &, DL ZmbHLH54 JE R ) 2 1 7 S
HNERFS], FIFALHEE (neighbor joining, NJ) #E R gk, Kl 3-A W41, ERE
YiFh, mRS ZmbHLH54 7EBHEW 1oy SR AR, R Z# I RRIR T ROL I s K&
NGB EE B B, RISEZ R REGE. W FEVEYIR 5 MRESFERF AT, SREA
B, X 6 MR EAT AN IR R, H A e AT B A SR AR AR 2 T e (L 3-BD S

e - TREFHF
o KAGO0541036.1 Sorghum bicolor Conserved motif
=)
S Motif |
. | | ] el F12 Motif 2
100) KXG34132.1 Sorghum bicolor _ i — H _—— 24 Motif 3
q [ ]
= XP_008656862.2 Zea mays _— L — 1 -
=
=
3 8
= — bod | |
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&5 O
o I P
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1 00}

XP_ 0443456641 Triticum aestivim
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100|
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[T Filaa Sequence position
A: Jy ZmbHLH54 & A 3R 347, Herb Sorghum bicolor A%, Zea mays A EK; Oryza sativa
Japonica Group AAEFg;  Triticum aestivum Jy/NZ2; Hordeum vulgare Al Hordeum vulgare subsp. vulgare A

KFEo B: 6 MR LR SF I 77047 o



A: Evolutionary tree analysis of ZmbHLH54 protein, Sorghum bicolor is sorghum; Zeamaysiscorn; Oryza
sativa Japonica Group is Japonicarice; Triticum aestivum is wheat; Hordeum vulgare and Hordeum vulgare subsp.

vulgare are barley. B: Analysis of conserved motifs of 6 species.
3 ZmbHLH54 BB LS

Fig.3 Evolutionary analysis of ZmbHLHS4 protein
2.4 ZmbHLH54 BB EFIRT T 5347

A E oA R R € H IR T 1, v 55 R el A s s I AHEE &, ANITRE 2
Rl EhE . TR DR R i 20 fR4E SR 1 nT A, /£ ZmbHLH54 JEA 1) fE 3
TN LS 2 AREE o, BlanemRief i G-box. ATCT-motif. Box4 F1 TCT-
motif &, XEETLAFAI SN FOGE SR L, TR, SRt I A, #RRE
fill & SR ek R T INEs & A KK E KT AAGAA - motif, circadian JoffA1 O,-
site FEICMFS 5 TOKREAN A KRR B Moo mH b a5 ABA KK ABRE
JofE, DLERSAKER. JA. KA HEE. KR (salicylic acid, SA) T MHH Tulf;
PN 3L T N TE A 0 S T R HE A OSH MYB I MYC Joft, ETREMT, R Esi— &5
Jop i B LR Rk . IXEE R IR B, ZmbHLH54 1) )5 2 F X 3] G B A & 4210161
i, BEMEI N Z A AN TR N R B 15T

% 1 ZmbHLH54 EE BN FIRRX T2
Table 1 Cis-element analysis of ZmbHLH54 gene promoter

F T PR ThREERE
Main element Number of sites Function annotation
MY B-like sequence 1 MYB )3 o
0y-site 2 2 b5 KM I A A S 1 IR A RS ot
TATA-box 50 BO R Tt e —
ATCT-motif 1 Z:556mi RLIFOR<F DNA B b () —H 43
STRE 2 LI L TG A
TCA-element 1 IK BB S e
G-Box 1 R R TG
MYB 2 MYB s i
MYC 2 MYC )3 o
circadian 1 2 5B ] =R o
TCT-motif 1 R LTS A ¥ —H 4y
CGTCA-motif 1 FRATER T e L oA
AAGAA-motif 1 Ji 7 B v 2 7T A4
Box4 2 25 6 M R GRS DNA B b — 3 43
ABRE 1 Ji 7 B v 2 7T A4

2.5 zmbhlh54 SREEFERITB D7

J9HHf ZmbHLH54 R 7E Tk F et /e, FIH EMS SRARRIHIE DR RAZ
PRI ZRAE AT S5 TG X, 5 325 Mgkt G 3N A, SEE T H GGC 25~ AGC,
XF R IERR K AR AR URAS, HHRRRE N2E R (B 3) o FIH zmbhih54 S8
PRATFE T BERE BRI AN R, TE T R 2 T R a ik . 4R 5N, MARSET 2
JIaes, BAPEXIE SRR A KSR RIF, BALEEZER; TEMAEsd)E, Ptk
X RE Sy LR S T B IR, T K ER 7 AR R RAT R v 87 R IR AS SR B i
FIE S (B 4) o MIELLESE BT AL, zmbhlhS4 SEASARIPRAE T e N F 0 H o



RIPLEdE, A RORES B2 0T BT IR AE PR
Ser® Gl Gly® Gly Ty B [t T ombhinss PRI BRZmbHLHS ¢ FRIEREZ thzmbhinse FRVERTAR ZmbHLHS4
TCGGGCGGCGGCTAC!

AN
Manaanafia)
[4% %} 8 ZmbHLH 54 L’/[j’.[\j\/\/, MIATA \/ '_L‘J

Serf?  Glys! Cly6 Ser$? Tyr‘54

— ‘/\/\/\J\/\ ! J\

A: FARRGARNL ST, B A O R N AL, XN RERR H AR (Gly) RN
Rl (Ser) .

A: ldentification of mutant mutation sites, the selected base in blue is the mutant base, and the corresponding

TS e
Pre-drought stress

RS TEN
Post-drought stress

amino acid is mutated from glycine (Gly) to serine (Ser) .
4 zmbhlh54 R TF 2B T ERBARELE
Fig.4 Identification of maize seedling phenotype of zmbhlh54 mutant under drought stress
2.6 FEET ZmbHLH54 HHXEFEFRIEHIBIZ 47

FORAET TP E T A B S e 2 R G S M BAE, BAEEBEESUE LR SOD.
POD R 1 SRk il A IE JE P BPIR A DL B ABA 15 5155 S L 5 1 LAR /D 28 s oK
K& ARBFFCAGN T 5EAH < (ZMDREB2A il ZMERDL) . ABA &< (ZMNCED #l
ZmAO2).ABA 43 fiiA i A5 (ZmABA8OX 1a Al ZMABA8BOA3a) . ABA 13 54% S 412 (ZmPP2C
1 ZmABI2) | 515 55 S A ¢ (ZmCAML A1 ZmCPKL) BA X 5 ROS A j% (Zm00001d036557)
%ﬂ?%ﬁ% (ZmSOD3 #1 ZmSOD4) AH I Hk PRI 7 FAZ P IR AN B 1 xo) R AL o 1 3Rk K1 (B

o GERFH, TRMHA T, #K ZmDREB2A. ZmAO2. ZmSOD3 LA & ZmSOD4 7 zmbhlh54
ﬂzmﬂ 215 B T2 m T IPEXT R, 1 NAD (P) H i & BN (Zm00001d036557) NI &
IME&%%, oAt JE PRI R SR PR rp g B AN B35 . 27 B nT I, ZmbHLH54 JE R ] g 32 22

R FPE R B ROS IGFRALH, A SR AR A bR IR 5P 8 BT 52
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Fig.5 Detection of drought stress responsive gene expression levels in zmbhlh54 mutant and negative control

plants

2.7 zmbhlh54 RETREGRT 2B T ROS jERREREM 247
SEIN G E R PCR 45 5 £ 1], ROS fRUHE MK CHILH LM B &2 R LKL, TR

EAbBE S E B TP EALEFRIVE ], Hodh SOD A1 POD ¥ itfr. Kk, AT T8
fiiE N zmbhlh54 84544k I %t BB AERR ) SOD A1 POD & 48 ARE3EAT T ll5E, 455 6
i, T5MHEJE, zmbhins4 RAAIERER) SOD Ml POD &R & & T-BMEXTIE, KM
zmbhlh54 TG4 HRE AT Bk 7% 14 S0 R T B 1S 5
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