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EARZMICE2ERBIES LB

T 1 s . 1 N~ 1 1 2 vy 1 2*
BT, Axe', 24" [MEE, 2L, TRIE, 5K, XE#, AR
VH R RO R AR R T, 220 730070; 2 B OKEA dn R b, BB S SR
R E R E s E, JFE 475004

WE HEYREERTCEEM. FRIER. MEBURAK SR ST TR EEZEER .. LR 7 (Arabidopsis thaliana)
XTI, ALK RIS R E R, HiE 73N HEEbHLHIE % 5% K 7(SPCH. MUTEFRIFAMA),
EAESIL R M 25 5 A R B BUR = 208, 709 5 F % K+ SCRM/ICE1 MISCRM2/ICE2TE 1 5w — 4k, (R
BB REIN TR B AR SR, RAKEERSAEEGE. AW, £R7FHEYICH 2 RAREY
K(Zea mays), AR B ILA BRI HEE I 8D o 1% SCR IR ) 380 4% 2 T B 43 B 3112 PR R R g A% SR /R Zmice 1-1
(inducer of cbf expression1-1)F1Zmice2-1, 5xI#EB73M Lk, Zmice2-TAEMRIE/N, M &L, BRI, HHSILEENS
FLIRHR 2 Z AR, T8E T AASILIE R R KA HEFI A Zmicel- LN T — O ATFF AR il K 8, J5 A4 &0
B, AR, AGAE, K ARILEE SN EEZR . FHCRISPR-Cas9H: K 4iiE 3 AR SRAFAN [F) {7 i 1) S5 A7 58
Bk, RELERIZmice2-2 LA HRE, It H5Zmice2-1HSFLEREMEL, KWZmICE2S 5z <ILKE . B73
Fzmice2-1/ % A 4 HR , ZmICE2 R Zidid A 7> AR IRIESILKE, S5 ERRERSENR. TR
BT — 2588 TRR LB @A, FAEE s R ED RPN A= 5 MR H % o R B T a1 26 R 2 U

XEIF  FOK, RALKE, RILEE, REIEESEM, CRISPR-Cas9X X 4t
B3O, AER, FKE, TBE, BEE, THE, ERR, XERE, HRRK (2023). TKZmICE2E R iz K H.

¥R 58, 866-881.

SALE GRS SR 0 — MR 4514,
EH 0 £ T 20 A o 1] A A FL2E . 8 28 I A FH ok
AR S AL AR N HEBA AL, TESG A FIIEIR A F
T IE IS AL S A AT AR A . Rk, RALAE
Y Rp R B AP K P KA AR A B Ok
% # L AE F (Pillitteri and Torii, 2012; Hepworth et
al., 2018; Han and Torii, 2019). KZA/EAMLAERT,
Wi DK A 3ok I 3 Bk A K (Chen et al., 2017). 1k
Ak N, BRI Y B LR RN, HR K b
2P T LRSS M o B B AR A A B I B b A= T
Y, {8 % 510 & AP (liverworts ) 3 A B IE KIS
FU, T R R AR LS AN IR AT SRS
e, HIEEMLHE5SFLAE (Cuming et al., 2007).

Wi H 391 2022-11-14; £252 H#1: 2023-04-18

#¥# 2% (mosses) fil i & (hornworts) & ¢ - H B FL Y
Yk, HAFLRZS R A D) eSS SRR A 1) <AL R
L, EREIEFEARABIE . BE i A= () 34 F i
N, T B A AL — B AR T, BA e iR
PR BT AR R 2%, A5 B R A 0 G 0 B B AR FR R
HETT A K M40 8 T A B AR 35 JE [l (Edwards et al.,
1998). SALMWEIE R THEMMAE. Mr. o REL
KMYEE R, RWSASAAEEW Iy EE S
tt(Rudall et al., 2013). H4M IS (IR . el
A A AR BE )N /K Bk AR AR AT, A iE
o T ARAL R SRz AT B B 5 4 S RK 2 A
RIS, I T B G M N A1 SR EA 8 (Chater et al.,
2017).

FEETH: KA IR EIE N 5 o R E 5K E S0 = I HORBI(N0.2021KF04) =2 JH K 2= 40 i v% 31 5 100 358 38 o 20 7 35 2 o 5
1% % I 7 3% 4 (No.Izujbky-2022-kb03) . [H 5% 14 4R R 2 3 45 (N0.32160490, No.31860384)F1H 7 4 & k& 1+ %1 (No.21ZD11NA00S5,

No.21ZD10NF003)
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AL R I A E R, HR Pk E
AL S S5 2EPU(Rudall et al., 2013).
TE 1 25 0T A ) 14 B JF (Arabidopsis  thaliana) H-,
AL T B T — 22 4 3 52 1 240 i 4 SR A0 48 i
BRAR, PP AR AL R SRR 3 A M S Y AL FE AL o A
ZH 21 5141 il (meristemoid mother cell, MMC). #1434
H 21 (meristemoid, M). < fL & 2 fiili 41 i (stomatal
lineage ground cell, SLGC). {# I & 4H il (guard
mother cell, GMC)F1{& T 41l it (guard cell, GC) (M=
e, 2017; & £425, 2018). AALKHRIAT
3R 7 J5 3R R s A B IMMC, MMC g 4 T A %5y
2, TEBAN N ZAMIE A 40 ME P MAT AR
IE R U SLGC . MEBENS BEAT0-3IXH B A543 2L,
AT HEEH, RS MSLGCH I E . Mg &%
NGMC, GMCHIAT1IRIFEFEL, A2 TR/
— S H @RI GCs, BJE, 2/1~GCs (14 fit BE i
JEIEo B, TN AL, SRS e AT R A R AL
(Nadeau and Sack, 2002; Bergmann and Sack,
2007; Lau and Bergmann, 2012; Pillitteri and Torii,
2012; T 55, 2018). 4> SLGCH AT LLERE4FMMC
IS H AT A E S, 1R B A LB AL AT
40 f(MAIGMC) s B = A M, X FASKTFR 732
WEG TARALIIEA, AR R 1) B AN 25 S A B 4
27, HLESLGCH A& 7 IMEE B K B il
4 ffi(Serna, 2011; Pillitteri and Torii, 2012).

XA I SALR B RO LR BT 7T LSRN,
HAZ FiE s F B FERE R R 1 Bk 24, MAPK
WIAS 5 . HEPBE A B 7 %% (Chater et al.,
2017; MrseflfE S ta, 2017; midk4Ess, 2017; A%
255, 2018). {HIE T HAHY) £ K (Zea mays) FIZKF
(Oryza sativa)d, 2 LR EAMPEREE S
T2 8 B 43 1 ML i A5 B9 52 A48 78 (Hepworth et
al., 2018; F755%%, 2018). 1 MY o2 R A
BHESALE L eEY A BAR, HAEA B E T
41 ffi (subsidiary cell, SC). F| XM ILE S
A, BT LAIRGE Wi B A SRR ARAK, e KOG SR 2L
#, R R o ) 42 K 3R EE (Chen et al., 2017). &
ABHEDSALRE =AML R EEAFE6 M A1
SALIERIE A & (cell files). GMCs. GCs. SLGC.
Il T2 40 i £ 41 g (subsidiary mother cell, SMCs)A &
T 4nia(Frank and Smith, 2002; Zhou et al., 2016).

JAC WL ok ZmICE2 REEESILKE 867

ALK B A6 B (1) A4 RTY B RE S T e
PASRSLSIRR G R, (2) RGN R P R4
ZVIRAN R, 77 HER/NIGMCHISLGC; (3)
GMCAL AR T, 53 I 1) 3% Bz 40 a7 = SMC 4
Miariz; (4) 1 SMCsH & 1IRAXNIRTEE, r=4:1
WA ISCs; (5) GMCREAT 1R FR /324, FEpk2
MEIRIIGCs; (6) L& @A AE KT 481k,
WEIE T 1 SCsAZ M8 = M T8, BRHIGCSA NMLEIR,
AT A X HSCs B I GCs IS ILE A1k, KE
RS FLR SO, 2015; Raissig et al., 2016). H
BRI, B WM EYIE LR B W o
A b2 s HOR B AL AT BEAN [ o RARHED )
SALREAEHES, AR 1 L1 SLGC I HEAT
J& Ul (Frank and Smith, 2002). SfL& &b T
B LR R R, BEE M AL E A B, ALK
BBz dE T e RAFHEY) LR IR S5
it SRR A R B R A, X e i 2 RN I Ak i
T e — R A1 S8 1 7 s DR 7 AN R R L [ 4% (WU et
al., 2019; McKown and Bergmann, 2020).
FERLM YA I oh, BT AARIE 1 AR EE 3
/NMbHLH (basic helix-loop-helix) 1E 1 #% # 3% K F
SPCH (speechless). MUTEFIFAMA, ‘EA14#ES L&
AL 7> 25 A HIAS [FIB Be R S ik, SPCHifE L
B IR 20 ML BEMMC T FE, MMCIE i A X FR 7 2T
M MAISLGC (MacAlister et al., 2007); MUTE i1 M
137 2 24T . GMC (Pillitteri et al., 2007);
FAMAGJi 4% GMC 22 128 1 A B A%k 70 298 B2 A G )
GCs, W £ 1k i 74 41 f 4% 2L 14 58 (Ohashi-Ito and
Bergmann, 2006). SCRM/ICE1 (scream/inducer of
cbf expression1)fISCRM2/ICE2 (scream2/ice2) &2
AN5% R [AIJEbHLHA (. Aticel-2 (scrm)s GMCH4E:
4y, Hfama® AL, Aticel-2/scrm2/+FMZE Ik
3, AR RGMC, Smute BUHILL, Aticel-2/
scrm2XU R A FH RIS, RA KK w4, &
B Sspch—8. W 7i&KH, SCRM/ICE1F1SCRM2/
ICE25SPCH. MUTEFIFAMASA B AR, 45l ik
IR, FEEAE AL R AKX HMMC M, M
JGMCs, }GMCs[iGCsiXx3 /Mt Ar il 2, H&
KB BN MR FLE A 1K (Kanaoka et al., 2008;
Matos et al., 2014; Han et al., 2018). ICE1/ SCRM2
YRS 8 A A A § MPK3/65 SPCH 1 41 .15
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I it MPK3/6 5 ICE1/SCRM2 . [a] ) B $ H.{F X} T
ICE1/SCRM2 MR AL B fift fe i it 1Y), I B XS 1%
FLAH M 32 (1 1E 7 434k %2 55 51 % (Putarjunan et al.,
2019). 25 b, FEXF IR ST, SILKE
Je RBERER ARG S B 4 2 AL, RIS T — R4
BRI

FAF IR 4 — AR JE I B (Brachypodium  distach-
yum) 1, 24 bHLH % 3¢ & 7 [7] Y5 % 5l BAICEL 1
BAICE2¥ 4 il se R IR Fi i £ 1, 7E LRI+
2RIk, WAL AN 0 R g i A 3B 1§
45, bdice1l S fLEL S, bdscrm2 A 24 S fL1hfE, GMC
ANBEIEH 70 24 (Raissig et al., 2016). /K F&H1, OsICEL
MOsICE2IL A SSLA A, HIIRETLA, OsICEL
HEEEAMEM . RA Kosicel-2 RN BETE i IE & S AL,
osice2-1 5L K & I, {HZosicel-2/osice2-1 3 5
ke, osicel-2(1 R AN, AR R TS AL AT
ARG (Wu et al., 2019). IX 24N K] 78— F3UE 4l B
KGR IE 2 5 R BRI R AL S K,
S FL R Y K% B (Raissig et al., 2016; Wu et al.,
2019), EAE T KA M AR AT TE o Kk, ASHF 7050 %
]38t 4% 2% F Be 3R 18 £ K Zmicel-1F1Zmice2-1 A5k,
Xof FLHEAT R ARG e %5 s RIE ) £ ThRE b, LA
B KRS ALKE B LRI B HR S Al . R RARMEY)
M LR BHLE], AR XSS LR B A A A
78, tHEEMEELL 0 B RN B AR 4 5 PR B 1) EL A )
ALK E 52, My iE s R S FLHRES E mob
AR A e FR FL At

1 #MR5ERE

1.1 WRMH
M S L 22 057y B oK (Zea mays L) LK

®/L AHTFAEIISI

Table 1 Primer sequences used in this study

B 5 ARk Zmice2-1 (inducer of cbf expression2-
1), HAALE B 3 BRI Bk Zmicel-1 (in-
ducer of cbf expressionl-1), ULH % ZB731E Xt
E. 57254k MMEMD (Maize EMS induced Mutant
Database) (Lu et al., 2018)78 48 {A £ (http://www.
elabcaas.cn/memd)i] I .

12 SWFHFE

121 ERMREEEREBHAOMFENEE
FIF ZF Vi b i EDiZE 152 R (dental resin impression)
(I SCH%%, 2020a, 2020b), 7f &8 N Wit
xR RAR R R S AR e SALE L. RALIRE,
AR i -0 3 AT AL ALK B B X B AR A
BARM A I K, RS IREE S AR B ZLL, i
KL GH BRI
AL = B AR P S LR T R (mm?)
AL B= AL AR AR SL AR /(R AL T AR AR
FLAECE+ A THURR A 3% K A0 i )

122 ZmICE2EE =

MMaize Genetics and Genomics Database ™ ufi(https://
maizegdb.org/) T # 3 Al 5 GRMZM2G033356 [ #%
HIRF 4, ThEeEid R A Helix-loop-helix DNA-binding
domain containing protein. ZmICE2[{)DNAF %14 K
3 252 bp, M EEHEKE 1 557 bp, 4wiL5194
RAEEM I . DX A RB73 AR, HElW
ZmICE2-FMZmICE2-R (#1)5 Ay 1515 | ZmICE2
DNA K cDNAF B, ##:pUCm T#H M, KT
# DH5a, HkHCH b7 E AT PCREGIE; Bk HLE AN BH 1%
SO REHEAT B 7R, SRRDE A FME . SRR,
Jo 1 72 DNABLCDNAF 1, Wl 5 45 3 5 oK Jk R 40
B7 3%l R B T 41 e 4 —FL

Primer name Forward primer (5-3') Reverse primer (5'-3")
ZmICE2 ACCCCAACAAAACCAGGAC GTCTCTTTTTCAGCGGTCTTG
T-ice2-1 GAGGAGGACGACGACAAGAAG GCTAATTGCTACCGAAAACGC
T-ice1-1 GCGACCCATCAACCCATAGC CGGTGTTGATGGGTTGAAGC
T-ice2-c9 ACGAGAATGGGTGAGTGTGG AAGAGCGAGAACATCTGCGA
GAPDH CCATCACTGCCACACAGAAAAC AGGAACACGGAAGGACATACCAG
RT-ZmICE2 CTTCCTCGGGCGGCGGCGGTG ACCGTGCTGTTGGCGTTGGAG
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1.2.3 zZmICE2[EIRERAMFEFIELx Fuid L 54

3 3 [ 9 R b HZ I ZmI CE 27 2 & W v 1) ] 95
B, HEmRE RS A AV T RS . £ GRM-
ZM2G033356 J K] #E 47 7] Y5 4 Dy fig 56 Uk A1 43 4, A
FIDNAMAN Lt F 8B B2 AE, 28 )5 34T A 5L 1R 7 41
{57 P BE X kL B R 2

1.2.4 ZmICE2EERThEELEIE

| FI CRISPR-Cas 93t [K] 4 8 4 A A1) ] 27 4% S 5848
P, TEZmICE2HC U %85 1 BT v F FOKHE A&, Mg
R giEEA, RERTAREENBARRTE
KL AL, 3515 CRISPR-Cas93 [l 4 48 11 FH 1 5
AR R, 7 38 3 Bl B O 2 6 SR AR AR, I 560 TIF f% 3k 3%
K fiE -

2 ZR5iTe

2.1 ERKZTET{EZmice2-1MZmicel-11EHRETE L
=B
KR B TEATEW, (T RS, IR AR
TR SRR R AR BT, CHRER
TR R A R R R >, Rk, BRATTR
F 1) 38 4% 2 F B, AN K K EMS i A8 98 48 {4k Fg
(MEMD)H1 3545 T 24 & K R4 & Zmicel-1F1Zmi-
ce2-1 (FAYH MBI N EHZZE RBT3), X MEKH S
43 W NGRMZM2G173534f1GRMZM2G033356. £
ZHT N B S A R, B X 24 B A A 44N
ZmICE1 (GRMZM2G173534)f1ZmICE2 (GRMZM-
2G033356) (Feng et al., 2018; Jiang et al., 2022).
Hrf, Zmice2-1/2ZmICE2%: KICDS/F 41451 009f7
BRAECAR AT, ST AR HR (K& R )AL ik
W (& R); Zmicel-1ZmICEL1%E [KCDSF %1 %
6501 I AL HC, FEEE217 M R ER K (i
FRYE LT (PR ER). X iR 24 2 5878 (1) 58 A8 44 43 3l
FARRFPAE, AT R 4 e AR DR A I 38 IE

HH () FRAE S, 7215 9 2 FZmicel-1/1Zmice2-1
aiG(E). SXTH(E A RB73)FHLL, Zmice2-14)
BHIRR B R, Bk, ARG K1
At B R, i K R B RN (A, B),
H Z 7835 (P<0.01). B A& W, sent
G, BFALRARGS, RPN, KTES B (B

JAC WL ok ZmICE2 REEESILKE 869

1A, C), BEARRAAMMKK B LEB731ER | 2218, {21y
REIEH AR K, RS B ARE AT = 20 5 B 50%
Zmice2-1HERGRAL ™ 5 K8k, fek &N, K
BB R BETFAE BN,  HUERERE AR LX)
HEUIN, MR B PR 45 S RE BT 3 I 2 PR AR
Zmicel-17HifE Lt — OBl |/, KA 5B737
BEZES, HNFM—OWE, R Rk,
M T sy Py o) 55 3 ot AR B, R I B R R (]
1D), BEEMMRMIAELR, MRk 2, B737F
R AK, HZmicel-14 KRS, #a thB73 &
FIRAS, TERKILTEIL, REH 2R,
GERZM, FIEAEKMERE, ER AT
(FME). R, Zmicel-1i = IRk, Hbkmih
B73[¥130% (KI1F, G), HmtFrafisth, Mgk B
CGERE I MERERR, ASReRhmERCk A 22, AiG AT .

2.2 EHET{EZmice2-1F1Zmicel-1MHREFE
JE R R B BT (A SO, 2015, 2020a) WL %£B73.
Zmice2-1F1Zmicel-1%H (553 4 )R 41L& J
orAa, BT Fr AL S A1 1 3R Rz Ji ~F- 40 P 52 B0 2 1
HeFl, AASFLIE R AN R B K g HE g, 3R B
W, 25K FL2 18]t 42 5] B 3—4 51 3 [ 4l 51), H.2& 7
AL SN H (lobe), SRR IRE (KEI2A, B). 4R,
FEAA R /LT Hh O %%, Zmice2-1H A AT WK 2>
BORAAS AL, SALSI AR R 2580 (KI2B, E), AR i%
KBRS, 15 fEGMCRY B, AKaedk sl
HE 3k, TiEERGERRNSILEM(E2B, E, Fisk
FioR), 3B BATH T 1SRRI R KK
Y H I HESIRE S0 43l Ge it B73F1Zmice2-14) i (56
3. AM)FIER P (B512. 13 IS FLE FE A< fLTE
K, 2 3R WA B BRI A 3 BR AR, O R
10%—-20% (&3). ZmICE2%: K535 S8 fL R R UG
Y MR K B A TR IGMCs, IS IASBEREAT S
FLAR AN IEH B4y A 401k, TVE T e B <AL,
FIAZmICE2E: R S ALK B e 7 i 1E

A R 3 3 A B ATV W 22 B 73 M1Zmice1-14) i
FR AR A, RIZmicel-15fLERAL(K
LI AIHES 53 A7 ) B 2 H Zmice2-155(&2C, D, F),
43 B4 1HBT73MZmice1-14 (553 4 ) 2 (5
12, 13 FLE E A fLIe %L, KA kZmicel-1
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% 200+ $.E>, 80
% 150 E 60-
< 100 T 2 40, o
S 50- 8 20
o
0 0
B73 Zmice2-1 Zmice1-1 B73 Zmice2-1 Zmice1-1

Bl Zmicel-1F1Zmice2-1 54544 1 1 FH i) 3 7Y

(A)~(C) Zmice2-1Z5 44, IR F R, HHRAED; (D), (E) Zmicel-158354k, FM—OWIIF4G MBI (MR, J5 IR
HFEIAE; (F), (G) Zmice2-1H1Zmicel- 14k = AL 1 FE bl ot IR S5l 25 PRI (3R 22 A 2. 38 (P<0.01)) . (G) B B FZmicel-1
o PR —EARRER T MR, Kb Gt BEAL y A BI6H B B Hh T ) & . (B), (C), (D) Bars=10 cm; (A), (E) Bars=20 cm

Figure 1 Field phenotypes of Zmicel-1 and Zmice2-1 mutants at seedling stage

(A)—(C) Zmice2-1 mutant showed yellow leaf phenotype and short plant type at seedling stage; (D), (E) From the five-leaf and
one-heart stage, the Zmicel-1 leaves gradually began to turn yellow, and the phenotype became more obvious at the later
stage; (F), (G) The plant height and ear height of Zmice2-1 and Zmicel-1 were significantly decreased compared with the
control (** indicate extremely significant differences (P<0.01)). In the figure (G), since the homozygote of Zmicel-1 had not
developed a female spike, the spike height was calculated as the height from the ground of the fallen 6 leaves at maturity stage.
(B), (C), (D) Bars=10 cm; (A), (E) Bars=20 cm

B73 Zmice2-1 Zmice 1:_1_ )

Figure 2
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JASCHASE: oK ZmICE2 L HF#ESILRE 871

B2 Zmicel-1F1Zmice2-15 434S FL 43 4 & =,

(A) B73ZJJE§HJF}#%?LB&Z*<§9EHH@iﬁ(V]"%?LI‘ﬂF}%VV?@&K?HﬂH@, B INHES); (B) Zmice2-14h S L A % Bz 4 i B =X
(TR R /NP B S AL % 5 B BRAIG); (C) Zmicel-14h S AL A R AR E R (S5 BE W% 2 57+), (D) B7T3RE4IES; (E)
Zmice2-145 5L AR e Al RIS (S ALELH D), (F) Zmicel-145 sEiAmt B S AL AR B Al 45 (RALFF BERE ). #iskden AR E
S fL. Bars=20 ym

Figure 2 Morphology and stomatal distribution of Zmicel-1 and Zmice2-1 mutants

(A) Schematic diagram of stomata and epidermal cells in leaves of B73 seedlings (with one stomata spaced by one epidermal
long cell in a monolinear regular arrangement); (B) Stomata and epidermal cell schema of young leaves of Zmice2-1 (there
were only a few stomata in the same size field of vision, and stomatal density decreased significantly); (C) Stomata and epi-
dermal cell pattern of Zmicel-1 young leaves (showed no significant difference from the control); (D) Epidermal cell morphology
of B73; (E) The epidermal cell morphology of Zmice2-1 (in the setting stage number of stomata reduced); (F) Stomatal mor-
phology and epidermal flat cell morphology of leaves at Zmicel-1 setting stage (with increased stomatal opening). Arrows
indicate immature stomatas. Bars=20 pm

A o0- 03¢ m4n B 180 12" m1s®

160 -

& 904
804 140 1
701 120 4
£ 604 S 1004
501 804
o 60+
204 404
ﬂ gl We-
0 0

Stomatal density (mm™2)

Stomatal density (mm

Zmice2-1 Zmice1-1 Zmice2-1 Zmice1-1

25+

O

03¢ m4e 0120 m13"

L0 1.]

Zmice2-1 Zmice1-1 Zmice2-1  Zmice1-1
B3 B73fZmice RS LEE LS FLIESL
(A), (B) Zeit283. 4l FIEE12. 13 S FLE &, Zmice2-15 L% B HE A 2 35 PR, Zmicel-15 L% TG & 3% 42 1k (n=200); (C),
(D) Biit583. 4 FIEE12, 13 S FLIE %L, Zmice2-1 S FLFa Hiont Btk 2 2 B 1K, Zmicel-1 K fLIEHUL 2 % %1k (n=200), n=200
FoRGIH A ALEH @15 RS, 3 EYEE S . ** P<0.01

O

304
254
20

20+

154
15
104
10+

Stomatal index (%)
Stomatal index (%)

51 5.

0

Figure 3 Stomatal density and stomatal index of B73 and Zmice mutants

(A), (B) The stomatal density of the 3", 4", 12" and 13" leaves was calculated, the stomatal density of Zmice2-1 was signifi-
cantly lower than that of the control, while the stomatal density of Zmicel-1 showed no significant change (n=200); (C), (D) The
stomatal indexes of the 3“’, 4% 12" and 13" leaves were counted, Zmice2-1 stomatal indexes were significantly lower than that
of the control, while Zmicel-1 stomatal indexes had no significant change (n=200). n=200 represented the statistical number of
stomata (=15 microscopic fields) and 3 biological replicates. ** P<0.01

XA L R R AR B ARG (EI3), REME R 8 B2, H2IL ORI LLRIBT73K,
Zmicel-1H A7 78 — B S FL A1 4 i AL B 2R 1 R 1Y HZmicel-1FLK FEAHELXT AR, BEfE s 5, 2T
(K2C, F, BaFkprR), (HbTSFLAERIEnsR FTE(KI2C, F). FRZRRE, RERZmice2-1/11K
T ERSAEE, HFERSERALEEMSIL  FLRAEMAE, FikjE8E%Zmice2-1 @ T 7t .
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2.3 ZmICE2EANREFPHEEERER
A5 AR 040 7 7+ SCRM/ICE L L X (AT3G-
26744), 7ERice Genome Annotation Project (http:/
rice.uga.edu/) H & A [F] 4 B rbock 1 ] Y5 2 B
TE P RAEHE Y K FE (Oryza sativa)H (1 [F] Y5 &
[A/20sICE1 (LOC_0s11g32100), — A4 A5 ()
A Y5 3% K NBdICEL (Bradi4g17460), =K i1 [E I
F K iy 4 NZmICE2 (GRMZM2G033356), tH4mh5
bHLH#: 5 K+, Hoe [V R R 45 R L3R 2.

24 AEIFPICELRIFEE AR TFMHRFHL ST
7£ NCBI % 5 J# (https://www.ncbi.nlm.nih.gov/) /it
17 Blastbbxf, A& BIAH B 2k DN 2 i 2 1 K 2 BRI Y
#1, HIDNAMAN# A BEAT [FIJE 1 HxS 70 Ao 45 R K
B, ERNEF T KRG oK. AHAE AR RN = 2 (Sorg-
hum bicolor) 547k o ()[R U519 68.80%, HE
TR 5 HI A AR 5T (I 4A) o 4n Sk 0L H-FE 0 98L /e 7+
FPA R R, A LR B ) £ oK ZmICE2 5 7K 78 4%
ICE1HI R AL 751, [FlETE = 1584.93%, HAEEK
v S i R R B = (JA.95.04%),  [RIE B AL R 4t
B 3t B, ICEH I 7E =y S A A gk Ak B A X £k
5, ATRERIEMFEIThAEE(KI4B, C). Likghi Rz,
WEIFAUCE s H 5 7 HAEY), JUH R ARARFHE
VKRG KA G B R AT I 2 BRI 7 1 Al R I
PIRE G 2R, 900 I o 1) [R] YRS BR T RE A AEAS [R] 2
JERI 2S5 B, BT B oKRZmICELRIZmICE2: K 1)
REH A B A=

W2 ZmICE2(EA [FI WA e ) 2 DR 25 % Dy R

2.5 ERKFETKZmice2-1FIB73EEFA T

NP ZmICE2 42 LR E W4 FHLHI, F-ATTXS
Zmice2-12E SR EMAMBT3 (B4t v, it
— D, EEUE 3O AT R S I, W3HES,
29 4%5 AB73-1, B73-2. B73-3F1ICE2-1. ICE2-2.
ICE2-3. #4ls 43 b KB, B73-3%# 5B73-171
B73-245 BRI R ZERBUR, KIS FRB73-3 10l 7 %
5, HB73-1F1B73-2 150 #5347 LL X o3, AH G
i a R RAF(EIBA). FsH /iR, Zmice2-15
B73fH LA 3 416/ % FRIAHRF, MAE BRZE R
RIBFERE 2 (A6 m AR LRER, SE0RKT
V) (BI5B). X 7 I8 HE R 3E AT R I8 40 #r, 1K
AR HFE R K Dy Be B LA B R R AN DhRe . R [R) 2 26 ]
AR R A AR D Re, B IR 2 5 A A AR
2 I B o R JZ R FE (H-cluster), K FAH L1 &
BT A B AR, AR E i x FIEA,
TS 3 DR B] PR AFDGT S B, e i A 4R 6 R 1 R 0 e 9
L5y AN (3. 2% (subcluster), M43 145 H [R5 7
12 R IR FEH (KEI5C). 25 3% B, Zm00001d044685
(4mHi%plt7-phospholipid transfer protein7). ZmOO-
001d023984 (4wf3TIDP3581). Zm00001d006170
(4mtSereb65-AP2-EREBP-transcription factor 65).
Zm00001d015092. Zm00001d013493 (%lZlox5-
lipoxygenase5). Zm00001d038840 (4wflvdac2-
voltage-dependent anion channel protein2).
Zm00001d019312 (4ifhbgafi-beta gluco-sidase
aggregating factor1)#1zZm00001d0131333& [A 7F

Table 2 Gene code and function annotation of ZmICE2 in different species

Species Homologous gene

The function of prediction

Arabidopsis thaliana AT3G26744

Oryza sativa LOC_0s119g32100

Brachypodium distachyum Bradi4g17460

Zea mays GRMZzZM2G033356
Sorghum bicolor Sb05g019530

Vitis vinifera GSVIVG00008637001
V. vinifera GSVIVG00032998001

ICE87

Basic helix-loop-helix (bHLH) DNA-binding superfamily protein

Inducer of CBF expression 1, putative, expressed

Helix-loop-helix DNA-binding domain containing protein
Helix-loop-helix DNA-binding domain containing protein
Helix-loop-helix DNA-binding domain containing protein

Inducer of CBF expression 1

Populus trichocarpa POPTR_0012s10780

P. trichocarpa POPTR_0015s11650

ICE1; DNA binding/transcription activator/transcription factor

ICE1; DNA binding/transcription activator/transcription factor
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JESCHIES: ok ZmICE2 RFEESALKE

A AtICE1 MGDGNNGGGVWLNGGGGEREENEEGSWGRNQEDG. . .SS QFKPMLEGDWEFSSNQPHPQDLOMLQONQ GGFPEFNP
0OsICE1l PREHG ODDGGGDQEHGQAAPPGQEQHHH. . ... DQHLMALAAAAAGGAGFGAAQAPAPLL DAAGGGG
ZmICE2 PPEGNP PEDVDDQQOHHAPPPTPMGLGPG. . . QG HDEQNLLALASAAAMGAGGIFSSPAVL DPVAAAA
SbICEL PPEGNP PEDVNDQQOQHAPPPTPMGLVTVPAQQOG HEEQNLLALASAAAMGVGGVESSPAVL DPVAAAS
BAICE1L SGENSS QEEHDGGQDHQPAGIMGMIPMLG. .MEG GNDNEQEQLLAMAS GEFRVPGTVT GGAPGSA
AtICEl NDNLLLQHSIDSSSSCSPSQAFSLDPSQQNQILST.NNKG C SANPFDN. .AFE
0sICE1 GGAHGSMMLGLSSVHGGIGAGTSGGGHGQQFSLLNMGAAA A S TACGGVGGGGEDVVSIILGGGNIASN . . ... .
ZmICE2 AAGAQGQLLLAPPGP........ APDAGSQMESL GGA A LG...GG
SbICE1 AAGAQGHLLLAPPAP........ APGAGSQMESLENVG.G A LGGLGGG
BAICE1 AMYLGPPAPPEPQGAS...SSSGFGVASQTTEPIFNLGGA G
AtICE1 RSLLAPESNNNNTMLCGG FTAPLELEGFGSPA]

OsICEl I\ASOMPEFGGLAGFDMEFDAGAVNTGGSSSSSSAAAAAASASAHVSN!
ZmICE2 SSSAAPPPPASVSL
SbICE1L SSTAAPPP.ASVSL
BAICEL FDSFQAPPLAAPALS
AtICEL SR GAQPTLFQKRA SEGAQPTLFQOKRAR
OsICE1l 45V GAQPTLFQKRA! 1Y GAQPTLFQKRAI
ZmICE2 13YGAQPTLEFQKRA! 12Y/GAQPTLFQKRAI DKKRKVEAV
SbICE1 42V GAQPTLFQKRA! 1Y GAQPTLFQKRAI DKKRKAEAT
BAICE1l UNFGAQPTLEFQKRA! IRFGAQPTLFQKRA SAHNNNKKR
AtICEl SSGMRRFSEDEBMDETGEE
OsICEl G .ALSADGADMV. GDIBDGLSIDAS
ZmICE2 GASSGGGGDTV ADIEDDGGSID. KKDG. . .KDSNANS GATG.
SbICELl GASSAGGGDTV ADIBDDGGSID. KKDG. . .KDSNANS GSTG.
BdICE1l EEIDVDVSID. RDDGKESNNANS GAAEGKG
PN N T MAERRRRKKLNDRLYMLRSVVPIAISKMDRASILGDAIB YIL.KELL INDLENZLES
(OGN KN T MAERRRRKKLNDRLYMLRSVVPIHISKMDRASILGDAI}aYLKELL®ANINDLONZLES TIZ S FHPIFT PT)
VAol KNT MAFRRRRKKLNDRLYMLRSVVPIAISKMDRASILGDATj2YLKELL@®AINDLONBLES! Tz SFHPIFT PT
e NENKNTL.MAERRRRKKLNDRLYMLRSVVPIAI SKMDRASILGDA I3 YLKELL@®SINDLONIZLES TS SFHPIFT PT)
j2teafe NI KNL.MAERRRRKKLNDRLYMLRSVVPIRISKMDRASILGDA T3 YLKELLIGA INDLONIZLESE
AtICEl
OsICEl
ZmICE2
SbICE1 E‘TL; R JKE
BAICE1l EjNEPSIEVINNIT Y)3SAINS)ST
AtICEl
OsICEl
ZmICE2
SbICE1l
BdJICEl ) )
100% 90% 80% 70% 60% 50% 40% 0.05
B — 0.198
AICE1 BdICE1
0.085
07 osicet
OsICE1 6% 45%
— 024
- 0.070 0024 7 icE2
ZmICE2 05%
61% 00950 gpicE1
SbICE1 0.029
AtICE1
BdICE1 0.276

B4 ZmICE2[FIVE R A &1L /7 4 L B R Gk A6 047
(A) ZmICE2& A F7 H AR 57 1t 43 #7 (BB (A R AR E AR 17 51 100%AH [Fl; IR K (R IRT5%AH R, K (A% 7-50%4H [F); (B) ZmICE2%E H
[EJER 3#7; (C) ZmICE2E H R Gk AL 43 4

Figure 4 Sequence alignment of amino acid sequence of ZmICE2 with its homologues and phylogenetic analysis
(A) Conservative analysis of ZmICE2 protein sequences (with black indicating 100% identical amino acid sequences; dark gray
means 75% the same amino acid sequences; light gray means 50% the same amino acid sequences); (B) Homologous tree
analysis of ZmICE2 protein; (C) Phylogenetic tree analysis of ZmICE2 protein
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(FATARRAN R, IUCRADFEM); (D) FRARIE LR (Zmice2-11HZmICE23 A 1K)

Figure 5 Cluster analysis of differentially expressed genes in B73 and Zmice2-1

(A) Sample correlation analysis based on differential expression gene; (B) MA map of differentially expressed genes (each dot
represents a gene); (C) Cluster analysis diagram of differentially expressed genes (each row represents a gene and each
column represents a sample); (D) Boxplot of transcript expression (ZmICE2 expression decreased in Zmice2-1).

Zmice2-1 R 48 fA h R 3E M i % T 1; Zm00001do0-
43968 (Zmtiimybr89-MYB-related-transcription factor
89). Zm00001d048226. Zm00001d021208 (%fH
ereb115-AP2-EREBP-transcription factor 115). Zm-
00001d011919. Zm00001d013956 (% filtip3a-tono-

plast intrinsic protein3). Zm00001d023994 (%15
glu1-beta glucosidase1). Zm00001d011123 (4wt
IDP535)#1Zm00001d034839 (4w fpap2-purple acid
phosphatase2) & [A 7. Zmice2-1 1 & 1A #) & 2% L
(KI5C). Zr i 44 By AR AR K M EE R, FH
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RT-PCREATIGHIF, 45 H BRnRAZEF 5 T4 (-
SD)WI4 . MIERRILMFEL B LLE H, Zmice2-1
BN — NI RAL R 5 RAGK, (HZmICE27E R
AR B R IA B 2 R R, £Zmice2-1hERIE
i FC(EI5D). A H 51 IRT-ICE2F MRT-ICE2R
HEAT LI 9% % s B PCR (N 2 4 A 5] 4 GAPDH
(1)), £ T B735Zmice2-1M K+ ZmICE2%: A
MRIA R, WIEFEHEFME R, BZmICE2REFTE
Zmice2-1 R A8 & 1 (1) R ik & L xf B B73 B K &)
30.0% (Fdik EoR).

26 HFREShERTREEEMINGES A

X} 7 5 B R AT R K i, FIHGO (Gene Ontolo-
gy) M4l 4H 43 (cellular component, CC). 4> T ik
(molecular function, MF)#14: #) % it % (biological
process, BP) 34y i I K Thas . iEEUAA 3
R 204N VE B I 2 (1 GOslim (1) — 2% 4 2K ik 4T 2 &I (B
6), &KW, ERRILFENEEFEMEBPHIME
WG A A e B A

JAC WL ok ZmICE2 REEESILKE 875

2.7 EXKETRZmice2-2RFHREEHKIGRE
ESEiSh g iy

N T B IRUFZmICE21 % B KRS FLIE MG R K
B, RO ZmICE2 AT He X 44, 345 204k % 5= K]
i 5 R(ETA-C, FALRMELN B4 :B104). X %
FE DR R AR HEAT 26 70 % s AL DR AN, 45 SR R T
SRR g ENK, ST RERE, HP1MR
afi SRR TR R I H 3 R BY(EI7B), HASIGRT,
REM, FARMHEAREZ(KTD), e N
Zmice2-2. ML H IR LIRS, KIS X IEARLL,
Zmice2-2MM & S ALAI ok KES AL, RILARA
A5 i 7 AR T2 M BEAH BB B, AN REKR B RE S AL
(K7E, F, BEFJoREESIIL). W EAFEgHER
B S AR Hp A 7 31 55 A AR SR AR AR, R AW 5 Zmice2-
TR IR 45 7841 30 0F T ZmICE243 il £ KR KB
BEM. R ZMICE2IREBHATIRANI L, 47
DRI R0 e R SRR S5 A 1A 4K, IR 383 Chip-seq &
TEFREEEA, BT SILUR B RRIGrEHE
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Figure 6 GO cluster of differentially expressed genes in B73 and Zmice2-1
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B7 ZmICE2% K 4iiE 5eAr ik 7

(A) ZMICE2 L F AT, (B), (C) ZMICE2E: R 44 To R i 2 R H AR FE R Y ; (D) ToAREE R IR M AR R B (1 H 8 4L); (E), (F)
X} @ (CK) 5 zZmice2-2% S ALK (Zmice2-2 K &S FLELK, NEETLRIEH S FL). fiskigmk R & RS IL. (A)—~(D) Bars=10

cm; (E), (F) Bars=20 ym

Figure 7 Phenotype of ZmICE2 gene editing mutant

(A) ZmICEZ2 transgenic test-tube seedlings; (B), (C) Phenotype of ZmICE2 gene editing T generation transgenic plant in field;
(D) Phenotype of T, generation transgenic plant in field (leaf yellowing); (E), (F) The epidermal stomatal schema of control (CK)
and Zmice2-2 (Zmice2-2 lacked a large number of stomata and could not form normal stomata). Arrows indicate immature

stomata. (A)—(D) Bars=10 cm; (E), (F) Bars=20 ym
ML

28 Wig54%R
SALRAEY) 5 A TR AT 7K o3 RS 4 1) 3 22
WIE, F A K o B SR AR EEAEH
(Zoulias et al., 2018; & L4, 2022). KEZHAEM
(WK ARG FK )R 2 RAFHEY, SR ALHEZFI
SR 5 e YR AN (Liu et al., 2009; Hepworth
etal., 2018). RAFHEM I AFLLER YR F 2 21 )
WS, I H B @R LY. fEE RS
(AR BEANWT N, T R0 S AR, ™ A
WA A, TERTKBUEYBaEERE. AL
FE RSB BTR Be I A T B, RIS
ANWTAR A RS (R SO SR, 2022) BRI, BF 58 R AR}
TV SALK B W0 T ALK R 2R R 5w (P 7K 43 )
R, R ATK R EY) B9 58 BER BL Al

WHFCR DL, T TE B T, <AL 5
1k 35 5% %] —J5bHLH 5 % (basic-helix-loop-helix) #4 5%
iR, FEARESCRM/ICET. SCRM2/ICE2,
SPCH. MUTEMIFAMA (Liu et al., 2009; Raissig et

al., 2017; Hepworth et al., 2018; Serna, 2020). #174
JFAICELMISCRM2IIhAETUAR, 1M ARAFHEY H X
2R DR K A a4k, 23 ol s SALR B A TE
I BX (Raissig et al., 2016). ICE1/SCRM27E K 34k,
R A T AR S B TR A, LR O
ICELMISCRM2 2 H T =B R L KN HE =4 12
A FENREE, MR ARHEY) HICELFISCRM2 2 H
SRR A A, AT D Be A AE 4 K (Raissig et
al., 2016). 7E S AEA) RN R, STL (STOMA-
TALESS) %k K] T & i 2% 5 B0 i i AN Be T =L AL,
It H. CUIE 3 STL A [R5 2 400 7 7% 5 /K F& HH ICE LI [F]
JEEEN, BAICELDREGR A S BOVE AR AL, Uil H#
AR 1) AR R DL S SR LB R R B, FERL RS IF
scrm/scrm2 4§ A W 5 A A A fig tH X — R A,
Ik, BASCRML AT B8 HF 5 M 1 7E < L & 41 A Hp fig ik
GMCJH 1 (Raissig et al., 2016). FJ /3 X 4 45 4%
ARIR1G T bdscrm2 74844k, HIREE L GMCsHISCs,
{H2GMCsAREIE W 7+ %, KB BASCRM2I)fE ik [
KA GCs A A TALE B 1K, NRe UK
ARSI, LT /K FEOsfama- 1R AR R AL .
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I, BASCRM2W] g £ %2 5 GCs i 43 b, K IX
YFP#5ic i) BAICELAIBASCRM2, H gE1E S £L %40
A6 2 %< 9% (Raissig et al., 2016; Wu et al.,
2019). /KGR 5RA A Osicel-2 4 58 4 %A S 4L, 33
RALROsicel-1 AL FERIZL/>, FEA AR T] U T
AR5 73 2= e D B A AR 2R, (HR Se 45y
EAGURRBHRALKE, A — A /INR R B2 41
Jifl, 681 OSICEL i 2 e s A~ 55 3 R AU 7 A= 4 21 3]
GMCHI 34k, 5 AR R 42 ALK & DI RES
LA(Wu et al., 2019). 7£Osice1-2/Osice2-1 X T2k,
J5R 3 B A P 52 A AN BE AR AR AN 55 73 RN AN, 7 AR A 41,
KRB A AR RS R AT AR 4E i, i B OsICEL Al
OsICE2DRETUAR, HLFAA#E LK E, HOSICEL
EFEMEF(Wu etal., 2019). /KFEOsscrm2-1 750 &
HISFLBRIB R, 2 iA0sICELRIOsSCRM2 1t 7 B
BHAALERS, RUPRAFHEY) T ICELMISCRM2 7]
RE 52 3 7™ 4% 1 &R A2 0 T 45 O R (WU et al.,
2019). FRBFALE RS HATIE TR P WL R 1R A
JEH AL Zmice2-19 R A D IEH <AL, H
R, BRI, EKEFE6-THIET, &
FRMAAFEWMEEZRK, HEAGKETE;
Zmicel-1, S FLEE R 23 (B HE B FE AR IE (2, B
3)e N T HE— R A ZMICE2E i S fLIK G 42K
I, FFEWEKRE G BB AR,
Zmice2-1H 21 H 60% L 7 A H LR I RALKE,
KAEIRTFGMCs I ThRE, 1R 2 GMCsA BEZEAT 41 fd A
VSRR, BEmEIEER A, LiRgRERH,
ZmICE2 ] fg IE 42 5 AL R4 M, LA A& M)
GMCH 7k, st 42 i H AL SR K & - H i
%5 B 1 Zmice2-1/Zmice 1-1 XU 5 A8 44 1 JL-F- WA
FIRAL, ArREH R RALER KA, B HZmICE2:E H
TE R I S ELRS AR K B D Be LU AR ST

UEAh, RHLEE T ST R B, AUCE1 I BERR AL |
R AL . 2 RGBT R A S 5 1B i AR R
ICE1 2 ([ 1% 7% & 2% # # (Chinnusamy et al., 2003;
Kidokoro et al., 2020). fff 5. B, AtICELid it f2 i 48
YK RIS ENE B 1, DhResh ok RARAAZIE
TELIATERL. AERIE TR B R Z AR BR A 35 e =
MIAE LMK 512, 1624 1) % s 24050 Hr W 7s AtICE L
25 10 R 5 7K 43 da e A T as A DG (Wei et al,
2018). T KTARfA, [FIFE M %E EZmice2- 1HE #k

JASC WL ok ZmICE2 REEESILKE 877

K N A R N, AR R HEREAR /N, o B O D,
B IEPRAR, 252 R (E1). Zmicel-11 #AFR M 5 xt
IR ZER, HEEKE M —OM, i )&EEZE
BRI MR, HBEAE AR ARG, PRIRB R B B
B, &Rt KE MRS (E). BLE
SERULH, FOK2AICESHE R RAL 5 LI H LB
KM, Z 5B MREAH RS RS, HaRRE
RRANAE R B2 MR . AT AR R, JURIIF
AtICE 12 ¥4 i 75 3 AR T it v S S I 9 R
4 T IE 5 T 1R B 3% e i 32 22l 1 ICE1/SCRM EL#%2
454 % CBF3/DREB1A (C-repeat Binding Fac-
tor3/Dehydration-Responsive-Element-Binding pro-
tein1 A) )54 5 % 1 SR i B 74 i e (Miura et al., 2007,
Ye et al., 2019). AtICE1% [ 1%tk iz =ik
HOS1 #1SI1Z1 & [ 8 ¥ J5 12 1fi K 4k 7 (Dong et al.,
2006; Miura et al., 2007). ¥ /KFEOsICELFIOSICE2
FEA A I I 2Rk T I S G UL R T T R T SE
TRV B A8 S 87 = D] (R0 Hh A H IR R AR, T
W R T A 1 (Deng et al., 2017). JiangZ%
(2022) 45 & i 4y P E AR 2 S H R IE 7R T 815
5B N T ZmICE H B 7 X A AR R 5 K
AR KR, ZmICE1ES T AR R kw1 %
BE T ZmMYB39/) 45 & 26 A1 )1, ZmMYB39 72 £k
i FE M R IE 1) 15 R, 3B ZmICEL ) s F i 7€
PEAE H A8 R IAAFAE AN R RE (0 22 57t o %A R W)
ZMICELEF M 2 5 K KW a2, E T
ZmICELA Y B # i DREBLE K {1 ik, i@ it 1
37 g R TR A U AR P S /K~ U 2 oK i Iz AR IR ) 73
T MLl (Jiang et al., 2022). Feng%%(2018)% &
ZmICE1fE50paquet1 (O11) B #AH HAEH, 5011
L R S 4 kR ZmYoda, ZmICELfE 45 & Zm-
Yodal a3+, TAERIR M .

P S ALE LA ALIT SRR S = A Y 5 e
JIRK A FIFHREE, TR, AL BRI G i
e — P AE R SR AE BT R MR T B (Gao et al.,
2018; Caine et al., 2019; k— = 5%, 2021). i1, &
K & o id % 7X OsSDD1 (Stomatal Density and
Distribution1-1)f10sDT11 (Drought Tolerance 11)
FEDN, B BE DR R AL B I RS, KA IR b,
AR OS5 B i 32 17 S5 25 189 51 (Yoo et al., 2010;
Lietal., 2017). fEMH= i FIL £ KZmSDD 1A,
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SALEE FEBRAR T 50%, e 5 DR 00 B i 52 1 398 i (K1) 4
%%, 2014). Caine:(2019)id@ it it F ik KRG K 7 A5
T OsEPF1 ¥ K B 15 5 M/KF, s r=/KiE
IRGAME R TALH FE R KBRS, RALF ALK, Bt
T A R A RE T WS PR . KRR R B S RAR
M Ipl2-1 7 L% B8 AT AL FE 35 LRt HEAR 2 35 3 K,
TN T 5 1 S UK (B U A, 2022). BRE &
(2017)WF £ W, Zmstomagen & LK< fLA & I IE
W T, FH CRISPR/Cas9 & [ 4 4+ A 3% 15
Zmstomagen-like 251k, S5IFARIA L, F K24
AR F R R AL FERE K T 63.3%, S FLIE
K T757.2%, HAALGERERTHAY, 2
PEME AR, T RE P ECRILE B RN R A —
EREERARA, SIEZABIERAOLEER S, A
SEEYIMPTR e 1. M2 BT RMba )5, ABALK
SAALIRIE O, SALFERAS, Bk iRk
(Quetal., 2017). fEEARFERGKED T, FEEH
TE IR B A& I DhRedEH R 5F, ZmSPCHs
(B H3IANFEPEIR). ZMMUTEs (Wang et al.,
2019). ZmFAMA. ZmICE2HIZmICE1Z4 e & 5
SALRAMI 735 4k, 5 SRR X B R R4 TR
NWEFE, LA BA B A S L AR 4 M T 2 s A ) 1
FEMI4 o I St A (B i 4 2 R ) o 8 A TR
SIS AY, B Sy B FIRE T8 AS ] 2 2 3 1) R T4
BRI A, RIRA I H] ALK B B ¢ B
FER (RN ES, 2017), X B K728 T 8 3 f N i
ROPER, AL AL B R R g R 55 0 7 B A F B
B WE LR AKHERE, SR HEARAE YIS = A RS,
SRRl R A B2 (A £ 925, 2018).

KA TR T 24 W T ALK F
(AtICEL Al AICE2) 7£ & oK 1 1) [A] 5 5& PRl 5% A% fA
Zmice2-1F1Zmicel-1, X} 37 17K 1 45 e A st
&R M, IEMZmICE2Z 5 iE S fLIEBE T,
il HMIAIGMC, GMCHGCHI &R BilfE, ZHhkE
R 5 R A B AL, AL R AR FLER H0Y
b Xt HE A 2 25 BRI

Bst 2ot B R LA R A M H KRBT IR A S
B0 R Ao -8 0P 18 5 RS D AR A R AR AT
Rt 2 M K AR & ARHIR 3T AR S50 35 5 A3 8|

SEH

MR, B (2017). EWSILKE Wy TiE s, hER
e Akl 47, 798-807.

B#&EZ (2017). L KkHSTOMAGEN-Like: RS ILEE
DR A, g, BT ) PR pp. 35-60.

XIFEP:, WiFH, ZBFZE, BER] (2014). ¥ £ KZmSDD1%E K
JHE PR S ALE IR m bt B . AR %R 50, 1889—
1898.

4T, fHEE, EME, XD (2017). AR A ROR &
HAEEY R ARt b R . R 52, 788-796.

FidbLE, 20, T, 4%, BiRT, AR, B8k BRE
(2017). AKFAEEYILR IR FER. B2k 52,
235-240.

TRF, WEX, THIE, KRB (2018). HY LK EHLH]
W R, MY 53, 164-174.

K—5, Kb, MKEERAR REHNHE, KEZ (2021). 7
T F 3K 1 1) 7k 8 SCABISEE Rl U A B I A AL R IR I
PLEE. YA 56, 414-421.

JASTH (2015). K FE R K E LPL2FIDSPLE: F o
FES DR . RS =M 22K, pp. 38-66.
RO, BmBR, EBRR, BESR, XIEH, WA, [AEE,
JAEE (2020a). 7KHEFN K 32 57 5 A AR 1) i 126 14 5E

Y4 56, 189—-199.

RSCH, EBER, AER, MR, BER, XEH, ERE,
fTHEZE, EEH (2020b). EMSAZE T K [ 58 R 505 A1 B
. TKAl: 28(6), 31-38.

FAEE, £EE, FXH (2018). MR KB REN S T
WM. Fdbk 4k 27, 609-616.

AXH, BRE, T/, LHSE, EH%R (2022). K5
OsLPL2/PIRIE K H Rl E LT IE. 1EH2- 4k 48, 1401-
1415.

BEM, HiE% HKR (2022). #2410+ ABARE S
BLHIBE A . P 57, 684-696.

Bergmann DC, Sack FD (2007). Stomatal development.
Annu Rev Plant Biol 58, 163-181.

Caine RS, Yin XJ, Sloan J, Harrison EL, Mohammed U,
Fulton T, Biswal AK, Dionora J, Chater CC, Coe RA,
Bandyopadhyay A, Murchie EH, Swarup R, Quick WP,
Gray JE (2019). Rice with reduced stomatal density
conserves water and has improved drought tolerance
under future climate conditions. New Phytol 221, 371-384.

Chater CCC, Caine RS, Fleming AJ, Gray JE (2017). Ori-
gins and evolution of stomatal development. Plant Physiol

© 0000 Chinese Bulletin of Botany



174, 624-638.

Chen ZH, Chen G, Dai F, Wang YZ, Hills A, Ruan YL,
Zhang GP, Franks PJ, Nevo E, Blatt MR (2017). Mole-
cular evolution of grass stomata. Trends Plant Sci 22,
124-139.

Chinnusamy V, Ohta M, Kanrar S, Lee BH, Hong XH,
Agarwal M, Zhu JK (2003). ICE1: a regulator of cold-
induced transcriptome and freezing tolerance in Arabi-
dopsis. Genes Dev 17, 1043-1054.

Cuming AC, Cho SH, Kamisugi Y, Graham H, Quatrano
RS (2007). Microarray analysis of transcriptional respon-
ses to abscisic acid and osmotic, salt, and drought stress
in the moss, Physcomitrella patens. New Phytol 176, 275—
287.

Deng CY, Ye HY, Fan M, Pu TL, Yan JB (2017). The rice
transcription factors OsICE confer enhanced cold tolerance
in transgenic Arabidopsis. Plant Signal Behav 12, e1316442.

Dong CH, Agarwal M, Zhang YY, Xie Q, Zhu JK (2006).
The negative regulator of plant cold responses, HOS1, is
a RING E3 ligase that mediates the ubiquitination and
degradation of ICE1. Proc Natl Acad Sci USA 103, 8281-
8286.

Edwards D, Kerp H, Hass H (1998). Stomata in early land
plants: an anatomical and ecophysiological approach. J
Exp Bot 49, 255-278.

Feng F, Qi WW, Lv YD, Yan SM, Xu LM, Yang WY, Yuan
Y, Chen YH, Zhao H, Song RT (2018). OPAQUE11 is a
central hub of the regulatory network for maize endosperm
development and nutrient metabolism. Plant Cell 30, 375—
396.

Frank MJ, Smith LG (2002). A small, novel protein highly
conserved in plants and animals promotes the polarized
growth and division of maize leaf epidermal cells. Curr
Biol 12, 849-853.

Gao Y, Wu MQ, Zhang MJ, Jiang W, Ren XY, Liang EX,
Zhang DP, Zhang CQ, Xiao N, Li Y, Dai Y, Chen JM
(2018). A maize phytochrome-interacting factors protein
ZmPIF1 enhances drought tolerance by inducing stomatal
closure and improves grain yield in Oryza sativa. Plant
Biotechnol J 16, 1375-1387.

Han SK, Qi XY, Sugihara K, Dang JH, Endo TA, Miller KL,
Kim ED, Miura T, Torii KU (2018). MUTE directly
orchestrates cell-state switch and the single symmetric
division to create stomata. Dev Cell 45, 303—-315.

Han SK, Torii KU (2019). Linking cell cycle to stomatal
differentiation. Curr Opin Plant Biol 51, 66—73.

Hepworth C, Caine RS, Harrison EL, Sloan J, Gray JE

JASCHASE: £oK ZmICE2 BFESILKE 879

(2018). Stomatal development: focusing on the grasses.
Curr Opin Plant Biol 41, 1-7.

Jiang HF, Shi YT, Liu JY, Li Z, Fu DY, Wu SF, Li MZ, Yang
ZJ, Shi YL, Lai JS, Yang XH, Gong ZZ, Hua J, Yang SH
(2022). Natural polymorphism of ZmICE1 contributes to
amino acid metabolism that impacts cold tolerance in
maize. Nat Plants 8, 1176—1190.

Kanaoka MM, Pillitteri LJ, Fujii H, Yoshida Y, Bogen-
schutz NL, Takabayashi J, Zzhu JK, Torii KU (2008).
SCREAM/ICE1 and SCREAM2 specify three cell-state
transitional steps leading to Arabidopsis stomatal diffe-
rentiation. Plant Cell 20, 1775-1785.

Kidokoro S, Kim JS, Ishikawa T, Suzuki T, Shinozaki K,
Yamaguchi-Shinozaki K (2020). DREB1A/CBF3 is re-
pressed by transgene-induced DNA methylation in the
Arabidopsis icel-1 mutant. Plant Cell 32, 1035-1048.

Lau OS, Bergmann DC (2012). Stomatal development: a
plant’s perspective on cell polarity, cell fate transitions and
intercellular communication. Development 139, 3683—
3692.

Li XM, Han HP, Chen M, Yang W, Liu L, Li N, Ding XH,
Chu ZH (2017). Overexpression of OsDT11, which en-
codes a novel cysteine-rich peptide, enhances drought
tolerance and increases ABA concentration in rice. Plant
Mol Biol 93, 21-34.

Liu T, Ohashi-lto K, Bergmann DC (2009). Orthologs of
Arabidopsis thaliana stomatal bHLH genes and regulation
of stomatal development in grasses. Development 136,
2265-2276.

Lu XD, Liu JS, Ren W, Yang Q, Chai ZG, Chen RM, Wang
L, Zhao J, Lang ZH, Wang HY, Fan YL, Zhao JR, Zhang
CY (2018). Gene-indexed mutations in maize. Mol Plant
11, 496-504.

MacAlister CA, Ohashi-lto K, Bergmann DC (2007).
Transcription factor control of asymmetric cell divisions
that establish the stomatal lineage. Nature 445, 537-540.

Matos JL, Lau OS, Hachez C, Cruz-Ramirez A, Scheres
B, Bergmann DC (2014). Irreversible fate commitment in
the Arabidopsis stomatal lineage requires a FAMA and
RETINOBLASTOMA-RELATED module. eLife 3, e03271.

McKown KH, Bergmann DC (2020). Stomatal development
in the grasses: lessons from models and crops (and crop
models). New Phytol 227, 1636—16438.

Miura K, Jin JB, Lee J, Yoo CY, Stirm V, Miura T, Ash-
worth EN, Bressan RA, Yun DJ, Hasegawa PM (2007).
SIZ1-mediated sumoylation of ICE1 controls CBF3/
DREB1A expression and freezing tolerance in Arabidop-

© Q0000 Chinese Bulletin of Botany



880 MR 58(6) 2023

sis. Plant Cell 19, 1403—-1414.

Nadeau JA, Sack FD (2002). Control of stomatal distribution
on the Arabidopsis leaf surface. Science 296, 1697—1700.

Ohashi-lto K, Bergmann DC (2006). Arabidopsis FAMA
controls the final proliferation/differentiation switch during
stomatal development. Plant Cell 18, 2493-2505.

Pillitteri LJ, Sloan DB, Bogenschutz NL, Torii KU (2007).
Termination of asymmetric cell division and differentiation
of stomata. Nature 445, 501-505.

Pillitteri LJ, Torii KU (2012). Mechanisms of stomatal
development. Annu Rev Plant Biol 63, 591-614.

Putarjunan A, Ruble J, Srivastava A, Zhao CZ, Rychel
AL, Hofstetter AK, Tang XB, Zhu JK, Tama F, Zheng N,
Torii KU (2019). Bipartite anchoring of SCREAM enforces
stomatal initiation by coupling MAP kinases to SPEE-
CHLESS. Nat Plants 5, 742-754.

Qu X, Peterson KM, Torii KU (2017). Stomatal deve-
lopment in time: the past and the future. Curr Opin Genes
Dev 45, 1-9.

Raissig MT, Abrash E, Bettadapur A, Vogel JP, Berg-
mann DC (2016). Grasses use an alternatively wired
bHLH transcription factor network to establish stomatal
identity. Proc Natl Acad Sci USA 113, 8326-8331.

Raissig MT, Matos JL, Ximena Anleu Gil M, Kornfeld A,
Bettadapur A, Abrash E, Allison HR, Badgley G, Vogel
JP, Berry JA, Bergmann DC (2017). Mobile MUTE spe-
cifies subsidiary cells to build physiologically improved
grass stomata. Science 355, 1215-1218.

Rudall PJ, Hilton J, Bateman RM (2013). Several deve-
lopmental and morphogenetic factors govern the evolu-
tion of stomatal patterning in land plants. New Phytol 200,
598-614.

Serna L (2011). Stomatal development in Arabidopsis and

grasses: differences and commonalities. Int J Dev Biol 55,
5-10.

Serna L (2020). The role of grass MUTE orthologues during
stomatal development. Front Plant Sci 11, 55.

Wang HL, Guo SY, Qiao X, Guo JF, Li ZL, Zhou YS, Bai
SL, Gao ZY, Wang DJ, Wang PC, Galbraith DW, Song
CP (2019). BZU2/ZmMUTE controls symmetrical division
of guard mother cell and specifies neighbor cell fate in
maize. PLoS Genet 15, e1008377.

Wei DH, Liu MJ, Chen H, Zheng Y, Liu YX, Wang X, Yang
SH, Zhou MQ, Lin J (2018). INDUCER OF CBF EX-
PRESSION 1 is a male fertility regulator impacting anther
dehydration in Arabidopsis. PLoS Genet 14, e1007695.

Wu ZL, Chen L, Yu Q, Zhou WQ, Gou XP, Li J, Hou SW
(2019). Multiple transcriptional factors control stomata
development in rice. New Phytol 223, 220-232.

Ye KY, Li H, Ding YL, Shi YT, Song CP, Gong ZZ, Yang
SH (2019). BRASSINOSTEROID-INSENSITIVE2 negati-
vely regulates the stability of transcription factor ICE1 in
response to cold stress in Arabidopsis. Plant Cell 31,
2682-2696.

Yoo CY, Pence HE, Jin JB, Miura K, Gosney MJ, Hase-
gawa PM, Mickelbart MV (2010). The Arabidopsis GTL1
transcription factor regulates water use efficiency and
drought tolerance by modulating stomatal density via
transrepression of SDD1. Plant Cell 22, 4128-4141.

Zhou WQ, Wang YC, Wu ZL, Luo L, Liu P, Yan LF, Hou
SW (2016). Homologs of SCAR/WAVE complex compo-
nents are required for epidermal cell morphogenesis in
rice. J Exp Bot 67, 4311-4323.

Zoulias N, Harrison EL, Casson SA, Gray JE (2018). Mo-
lecular control of stomatal development. Biochem J 475,
441-454.

© Q0000 Chinese Bulletin of Botany



JAC W% ok ZmICE2 REREESILAKE 881

ZmICE2 Regulates Stomatal Development in Maize

Wengqi Zhou", Yugian Zhou', Yongsheng Li', Haijun He', Yanzhong Yang', Xiaojuan Wang' Xiao-
rong Lian', Zhongxiang Liu', Zhubing Hu?
'Crops Research Institute, Gansu Academy of Agricultural Sciences, Lanzhou 730070, China; *State Key Laboratory of Crop
Stress Adaptation and Improvement, School of Life Sciences, Henan University, Kaifeng 475004, China

Abstract Plant epidermis is crucial in regulating photosynthesis, respiration, heat dissipation, and water utilization. Sig-
nificant progress has been made in the study of stomatal development in dicotyledonous plants, such as Arabidopsis
thaliana. Three important bHLH transcription factors (SPCH, MUTE, and FAMA) have been reported to be specifically
expressed at different stages of cell division and differentiation in the stomatal lineage. They form heterodimers with
another transcription factors SCRM/ICE1 and SCRM2/ICE2 to regulate the morphological transformation and changes of
stomatal lineage cells across three stages of division, finally forming the stomatal complex. However, in monocots, espe-
cially in Poaceae plants such as maize (Zea mays), studies on genes regulating epidermal morphogenesis are less re-
ported. In this study, two single-gene recessive mutants, Zmicel-1 (inducer of cbf expressionl-1) and Zmice2-1, were
isolated using reverse genetics approaches. Compared to the control B73, Zmice2-1 exhibited dwarfism, leaf chlorosis,
reduced fertility, significantly lower stomatal density and index, disrupted arrangement of epidermal long cells, and ab-
sence of spacing between stomata. Zmicel-1 leaves gradually turned yellow from the five-leaf stage and displayed com-
plete chlorosis at later stages. The homozygous Zmicel-1 plants are growth-arrested and sterile, but the stomatal density
showed no significant difference compared to the control. Different allels of Zmice2 were obtained using CRISPR-Cas9
genome editing technology. Phenotypic identification showed that Zmice2-2 had an abnormal stomatal phenotype similar
to Zmice2-1, indicating that ZmICE2 is involved in the regulation of stomatal development. Transcriptome analysis of B73
and Zmice2-1 revealed that ZmICE2 primarily regulated stomatal development by affecting cell division and differentia-
tion, participating in the formation of maize epidermal morphology. These results contribute to a better understanding of
the mechanisms of epidermal morphogenesis in maize and provide valuable genetic resources for improving crop resi-
lience and yield traits.

Key words maize, stomatal development, stomatal density, epidermal morphogenesis, CRISPR-Cas9 gene editing
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