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W E. N THRLLE EPFLY/SISTOMAGEN 2 FHAERIK TR P e, N A FE &M AT EF + 7w EF 2
AL EE R KR E T SISTOMAGEN ¥ B RATH A S Wi e sk  EMBE R P ok, LB k&
B R EAT M, R T T SISTOMAGEN £ £ 2 Ta Al R fnm i, F L E AT R BEF PR AT S,
FHREEIIPEINAHEL N, KEBLABT (168 h, t/B) AR EFH20hHEALEREG; R -8
(PEG) B TR E 4 h FHEXKIFXE RS, T HER(ABA) 1 NaCl I8 438 J5 , LR IA KT I W F 4 T
RS, il ek W, KK SISTOMAGEN # A e 318 J (ST) A8 % T 2 £ & (WT) &3 % EH X 63% ~83%),
Ak R K 36% ~42%, SbAN, ST MK B o B i A Kk ok Rk 24% ~55%, B IR H,0, A BB B E A
B, AN B AN 50%~100%, TERET,STHRANLEGHE F/F, ke koA HREHEZRTHAA, B
H A F K 55% ~66% ,F /F,, 1K 22% ~50% , B it K 0 LB 3R K 11%~12%, % E& R Tk R AEKXE
F SISTOMAGEN # 3t F#E AL E T B4 v 4 B 0,2 4 2 0 5 114 3 2 W 4 3 &K % 1% SiISTOMAGEN #t
FWERL FEREFTABLLFH S M ETE R L,

4R AL B SISTOMAGEN ;47 B0, B o &
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Cloning and functional analysis of potato stomatal density
epidermal patterning factor StSTOMAGEN

WANG Yanli', XIE Tian', ZHANG Chunli', LI Juanjuan', LIU Yijian',
LI Hongbing®, YIN Li’na®, WANG Shiwen”, DENG Xiping'*, KE Qingbo’
(1. College of Life Sciences, Northwest A&F University, Yangling, Shaanxi 712100,
2. Institute of Soil and Water Conservation, Northwest A&F University, Yangling, Shaanxi 712100)

Abstract: Secretion of small molecules in the epidermal patterning factor-like family ( EPFL) play an impor-
tant role in stomatal development. To study the function of potato EPFLY/StISTOMAGEN gene during stomatal devel-
opment, we cloned and functionally characterized the stomatal density regulator St.STOMAGEN from potato ( Atlan-
tic) and transformed it into Arabidopsis by Agrobacterium-mediated genetic transformation. We found StSTOMAGEN
was mainly inter cellular space and cell nucleus localized and had the highest expression level in the apical unex-
panded leaves. Interestingly, StSTOMAGEN transcript was rhythmically expressed with a peak around Zeitgeber
time (ZT) 20 under long-day (16 h/8 h, light/dark) conditions. Expression of StSTOMAGEN was markedly down-
regulated in response to abscisic acid (ABA) and sodium chloride (NaCl) treatments; however, upon the applica-

tion of polyethylene glycol (PEG) , the expression of StSTOMAGEN peaked at 4 h and then decreased gradually.
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Functional identification showed that the stomatal density of the SISTOMAGEN overexpression (ST) lines was sig-

nificantly increased by 63% ~ 83%, and led to elevated photosynthetic rateby 36% ~ 42%. Moreover, ST lines
showed more water loss (24% ~55%) and hydrogen peroxide ( H,0,) accumulation (50% ~100% ) in detached
leaves compared with wild-type (WT) plants. Under drought stress, ST lines maintained lower photosynthetic rates
(55% ~66% ) , photosystem Il efficiency (22% ~50% ), and instantaneous water use efficiency (111% ~12%)
than WT plants did. Taken together, the results showed that the epidermal patterning factor StSTOMAGEN reduced

drought tolerance of plants by positively regulating stomatal density. This result laid a theoretical foundation for re-

ducing the expression of StSTOMAGEN gene and cultivating drought-resistant and water-saving potato strains by

gene editing technology in the later period.

Keywords: stomatal density; StSSTOMAGEN ; drought tolerance ; potato
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bt Bl AR P 00 2R AL, AL I T A &
T2 R R R <AL
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Bl 55 KDL S AR 3 24535 Ak 2R 1 PR 5 5 A5 7
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PAT-TERNING FACTOR-LIKE family, EPFL) f9/]»
P2 K XSS 2 GE H B N R 1 53 WM
SIFANHC AR S A R RSE 6 5k 8 AP iR
B, AR AR B P ay U4, J5 3 Al hE
S5 TN s o SR IF Y EPFL Kk
& 11 AR EPFL F EPF2 2 DLAA 45 71
YEFRIE S R BN LR B . EPFL 2l P&
IR EPFL S8 6 B I, 1% 3 X 7 g 1A 1% 481 93 2 40
JHL R TR 240 B R 0 A £ T 40 i b 355 EPF2 1Y
FHMITH) 5 EPF1 A7 1R & 0 R  , FLAE )
L EPFL, 76 5110 3L 3% & 40 i b Rkt

EPF1 Fl EPF2 #B 4K i 2 5% 14 8 8 11 TOO MANY
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FH B AT EAIE— 5 I N R A RS
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B, mAFH RNAL BEBE STOMAGEN W {di 1548 #k JL-F-
ATE BT, X BeH R B STOMAGEN fgg A < L
KE, 5 EPF1 Ml EPF2 25101, STOMAGEN % ¥
YEHITE % TMM F77E, iX3RW] STOMAGEN W] (g2 i
i1 5 EPF1 #l EPF2 Seg+PEHEZ, & TMM T #E<,
FLITE ALY, AT BRI R, i STOMAGEN (1)
TRV HEALEE R IEM G, IR T bt ik
STOMAGEN 7] L) &b 238 Jin <AL % B[R] s AR R 1)
HYERS R B cE"  {H)E STOMAGEN R 1
0 3 15 1 3 i 7 R PV FH o AN 2

ARG e e T S A AL R BN T
StSTOMAGEN F£H 5347 T iz I ) Rk X, 7f- 38
IEARAT B A T 10 1t A% e AL AR AR T ot i R IR SiS-
TOMAGEN HEH 4D TR 5 o 3 43 A i 5 PR 40
FIT B AL S B R R WP 4B R SiISTOMAGEN
S ALIE B S ) T 5 e e 1 AR DU R
3 b 5 PR g R R A A B AL A T IR T
StSTOMAGEN FEH ) ik K-, B B P2 1K Al 5
A SR R B A

1 ARSIk

1.1 RBEw R

TEYIAEHE BRI [ BHE LA 255 (Col-0) ]
PR (CRPETE M) o B A 7 7R 6
] 75% BITTAE 19 AR WOE R 5, KR
KR 3 UK, 4CARIERALEE 3 d, FlJSHEFRTE MS [ 1/
2MS+3%JFERE+0.5%35 8 (pH 5.6 ~5.8) 1 H5 373, i
TR FRA T ORI 14 h/10 h, )6/ AHXHE
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J& 80% JEHRBRIE 120 wmol + m™ - 7" JRJE 22°C ) %
Ft. KT d A SRR E B YRR R LT
A BERE =31 1 D ET 22,16
h/8 h,Jt/ 1 ,60% FIAHXHEE R = rh A,
ARG TR 15 d K3 —BUW B4 EH L
BMEHE (T ecmx7 emXx6.5 ecm) T, A KEE R
25°C , FHXHEEE A 60% , 6 JE 0 16 h/8 h(OL/IE) ,
JEHRBREEN 120 pmol + m™ - 57" Y4k 1 A KD
RS BRI 45 4, B DR BRI ZE
g ZE M HLRI R ZE AT BORE | VR BT AR TR
FHT RNA (3, X TR a2 B H s 57
18 d A AR B B MK L EFRWPRFE,3
JEJE XA AR AT WAL T, UG 5% R & R
(PEG6000) 79 . 100 mM NaCl ¥A ¥ .50 pm i 7% iR
(ABA) V&R, 43 WIAEALFE 0 .1 4 8.12.16 20 h F124 h
Ja MBI — - 58 4 R T ik 30 57 B & F Il A h

O, T A 25 0F B R AT

1.2 BARFE

1.2.1 RNA #9#BRA R ZF PCR R Trizol
(Tnvitrogen ) $& B b % 25 A8 [A] 2 21 19 5. RNA, H]
DNase #EAT 2l AL AL B, SRS X 2 pg 24k )5 B9 &
RNA, /] TaKaRa 2\ &) #) J #% 53857 & PrimScript™
IT 1st Strand ¢cDNA Synthesis Kit, % M6 B 817
FesRk BONL, #+3] cDNA J& #EAT 52 E 1 PCR, SEH
sE 1 PCR KM QuantiTect SYBR Green PCR {7 &
(TaKaRa,Dalian, China) , F| LightCycler 480 11 &4t
(Roche , Basel , Switzerland ) #F47 #H 5¢ 3% K 36 3k 18 43
Hr. qRT-PCR PR AR & 2% UlraSYBR Mix-
ture 10 pL, EWHE5149 (10 mmol - L™') 1 pL, FiiF5l
(10 wmol + L") 1 wL,ecDNA 1 uL,ddH,0 7 pL,
20 pL, FJE R 274 R T AR AT,
—AEHPEAT 3 WY E A, SRS 1,

x1 HRETASIMFES

Table 1  Primers used in this study

5|H)ZFK Primer name

BIYF5 (5 --++=3") Primer sequence(5'—++-=3")

510 & Purpose of primers

StSTOMAGEN-F
StSTOMAGEN-R

ACTAGTATGACGAGAGGTGAGGAAG
GGATCCAGTTGATTCATTGATCAAG

P HFEFE Amplify the target gene
Y4 H LR Amplify the target gene

StSTOMAGEN-RT-F TCAGGGTTCGATGCACTACT FE T qRT-PCR Quantitative qRT-PCR
SISTOMAGEN-RT-R CAACTGGAACTTGCTCTGCTC #E H qRT-PCR Quantitative qRT-PCR
Stefla—RT-F CTGGTACAAGGGACCAACCC WS LN 5| Reference gene primer
Stefla—RT-R ACACCAGTCTCAACACGACC NZRHG|H Reference gene primer
B-actin—-RT-F CTTGCACCAAGCAGCATGAA WZEHE[#) Reference gene primer
B-actin—RT-R GCCTCATCATACTCGGCCTT WS 5| %) Reference gene primer

122 SISTOMAGEN Jk B & 52 e Aw £ 38 B Ak 09 4
#LL1L2.1 PRAGAY AR cDNA Dot , #21
KOD Plus—Neo ( Toyobo, Osaka, Japan) i35 & 1 1)
51T PCR P73, 1535 H A £ N SISTOMAGEN ,
S 1, PCR WA ST H7:95°C TS M 3 min,
95°C £ 10 5,55°C iRk 30 s, 72°CHEAH 30 5,35
PEFR . FIF Spel F1 BamH 1 X 58 F J5 51) A1 3 3k 2 44
pCAMBIA1305 #t 47 XU MG U1, #] I DNA % 4% i
(TaKaRa, K% ) 3% #3145 820 Boks, JFf HA% b =
AT 1 ( Agrobacterium ) EHA105

1.2.3 A%yt DL SISTOMAGEN F:[H 5
(2 5% 792 H A5 ¥ 917E NCBI BLAST (https://
blast.ncbi.nlm. nih. gov/Blast. cgi ) M % I #£47 BlastP
S3HT AR A R IR A B AR P8 9 MEGA
6.0 K X SISTOMAGENA # {1 )7 ¥ 5 3% %
( Capsella rubella, XM_023779504.1) W}k ( Cam-
elina sativa, XR_757444.2) ZEMHIE T ( Arabidopsis
lyrate , XM_002863154.2) 4Ll F§ I+ ( Arabidopsis thali-
ana , NM_117366.4) . 11 #7 3% ( Eutremasalsugineum ,

XM _ 006414920. 2) . 1 2% ( Brassica rapa, XM _
009109421. 3 ). f1 ¥ ( Punicagranatum, XM _
022160362.1) . K5 ( Glycine max, NM_001255343.2) .
ARZ ( Manihot esculenta, XM_021776765.1) 5K #
( Heveabrasiliensis, XM_021821217.1) J& 1% 1 4F
( Erythrantheguttatus, XM_012979755.1) Z i ( Sola-
num lycopersicum, XM _ 004245347. 4 ) . B
( Capsicum annuum, XM _016723913.1) , #{ % |
( Daucuscarota, XM_017397194.1) FIMH L ( Nicotiana
tabacum , XM_016654878.1) [ 45 13 5 447 He Xt
Il R ISR 2R R e A, S0 BT StSTOMA-
GEN IR A

1.2.4  SISTOMAGEN #4 T % o & 45 ¥ &4
pCaMV35S-SISTOMAGEN-GFP 2 i # {4 i 4 4T 1
FNET P19 BRI ) e A 2 38 A4 (8 A AT T I 0 53
ZE WP (10 mM MES, 10 mM MgCL, F1 100 wM aceto-
syringone) i FEB] ODgy = 1, SRJGHEIE 1 2 1 5 =%
REE, T3] 4 A b BAR TS 3
MR BRI R 4 ADTES R, iR R R 3 d ),
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A2 YOG B AR BB (Leica TCs SP2, 488
nm, 633 nm) WELLR AT (GFP) {55, il4E ¢
AL B R 2 %) I 20 R A0

1.2.5 #HARMEI KA A pCaMV35S-StS-
TOMAGEN-GFP 3 ik 2k /& % fk 2 A #F 1§ GV3101
Je R RAEE " K% A AR LR IF Col-0 iE
TP AL Al AT LR RR (R Ry ST) |, W3k Y
J& ) TO ACF IS A T A 25 pg - mL7!
R RN 1/2 MS BRRE R E R 7 & )5, 38
TE AR L B PR S €5 Y B AT ) 250N o T
) T1 AL FHYE i, Bk 2= bk — 2P AR K
Wk T2 AR T, 16 172 MS FHdE R 5L (& 25 pg
- mLTEE R dhSe ik, v R A R, IR A
AT DNA 7K (3£ 20 DNA £ PCR) Al RNA 7K
F-(qRT-PCR) %52 , #i %F T-DNA J&I#6 A 1R I+
KN I H SiSTOMAGFEN & X 78 48, 75 It v 15 3]
zik,

1.2.6 AILFEHIE  nlAEK 30 d /Y ST
WT RS T %)) 1 5] — I 7 | 1 S4B o e, AR i
Sugano A e E B (CK LR - &
=9 : 1) XM H [ 7 h DAL, 585 B (3 (7K
AEBEAR K s Hil=8 20 D) TRA, 5
A1 pg - mL FLLY A FE AR I BXST
5% (Olympus America Inc., Melville, NY, USA) T
WMESHALEH . B B R IEI 4~ 6 0
AT IR SR RALECE RS E (A -
mm”) B ER 3K,

1.2.7 #ARM GG RSIAANE  FF ST M
WT IR IR K 6 J8 G, eI — ki it 7 A Li-
COR 6800( Li—COR, Lincoln, NE, USA) i # 5
BEHINGE 258,78 9 © 00—12 : 00 AT E . &
TG A, e TR N 25°C, CO, MR EE R 719.6
mg - m” A5 SARHRE R 50% , SEERASFE SR 1000,
800,600,400 .300 250 200,150,100 .50 pmol + m™
+ s "F1 0 wmol + m™ - s”'PAR, [8] P& 2 ~3 min AY
PR O5E I R AR — G T e A (Pn) R
LT (g,) FIZEBH R (Tr) . [FEHEH FluorPen
FP 100 ( PSI, Drasov, Czech Republic) % F /F, ,
B PS I RO i i,

1.2.8 rtRAART SR ZHME KT XA
Ab BRI LR I, 2R B v e R A R K
i, BHACIERAE 5 R o8 e R T G
E LR (FW) SRR R A R BTk s
24 h JEFRILARAEE TR (SW) , Z E R A B TR
FENRL & AR (DW) R A XG5

A 5 7K

RWC = FW - DW

SW - DW

12,9 Bkt h Kok EMNLT HHUEK6
JAH WT ST A Bk 09 AH [8) 457 1 B | T
25CHEE T, HOART 2 h, 45 10 min I 1 YOKE &
H B 3, MR RKR= (BE-KNTHE
i) /8 Hx100%,
1.2.10  »taARale O 1A F bk R LRI Y
TR KR HE K S T B A B SR R e
HH5 1Y Epson Perfection V700 Photo scanner ( Seiko
Epson Corporation , Beijing, China ) 1% J5 , H WinR-
RHIZO PRO 2009 %X 4 ( Regent Inc., Quebec,
Canada) X H M H TS, B MRRELE 3 1K,
12,11 FRieermEme 28 Zhai Ik K
MR AR T TOC IR EE =48, 4% 1.1 TR &
IEFCIRE A SR I EE 1 em I, G2 3E
JRE e R, e O B AR R TE]
1.2.12  SISTOMAGEN it & 3% 3l éy I 84 41 - M 5
A R ESENI G e S R LR O R, 4
B IEH A 6 JE Y ST I WT IR I+ T AL 81 7 d
JG REEK 2 do TET LB S d 5 WSS R 14T
FLRATE G T ik AR BT AR AL e I B A7 RO
FAHR, [ & WT 5 ST #0037 1Y L b 3R A= 9 & |
H,0, & & A X5 & K & (RWC) | 7K 73 1) &%
(iWUE) MHAB A S HL
1.2.13 DAB & HUWT 1 ST ARG I+ [l — iz
A R TE HAR ST, T 1L h J5, {1 DAB(3,
3’ - diaminobenzidine — HC1) 4t 6, Rl E =5 2
min, BRI, IAGE B (LR (TEK SO BE) T
60°C HEAR AT €
1.2.14 H,0,&2mE St A a & il il
37| & (Solarbio , Beijing, China ) d B H il %2 WT I ST
LD B ST A R 1 o A S B B R AR
3K,
1.2.15  ##EH54#  EEE K H] Microsoft Excel
2010 AP A SPSS17. O( version 17.0; SPSS, Chica-
go, IL, USA) Geit oA 34 47 )7 2253 HrFl Duncan
TR

2 R

2.1 SISTOMAGEN %= iy 52 b& R st (% 53 47

i 17 Joint Genome Institute Phytozome %% i J&
(www.phytozome. com ) , F| ] 3 F [7] it 4 i) BLAST
{82 ( DOE JGI, Walnut Creek ,CA,USA) M\ 5544 2 h

x 100%
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3 SISTOMAGEN F: R Y eDNA , HFF il e 12 HE
(ORF) K K 288 bp, 4ifid & 96 2L 1Y &
i, FIFH MEGA 6.0 3144 StSTOMAGEN (1) Z JE 2
750 5 oA 15 AW Rl 0 B T 50 AT 43 b A i
R (T 1A) , R ILE 28 SISTOMAGEN 5 Zjifi Sl-
STOMAGEN 5EZ% ¢ Rl [ U5 v e s, il Fh R
SISTOMAGEN F1 AISTOMAGEN 4 &2 KL% 471k PH
StSTOMAGEN 7E N % & A 155 kP41 78 C i & A
6 PR SF Y 2 bk 2 e 5% 2 (K 1B, X R W Sis-
TOMAGEN JERTETIRE FAF AR AE PR
2.2 SISTOMAGEN ERFEHIFRIEHER

J T I E SISTOMAGEN f 41 21 3% 5
it qRT-PCR J7 %A SISTOMAGEN & K 7E
LR AL P RIEIE O, 4558 BIR, SiS-
TOMAGEN H:[H = ZLAHE i v 3238, 78 T0 ity o Jé I
Y R OA B B, 20 HRZE Y 200 £ (B 2A)
[FE, SISTOMAGEN & [F () & 3k 5 25 Bl A7 M 1 R
R T B, A6 I b 0k B, T AR IR BB & rp
() ek AL

WAL, 9 T WFFE SISTOMAGEN 7 21 i v i) 26 34

(A)

D1 E K SISTOMAGEN-FP Fili & 3¢ 35 3 A 7 5 21 41
B R, P0G 5 A 10 30 WL 22 il G 2 1 A9 I 40
MiEN, 45 FFH], SISTOMAGEN-GFP & 2 I 1Y
GECIE B 43 A1 240 J 1) B 0 4 A A, BT T DA 4
StSTOMAGEN & K] 2t 11 £ 1 32 % o7 74 400 1) 4
Ja ] B A AR A% (& 2B) .

BT, Xk B AR R R A7 A [R] A =l A 0 3 Ak
MR IE® &N 2R R B EAE— KR
EHEIAMEA K B BAMET (16 h/8 h, /1),
TERATE TR 20 h Bk ik 8 i &, PEG A4
T+ R a AP R B AE 4 h BRI (H, ABA
A1 NaCl e AP | HERIA KT I R BRI Y
(K 3) .,

2.3 TFRIE SISTOMAGEN ERMBEHRHLFLEE

WIS IR AL ER & SISTOMAGEN F: X 1 3635
KRBT EHAL105 XU RSP kAT fe 5451, &
iR R YU, RS 8 A T3 ARAi Atk R, LIEF
A TR RE I R R IR K ST % 5L R % - 64T
PCR #3025 R 40 /& 4A FiR 76 8 BRFE 3 R R JF
P BE PRI P A D 38 L ) R B, e WT $BL R It

CrSTOMAGEN Capsella rubella
CsSTOMAGEN Camelina sativa
AISTOMAGEN Arabidopsis lyrata
AtSTOMAGEN Arabidopsis thaliana

6 EsSTOMAGEN Eutrema salsugineum
BrSTOMAGEN Brassica rapa
PgSTOMAGEN Punica granatum

011 GmSTOMAGEN Glycine max
MeSTOMAGEN Manihot esculenta

HbSTOMAGEN Hevea brasiliensis

EgSTOMAGEN Erythranthe guttatus

SISTOMAGEN Solanum lycopersicum

[0-05 StSTOMAGEN Solanum tuberosum
CaSTOMAGEN Capsicum annuum

DcSTOMAGEN Daucus carota

NtSTOMAGEN Nicotiana tabacum

1.29

030 0.55

i
0.2

(B)

AtSTOMAGEN

1 MKHEMMNI CHTI LEAIBLLGNY BRPR-SHEN VS LP-0 BLLNSRERHYN
StSTOMAGEN 1 === IPLEL|RRF TTBSSSLP BN TOPLYPH QR YQGS - J5IY Y ENTAGT 8N

AtSTOMAGEN 59 YKCRAEQVPVEGNDEP) m
StSTOMAGEN BENGSYAPTCTYNECRGCHYKCRAEQVPVEGNDP Pl VCHR
c c c ¢ ccC
{E: (A) SISTOMAGEN 2 115 HAl 15 AN A Y Fl SISTOMAGEN 2 1A #EAL 73T, (B) Dh 2
StSTOMAGEN Fll AtSTOMAGEN AR 75 LU, RO BHZ R AR A R ARAE , K BT R A
A LRI , C FoR T I LR MR AR 2
Note: (A) Phylogenetic analysis of the SSSTOMAGEN protein in 15 plant species. (B) Comparison of
SISTOMAGEN and AtSTOMAGEN amino acid sequences. Identical and similar amino acid residues are sha-
ded in black and gray, respectively. C is conservative cysteine residue.

1 SiISTOMAGEN ZE B K #5347
Fig.1 Phylogenetic analysis of the deduced SISTOMAGEN amino acid sequence
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(A) w14 Bright

B

StSTOMAGEN-GFP

400 [

300

HH X ik &
Relative expression levels

200

100 [

ST UE L1 L4 L10
AN[H] 41 21 Different tissue
TE: (A) SLEPF1-GFP @& A E AL, Ll R 50pum; (B) SLESTOMAGEN J:FITEAR ) 41 4L ik 43
BT, A4 ST, 2542 UE, TR A R HF s L1, 55— LA, S5 DU L10, 55 10 ST, 56 1~3 25882, 45 4~ 6 25
3,5 7~9 ZEBL R MR SS, 2K T Stefla NS HEH
Note: (A)Subcellular localization of the SISTOMAGEN-GFP fusion protein. Scale bars; 50 pm; (B) Expression

DAPI il & & Merge

S1 S2 S3 R SS

analysis of the S.ISOMAGEN gene in various tissues of 2—month—old potato plants including stem tip ( ST) ; apical unex-
panded leaf (UE) ; lst, 4th, and 10th leaf (L) from the top; lst~3rd, 4th~6th, and 7th~9th stem internode (S) ;

root (R) ; and storage tuber (SS), Stefla was used as an internal control for data normalization.
2 DHE SISTOMAGEN 2R K & B R RIZHE

Fig.2 Molecular characterization of the St(STOMAGEN gene and the corresponding protein in potato

o
(=3
=3

[ —= X} Control -+ PEG ——NaCl ——ABA

3 (%) [
=4 =3 =3

&
S

0 ik it
Relative expression levels

0
0 4 8 12 16 20 24

Ak PRI 1] Treatment time/h

B IEH AR KA PEG, 5% 1 2R £ B2 ( PEG6000)
J#; NaCl, 100 mMNaCl ¥ ¥ 5 ABA, 50y JBE % 1 ¥ ¥, 1)
Stefla fE NS EEA

Note: Control, normal growth condition; PEG, 5%
polyethylene glycol (PEG6000) ; NaCl, 100 mM sodium chloride;
ABA, 50 uM abscisic acid, Stefla was used as an internal control
for data normalization.

B3 SiISTOMAGEN BB %Mt THRAER
Fig.3 Temporal expression analysis of the S_ISTOMAGEN gene

in mature leaves of potato plants under abiotic stress conditions
PeAFI ] 360 SISTOMAGEN 3 [H B 2584 5141
BT . qRT-PCR 45 54 (8] 4B, 45 %1, 8
A ST ¥R Y SISTOMAGEN %35 7K F-4B 5. 25 T+ & o
PEHF AR AT 1Y ST 7-3 1 ST 26-6 #4722
55, WAL A, X B RR R R R
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Note: # ,P<0.05; * =, P<0.01; Duncan significance test. The same below.

4 HERMBETHNEERSILZEEST

Fig.4 ldentification and stomatal density analysis of transgenic Arabidopsis
% 3L [K #k & Transgenic lines
(A) s Ny i
Col-0 ST 7-3 ST 26-6 LSE O S0 (D)
w2
4= o ~ [ B
el o2 3
= = 3
o w097 =
0 3 e
e = o
= —
= 0.6 =
B ¥ - e b s ‘ L‘-i: 3 =
: A <. .  Bosf =
3 . S . 3 1 =
' g o Wpe T % 0T e e
s » - sl - s o = ~ ) 3 — &
= a = I
Bar=40 um © a E °© u =

[70] w2
Pk & Strain Pk & Strain

TE: (A)WT 5 ST FEAE IR I bk R AU FRIUMEL ; (B) WT 55 ST S DI R I+ bk R ) <AL B BE SR
Note: (A) Phenotype of wild-type (WT; Col-0) and StSTOMAGEN overexpression ( ST) lines after 1 month of growth

in pots. (B) Photos of mature abaxial leaf epidermis of 30—day—old WT and ST plants. Scale bars; 40 pm.

B 5 dRIE SISTOMAGEN EEMEIFHRE S 47
Fig.5 Phenotypic analysis of transgenic Arabidopsis plants overexpressing SiSTOMAGEN
(A) 2001 B)

1601
"= 120¢ :i:;i é :¥ iz%:z
= 1 i 1 X
£ 80 i/i/;—'} 4+
g

n L L 1 L L L 1 ) % 40b

//50 100 200 250 300 400 600 800 1000
0 50 100 200 250 300 400 600 800 1000
Y% PPFD/(umol *m * s ') Jt4E PPED/(umol *m "+ s )
—&— Col-0 ——ST7-3 —&—=ST26-6

Eo6 ARENEEET WT ST HARBFFFR M F RN 2k (A) MSKILSEMMA %% (B)
Fig.6  Photosynthetic response (A) and stomatal conductance (B) curres of mature leaves

of WT and ST plants under different light intensities



242

TR XAV BT

38 %

FEAR A M 5 RWC F /F, Pn. g, 1 iWUE
R EFEAR (B TB-G) . BIKALPE 2 K5, WT Atk
IAFIG R E = T ST(R 7A) . IHe4h, ST HEkR I 7K
IR R AL 2 T WT REAR (] 8A) . A4

it 1 h WK HER )R B i DAB Ye ok B, ST #R &R
A H,0, R Em T T WI(E 8B Al C),
DI ES5REI | SISTOMAGEN 7540 55 5 vh 3of ik e 3k
SRR R ST BT R

~18 (B) 90 ©)
e JE D Pk & Transgenic lines 5 s
(A) Col-0 ST7-3 ST 26-6 - T+
® W 1.2
i"i 0.9
o0
W5 0.6 *k
Fei g
=03
2
=0 5 070 5
T 5 Jb i i [R)/d 5 i 3 I )/ d
Drought stress time Drought stress time
- w4k (D) —
8 e T, 150
g 6 12(
2 i o &
g 23 4 =
- g & rg
E F, :
H = =
'g- N ) B &0
S 0 5
8 F 54 b 26 1 Ta)/d 5 JB 3 i 1)/d
m- Drought stress time Drought stress time
~ 70 (F) 1.0r (G)
\: » 60 ****
Ei_ 50
Efw
]
= &g 30
X,
=t o
3 510
-4 = 0
* 0 5
® T 5 I B i)/ d - 5 3 i/ d
Drought stress time Drought stress time
H Col-0 OST7-3 OST26-6
H: # :P<0.05, % * ;P<0.01,Duncan Y.ML
Note: * P< 0.05, * * P< 0.01 by Duncan significance test.
7 FELEI WT ST BlETE K2 m
Fig.7 Influence of drought stress on WT and ST plants
3sp )
N —A— Col-0 —@—ST7-3 —8— ST 26-6
E 281
g
< -
= 21
E\j 141
=
KR Tr
¥
0 . L . L L L L L L . L L L L . '
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
AbFE I ] Treatment time/min
©) 10r
(B) % JE [A Bk & Transgenic lines WCol-0  DST7-3 OsT26-6
Col-0 ST7-3 ST 266 ~ 4l T
29 p - l
Az KA i) *
89 2 @ ¢ w1 & 6F
0 = X y p 3
i 5@ -\ o
g %) 23
. — e 4}
= D& S
5} %Df Q ‘ T 2}
=53 ©X 14
) o
Tas [} 2] 0 ;

0 1
+ 54 W38 1 [5]/h
Drought stress time

8 WT 5 ST #lE I+ keI Ik (A) T ELESE(B.C)
Fig.8 Water loss (A) and hydrogen peroxide content (B,C) of WT and ST Arabidopsis plants



FHEIT A SR AL R BN T SiISTOMAGEN ) 5e B MEBE 73 243

3 W ®

SRR A WA A AR Y R K2 3] T
DR R T N R 2 2 A (R B AR AR M
P T AL, B R E YIS RE MR
s SILM R T R RS S S iy
BHAL AR P BB R H RS
TR R ZEI R I s Feak AL R s
T AtSTOMAGEN 23 34 KL B I+ 10 AL, [R] s
MY CERE i R = > AR TN T
H TS5 SISTOMAGEN JER | X HAE P < fL A&
B AT B ST T AR R TS

AtSTOMAGEN 52 0 7 I+ 3% B2 8 =L ] F (EPI-
DERMAL PATTERNING FACTOR, EPF) % Ji% 11 i
B, 2 H TR I ME— — > 1 A 45 AL R Y 2
B HFY BT ARG R W, AlSTOMAGEN %1 &%
L 5w g PR AR 3R B K A 7 2 (EPIDERMAL
PATTERNING FACTOR 2,EPF2) 5 ER Z k454,
NG 515 T i MAPK 22> B4k, AR RS
LEE, FEA R, FRATE I SISTOMAGEN £
LR A T[] B R 2 A%, LR AR AT 4

FRE, FEAAEM RS, X 5RILEE S MLE
2 MHEERE RS- LA ST RER
I R AL R CO, MR, £ 5
BRCEE Al 5 ASTOMAGEN B2 LR ¥
G KB, SISTOMAGEN 7E N 3 & A {55 Ik F 41
C B & A XA 6 NP R ak i, Rk
StSTOMAGEN SR AU T L% B 1 K iX 5
AtSTOMAGEN 7598 ¥ #0455 I <AL %% B2 b B9 /R H —
U P SISTOMAGEN A B I e RSF

St R 22 DL A 7 d sl X L A s R
FON—Hh, M LL PPFD 5§ PAR k55 —RAE K145 2],
AT LA £ i 5 38 AN /) 7K P 't B A 68 ) DL S it
(e K v 6 A R Er A o B 5T 4R T
sypl21 SALFFBE SRR & 0, )R A S AR IR (1) <AL TF
FEREAR , H2 RA TE OGS AR CO, [l 4k
RIS FEA SR ARG T, AT
DZE ST FWT $0L g I i Stama g th 4 & 30, <AL %%
XA R A BURAIE A, 3 MR R EVE B
FOLmARE N2 EF . ST M T LAl %
BERET W, EES AL S R I AR B
X5 Z A A A — 20, t T S v S AL
SR RRARANAE R OGN A AR Y

TR an SR P AR K 2 B A R
A, R B BT MR, B2 S8t T,
T 5T SISTOMAGEN FE A% 4 1) 7 1 5~ 36w 9

YERT, BATIR R 40 R T 64T+ R AL B I L %
R SRR TR 7 d IR R I Ok
FELBT, M R ALRE L, #—20r i
N, T RANERS e 5 RS I B R A A
XS K R K o R CR | ARk R A R |
SALFEE 2R HOR A D 25 B ARG, 0B AE L g
1 RIK SISTOMAGEN 2 W& AR AE R X 1 52 0 38 B9 4t
PE, TR, FHFRE F ik R 5 K A iR s, & B
BRI AL R T IO 7K o UK % . 2 3 TP A 8, 3
DN 2R E o B i R KGR ARG B T T SR e
FfEE 25 b AR TR A T A K23
T eSS AHEURARIRBUA S I ST BRA M
SALEREERE R, St B 20K 43 1S AT AT ) 7
ZHEEMRE A TE ST, R K ARG R, B 7E
TEWa T, 5 5L AR R ISR AE I B P B al K
A3, T ZE PR BH S A, B 28 1S 3

4 % ik

AWFFEX; SISTOMAGEN 47 T 5 W30 43 ¥ %
M x B R PEG 15 5 3R 18 F % 5 N % Ak e
IF LR AR B R FL R B 2 RS
AR N 25 B i L R R T AN WT R AT S
AR, B I SE MR BT R T RRAR, kg R
FRW, SISTOMAGEN J& S fL% & IE ¥ A 7, i ik
StSTOMAGEN T 4 54U I+ 7 9 <AL %% B 17 B A
PRI 53 it 52 v, AR RIS R T
StSTOMAGEN &R 53 L% BT RN 2B B KRR,
Ry it — 2 RAFRT HL T AL S A B K

& % X #k:

(1] BiEe, TR %, % KT GmbZIP16 BB UIRESIE K st
()] AR 2018,51(15) :6-18.

[2] WHERRS , EhoME A, S S E e T PR R RS
()] ZE2AEDI41, 2004, 24(3) :93-100.

(3] ZEE IR, EAREE. SAL R AL S A S R - o e
[J] A=Al 2018,30(5) :491-499.

(4] EEERHak, S, SALLE KR A B, 2012,
48(9) :829-836.

[5] Bertolino L. T,Caine R S, Gray J E. Impact of stomatal density and mor-
phology on water-use efficiency in a changing world [ J].Plant Science,
2019, 10.225.

[6] Bergmann D C, Sack F D. Stomatal development[J]. Annual Review of
Plant Biology,2007, 58.163-181.

(7] X0, Bl gpes AL T R[] 5t 201,33
(2).:131-137.

(8] Bist, BRI ALK T W e[ 1] P E R A Rt
2%,2017,47(8) ;798-807.

[9] Niwa T, Kondo T, Nishizawa M, et al. EPIDERMAL PATTERNING
FACTOR LIKES peptide represses stomatal development by inhibiting
meristemoid maintenance in Arabidopsis thaliana[ J]. Bioscience Biotech-
nology Biochemistry, 2013, 77(6) :1287-1295.



244 TR X AR WS 5538 4
[10] Hara K, Yokoo T, Kajita R, et al. Epidermal cell density is auto-regu- SHEMIERR 2017, (6) :18-23.

[11]

[12]

[14]

[15]

[16]

[17]

[18]

lated via a secretory peptide, EPIDERMAL PATTERNING FACTOR 2
in Arabidopsis leaves [ ] ]. Plant and Cell Physiology, 2009, 50(6):
1019-1031.

Torii K U. Mix-and-match :ligand-receptor pairs in stomatal development
and beyond[J]. Trends in Plant Science, 2012, 17(12) ;711-719.
Tanaka Y ,Shigeo S,Shimada,et al. Enhancement of leaf photosynthetic
capacity through increased stomatal density in Arabidopsis [ J ]. New
Phytologist, 2013, 198(3) .757-764.

Yew C L, Kakui H,Shimizu K K, et al. Agrobacterium-mediated floral
dip transformation of the model polyploid species Arabidopsiskamchatica
[J]. Journal of Plant Research, 2018, 131(2) :349-358.

Zhai Q Z,Zhang X, Wu F M, et al. Transcriptional mechanism
ofjasmonate receptor COIl-mediated delay of flowering time in
Arabidopsis[ J]. Plant Cell, 2015, 27(10) ;2814-2828.

Cai R, Zhao Y, Wang Y, et al. Overexpression of a maize WRKY58
gene enhances drought and salt tolerance in transgenic rice[J]. Plant
Cell Tissu and Organ Culture, 2014, 119.565-577.

g AT s 2 S RO BRI T PIF3 ik P52
REZMITL I ] MRS AR (Pl A AR AR ,2019,40(1) :8-13.
Agurla S, Gahir S, Munemasa S, et al. Mechanism of stomatal closure
in plants exposed to drought and cold stress[J]. Advance in Experiment
Medicine Biology, 2018, 1081.215-232.

XWUHT. S EFIOKFE EPFL SRR AL R J [T,

[19]

[20]

(21]

(2]

(3]

(4]

[25]

[26]

Sugano S S, Shimada T, Imai Y, et al. Stomagen positively regulates
stomatal density in Arabidopsis|J ]. Nature, 2009, 463(7278) ;241-244.
Jewaria P K, Hara T, Tanaka H, et al. Differential effects of the
peptides Stomagen,EPF1 and EPF2 on activation of MAP kinase MPK6
and the SPCH protein level [ J]. Plant and Cell Physiology, 2013, 54
(8):1253-1262.

TR K, ERTT AN R AL KA B PR A Y
WAR Y ]SRN, 2010,28(2) :122-126.
RfiRES , T, B, S A/ N BRI R i S [T
Efll<5:,2001,(2) :13-15.

FEisenach C, Chen Z H, Christopher G, et al. The trafficking protein
SYP121 of Arabidopsis connects programmed stomatal closure and K*
channel activity with vegetative growth[J]. Plant Journal , 2012, 69(2) ;
241-251.

BN RIOE, INEA: A5 T IE T RN 5T 15 Dl
MBI )], ThE D%, 2012, (6) :325-328.

Kerchev P I, Fenton B,Foyer C H, et al. Plant responses to insect her-
bivory : interactions between photosynthesis, reactive oxygen species and
hormonal signalling pathways[ J]. Plant Cell and Environment, 2012, 35
(2) :441-453.

Karim S, Aronsson H, Ericson H, et al. Improved drought tolerance
without undesired side effects in transgenic plants producing trehalose

[J].Plant Molecular Biology, 2007, 64(4) .:371-386.

(L35 220 W)

(3]

(4]

(5]

(6]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

TR, SR E e, B, A5 R E X - S SRR E S A 4R
SN[ )] 2, 2013,50( 1) :83-88.
MRIDEZR , et S S AR i A b S SRR AR
TETERIREAL ) ] K AR, 2000,34(2) :201-207.
Guo Z C,Zhang Z B,Zhou H et al.Long-term animal manure application
promoted biological binding agents but not soil aggregation in a vertisol
[J].Soil and Tillage Research,2018,180.:232-237.
SRR, i, B4 S RFEHE AR L3R AERAF e M
i B HAHOGRI R AT ) 1. 3%, 2017,49(6) :1229-1236.
Wang H, Guan D S, Zhang R D, et al.Soil aggregates and organic
carbon affected by the land use change from rice paddy to vegetable field
[J].Ecological Engineering, 2014, 70.206-211.
THaES FE A AR S WO E AT ALK 2 LR A R (A
AR S R ) ] SR, 2018,49(2) :377-334.
ARSI A SO0 LR R A b BASE MR R[] ] IR
PR, 2018, (23) :184-186,189.
FAE, F AU, HRAEME AU LI SRR M R S R
PRI SHHTL ] AU, 2014,45(7) 18- 124.
R ZEARIE IV S RS FRA FX LA R (R RHE R A ) ].
IK LA, 2018,32(5) :116-120.
REVTAR TPV, D S MR A 5 390 i) e AN RIS
SERRPARMRFIEL ) ] R MOl R 7241, 2019,39(10) £ 100-115.
Rt B AR, A TR A T 3R K R A
[J].FRETA,2019,37(4) :103-109.
HRRL AR XA B ST N T3EA SRAARR 2 M M T R A A R AE Y
S D] A7 : PHHLARMBHR 2019,
B, T4 S AR P w4
[D] KW IR, 2016,
G ANIRIRIAR A SR (A o i 55 J 1) 23 IO R S IR 2R [ D ] BGR :
TR TR, 2019,

RS HFAE S AR E AL 5T

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Cambardella C A, Elliott E T.Carbon and nitrogen dynamics of soil or-
ganic matter fractions from cultivated grassland soils[ J]. Soil Science
Society of America Journal, 1994, 58(1) :123-130.

Cambardella C A, Elliott E T.Particulate soil organic-matter changes
across a grassland cultivation sequence[ J ].Soil Science Society of Amer-
ica Journal , 1992, 56(3) :777-783.

Roth E, Mancier V, Fabre B.Adsorption of cadmium on different granu-
lometric soil fractions ; Influence of organic matter and temperature[ J ].
Geoderma, 2012, 189-190.133-143.

Chen J H, He F, Zhang X H, et al.Heavy metal pollution decreases mi-
crobial abundance, diversity and activity within particle-size fractions of
a paddy soil[ J ].FEMS Microbiology Ecology, 2014, 87(1) :164-181.
Daniel G S, Donald L S. Effects of soil organic matter on the kinetics
and mechanisms of Ph(II) sorption and desorption in soil[ J ].Soil Seci-
ence Society of America Journal, 2000, 64(1) ;144-156.

SRR A, A LIEPER A A HUBTRIT R )] 23R, 2011,
48(2) :412-418.

Hochella M F, Lower S K, Maurice P A, et al.Nanominerals, mineral
nanoparticles, and earth systems [ J ]. Science, 2008, 319 (5870) .
1631-1635.

Li Q, Du HH, Chen W L, et al.Aging shapes the distribution of copper
in soil aggregate size fractions[ J].Environmental Pollution, 2018, 233
569-576.

El-Swaify S A, Emerson W W. Changes in the physical properties of
soil clays due to precipitated aluminum and iron hydroxides, I.Swelling
and aggregate stability after drying[ J].Soil Science Society of America
Journal, 1975, 39(6) :1056-1063.

Muggler C C, Griethuysen, Buurman P, et al.Aggregation, organic mat-
ter, and iron oxide morphology in oxisols from Minas Gerais, Brazil[J].
Soil Science, 1999, 164(10) ;759-770.



