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Abstract: In order to investigate the possible regulatory roles of the gaseous hormone ethylene in the
inhibitory effect of ALA on ABA- or dark-induced stomatal closure, the stomatal aperture, ethylene
production, H,O, and flavonol levels in guard cells and gene expressions in the abaxial epidermis of
detached apple (Malus x domestica Borkh. ‘Fuji’) leaves were studied using pharmacology, gas
chromatography, laser confocal scanning microscope, optical microscope and QRT-PCR techniques. The
results showed that the ALA treatment promoted ethylene release, while both aminoethoxyvinylglycine

(AVG), an ethylene biosynthetic inhibitor, and 1-methylcyclopropene (1-MCP), an ethylene receptor
inhibitor, repressed the inhibitory effect of ALA on ABA or dark-induced stomatal closure. Exogenous
ALA up-regulated expression of the genes related to ethylene biosynthesis and its signal transduction. AVG
weakened the inhibition of ALA on ABA- and dark-induced H,0O, accumulation, as well as ALA-induced
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flavonol accumulation in guard cells. It can be concluded that ALA up-regulates gene expressions to
induce ethylene biosynthesis and signal transduction, which positively regulate the flavonol accumulation
to reduce the H,O, content and promote the stomatal opening, benefiting CO, entrance during
photosynthesis.
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ZRIRERE T 5. /KB (Atkinson et al., 2008) . Y[ (Baroli et al., 2007) FIEES,
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Geetal., 2015) %E¥S55FLE3RY, HEmAENEKES.

5 - F@I LB (5-Aminolevulinic acid, ALA) EM&2. IM4L0%R FOGEER K 6 B4 DY itk g
WA A RSB RT R . ALA B HE Y3 2575 4 (Bindu & Vivekanandan, 1998; Akram & Ashraf,
2013) , KR ELEARIR (Hotta et al., 1998). #£i5t (Nishihara et al., 2003). 5§ (JER 3 %%, 2004).
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ARSI 5 EE AT A A KRB 16 W8 h W/BE R, I8 25 °C/20 °C, JEHEFRE 40 pmol - m™ - 57

RS KA R sE BRI Fr, RS IREG Bk, FH R R RGBT AL,
I B 0 2 B 40 M 2 B2 545, BT Mes-KC1(% 10 mmol - L™ Mes, 50 mmol - L™ KCI, 0.1 mmol - L™
CaCly, ] Tris 2% pH 6.4) Zphilih R+,

1.2 FAEGFLEMERMH SLFAENZmRLE

N T RD) CIRTE ALA-ABA/ BRI RT3 mt R AL s e, 20 mlsam e s e
WS N M RIS 5 5 SAHRRRLS, DORIMERT 2551 Mes-KCl 2 xR . 5 245 71
N: ALA0.5mg-L'; ABA10pumol -L'; AVG 10 umol - L™'; 1-MCP 0.5 uL - L™ (AVG HI 1-MCP
WEA TR AT ). B N RIS 26 OB 240 pmol - m™ - s 3 h, HFAILE
SHUG, FTE RGNS BRAATEFEL .. SRR ES (2016) HI5 IR 6 IR B R R & 14 N &6
30 min W% 1 ASALIFEE, FRHAMR,  DUEDE R/ RSSO SO 60 NS LR JeiEfR, Tt
B .

1.3 ALA QIEXMNFERI R ZEBERB KL
N TR ALA XFSE R F 205 B0, 45 0.1 g SER AR B A 4 5 B T 84 Mes-KCl
SRR WD B 0.5 mg - L ALA 1) Mes-KCl 2P (AL F) rh e R3S 77 OB 240 pmol - m™ - ™)
3h, REFHEREEEA 30 mL Mes-KCl 22K 1) 50 mL B ZEZ P, %6% 30 min A 20 mL V£ 4+
FRAM UM P S, B A OSSO 206 & 1, THE AR R SRR B R S0 A R (X B 5 4%,
20060, ZHEIKIE (WL - L) = RESEE/FREZIRIERD * WREREE; ZMARER (uL-g' - b =
(LIHIREE x BIEHBD / FERRE x BEEED. BRI 3 AEMFEE, BCF
BIME

14 FERIHFTHRE RNA fI3EEUE qRT-PCR 7317

B R R 4B T Mes-KCl 2 P B IEEE 9% 3 h OF3 240 umol - m™ - ™), RAESAL
FRTFRE, HHESH 0.5mg - L ALA ] Mes-KC1 2Py, L4l Mes-KCl 22 Joxt I,
AR HRERFE 1 h, WEGFELLEH

KA (TIANGEN) ZFiZWEp) s RNA R &H2H RNA, FERFE5N cDNA, -80 CIR
725 H . H Primer premier 5.0 #AF&ITARER LY (K 1D, FHit1T qRT-PCR, VISER MdUBQ
NWZBHEE, A 22T (Livak & Schmitten, 2001) 55 E A Fik & . FxIEED 3 A
YFESE, BCFAME.

#1 ZHIEELEE qRT-PCR 3|1905%)

Table 1 Primers of genes related to ethylene

R AR EFEI (5'-39 K5 (57-39

Primer name Forward primer Reverse primer

MdUBQ CTCCGTGGTGGTTTTTAAGT GGAGGCAGAAACAGTACCAT
MdACS1 TAAGAAGCGTTGGCAGAG GTGAGTGAGGCATTGGTG
MdACO-4 GGACGGAGAGTGGGTTGATG GGGTTGGTGCTGGGTAGATC
MAETR-2 GAGCTCGTTGATGTTGTCGC GATTGCCTGCATTGGTGTCC
MAEIN3-1 ATGTGGGCTCTTGGTGTAATC ACTTTGAGGAGGCTCGAAATC
MAEIN3-2 TCACAGGAACAAGCTCGGAG ATTGTCAGAAGCGCCACTCA
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15 RIEHA H,0, FiREEE S ENE

SRS SE (2014) W77, HEFRFE 3 h 5 23 I R 2577 A 3 Mes-KCl1 224!
WS E 1 h, B, #18& TRE, H ROS %64kl H,DCF-DA #4700 & Jett, 7ROt
RELMB (LSCM) T ELE AN 1) ROS 6, LUR SR THE Hy0, HX & & . LSCM
NI 8 A Ky 488 nm, K EFIEK: J9 535 nm.

SRS (2016) 7k, HEFHFE 3 h B 2 A A 2557 FE ) Mes-KC1 28 i i
H 1h, BUHMHF, #l4 FRE, S8 Watkins 25 (2014) F77 15 SRR 764kl (T EMIRE
KB, DPBA) #iffy, fE LSCM FMLELRIGHRAE, LLROGIREE RN EEREAE X & & .

1.6 Sitoth

FrE B E /D% 3 AV EE, MNEERALER 10 ANCLEE, S0 2 ~3 MR T4
SAUJFEEEL H,0, &8, JLlE £ 40 ML R P, BCOFSIME. L7 Z 0 AR K2 f
JG, ¥ P < 005K EREE,

2 RS0

2.1 ZIEINEIFIXT ALA-ABA BB HERM B SFLERHIE M

g (R 2) EBor, SERAILIFELE 120 min NEREFRE, ALA AL EES FLIF BB E B AR
th; ABA AF S FLIFEE /N, 7E 30 min B ZR T AR (P < 0.05), HFEREEKSFL @
W/ F] 120 min B, SFLITFENCAN IR 52%; ALA A1 ABA J:ACFEHI55 ABA %05, B ALA f&
RSPt ABA B FLK A .

®2 MBI AVG M 1-MCP 3 ALA-ABA #EEHERH K STLERNR
Table 2 Effects of ethylene inhibitors AVG and 1-MCP on ALA-ABA co-regulated stomatal movement in apple leaves

Kb ANEAE LA FLIF R /um - Stomatal aperture

Treatment 0 min 30 min 60 min 90 min 120 min

*F I8 Control 7.89+0.13a 8.01+£0.18a 8.07+0.14a 8.00+0.15a 7.85+£0.16 a
ALA (0.5 mg'L'l) 8.02+0.11a 8.14+0.11a 794+0.14a 795+0.17 a 7.94+0.16 a
ABA (10 umol - L™) 8.00+£0.18 a 7.14+0.15 bed 5.82+0.15 klmn 482+0.12q 4.17+0.10rs
ALA + ABA 7.95+0.13a 7.35+0.16b 6.68 = 0.15 efghi 6.64 £ 0.12 fghi 6.27 +0.14 jjk
AVG (10 pmol -Lh 7.98+0.10a 7.00 £ 0.13 bedef 5.85+0.13 klmn 531+0.11 op 433£0.121s
ALA + AVG 8.03+£0.18a 7.24£0.18 be 6.73 + 0.13 defgh 5.70 £ 0.13 Imno 5.61 £ 0.14 mnop
ABA + AVG 795+0.18a 6.15+0.19 jk 5.67 +0.18 lmnop 398+0.19s 333+0.16t
ALA + ABA + AVG 7.98+0.20a 6.67 +0.15 efghi 6.09+0.11 jkl 4.18+0.111s 396+0.12s
I-MCP (05uL L) 8.0740.17a 6.94+0.16bedefy  6.52+0.15 ghij 544+0.19n0p  4.52+0.09 qr
ALA + 1-MCP 7.88+0.12a 7.10 £ 0.14 bede 6.73 + 0.09 defgh 6.09+0.11 jkl 6.03 £0.11 klm
ABA + 1-MCP 798+0.12a 6.47 + 0.10 hij 524+£0.15p 3.51+0.09t 338+£0.10t
ALA + ABA + 1-MCP 8.03+0.13a 6.84 + 0.12 cdefgh 5.54 £ 0.14 nop 4.56+0.13 qr 438 +£0.09 rs

T RPHEE 60 M UALITEPIME £ bevfEiR, BEEAAF T MUK 0.05 KF EERAEE.

Note: The data in the table are means + SE of 60 stomata apertures. The same letters behind data represent no significant difference at 0.05 level.

A—J7 M, LEIEIF] AVG A 1-MCP AbPESER M F A, AL EEZEH T, 120 min K, FF
FE 3 A AN IE ) 54%F1 56%(P < 0.05), P& (8] A 2 57 . AVG/1-MCP + ALA Zb2ERT, AVG 8% 1-MCP
FH] ALA fE 3SR FLIFRL BiE U ALA 70| AVG 2% 1-MCP i S S L% 1], 120 min i, =
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FLIF BB T 500 ALA A0FE, T T AVG B 1-MCP SR (P <0.05), #HJx, AVG/1-MCP +
ABA #CEE, FR 30 min 4t FrA B R S SFLF IR TIX 3 Nl s b B2, 588 AVG B 1-MCP
B ABA 5SS FLE M. 24 ALA + AVG/1-MCP + ABA =F L FEALHIN, SFLITFEE /T ALA +
ABA b3, DK ALA+ AVG/1-MCP 42, {HE 3 KT ABA +AVG/1-MCP 48 (P<0.05). UL L
SR U], ABALAVG 1 1-MCP £ 332 R 7 fLoC H B BAT SRR, -3 L0 7% ABA
BRI SLRH, MAE ALA #i] ABA 33 0SSR FE R IERIEER . (HMNA—MEE, ALA
0] ABA 75 3L I A E UM T 406, BINTE AVG 8L 1-MCP #llil Z4% [ S R , ALA
AT DA#RE R ABA AbEE RIS FLIFRE (R 2). BNk, ZJEmAEH & ALA ] ABA F SR /S
LRHAMGET®RZ—.

22 ZWHIMHIFIRT ALA £ B F M T EERERM R SLEERIF

g (£ 3 EBon, XM EE TR RREE, SEUFEZREA /N, 90 min FERIEMKE (L
NHIGEIE I 57%), ZJaARHE R ALA BphabHH B8 N BE R, SIUTFE L FR&ES, (HE
120 min i, B8R LN R T 44% (P < 0.05), UiBH ALA REZEZE RS 3Rt F L2 . AVG
B 1-MCP S BRI RE IR MO T e N S S SR S SLF RS SRR . 90 min B, AVG.
1-MCP 53§ & (A1 A BH 2. 22 75 120 min I, XHHEASSLIFEES 90 min & A 2 7, 11 AVG #l 1-MCP
AEFRHIAREE R % (P <0.05), 8] AVG BY 1-MCP ZEK 1 SIS N3 i 5L 5% i SR,
HhnfEl < AR . AVG/1-MCP + ALA 40FF, 120 min i, SFIFE EEMCT ALA ks, A8
T AVG 5 1-MCP HlAbEE (P <0.05), ULH] AVG Fil 1-MCP a6 ALA 55 B & T W
SALFFIL, T ALA ATZEfER AVG 8L 1-MCP XS AL HARIRIER . BT 2 A& Bl flE
WS RIS ALA 4EREBEE TSR ST E, WonE O Reedt =g T 3 1 i S LT
T o

#3 BREHTZHMEF AVG 1 1-MCP 3t ALA B RERH R STLIEZHA0MN
Table 3 Effects of ethylene inhibitor AVG and 1-MCP on ALA regulated stomatal movement in apple leaves under dark

AhFE A EALFL RS 18]S FLIF E/um Stomatal aperture

Treatment 0 min 30 min 60 min 90 min 120 min

*FH& Control 791+0.18a 6.37 £ 0.18 cdef 5.19+0.13 gh 4.48 +0.13 ijkl 425+0.10kl
ALA (0.5 mg~L'l) 7.89+0.16 a 6.95+0.14b 6.75+£0.12 be 6.54 £0.17 bede 6.13+£0.10 ef
AVG (10 umol-L'l) 8.01£0.16a 6.05+£0.13 f 4.64 +0.16 ijk 427+0.15kl 3.73+£0.17m
ALA + AVG 8.02+0.12a 6.31 £0.17 cdef 522+0.17 gh 476 +0.151 4.60 +0.11 ijkl
1-MCP (0.5 uL'Lrl) 8.01+0.17a 6.16 £ 0.12 def 4.90+0.12 hi 4.17+0.131 3.50+£0.12m
ALA + 1-MCP 8.02+0.18a 6.59+0.11 bed 537+0.13¢g 4.36 +0.13 jkl 4.36+0.11 jki

I RPEARH 60 ANMFUITFEEFIIME + brdEiR, BIR SR BHMURLE 0.05 KF EERARE.
Note: The data in the table were means + SE of 60 stomata apertures. The same letters behind data represent no significant difference at 0.05

level.

{HJE, ALA | BEG 2 AF NS KR A FFA KT 245, FNTE AVG 5% 1-MCP #1il] 206 [
NI, ALA 50 DU HE RS TS FLIT . Kk, 2@ AT RE 2 ALA $04) BEmE 4448 R 3E 3R
A ALK Z T2 —

2.3 ALA SEERM R/ G BFEBURZER 20
w1 B, SER BRI AR NE SN, S A0, (HEEE SR EK, IR
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RN N, i H ALA A0 FE 2 m T R X R 20 R TG R AE AR EE 30 min B VRS, 30 ~
60 min LI A, 60 min JFIRHFEMG; ALA AFRMF 1K) LG B EGE . AE 0 ~ 60 min [A] I GEIE i,
60 min BIAWEAE, 2 5T NRE. BR T VIR AN, AR LA ] S ALA ZLERM B 26 B UE R
Bm T ig, BrHERE 76%.

2.4 ALA SERME ZHBEBRMESESHEXERRENENN

qRT-PCR %5 (& 2) FH, #ME ALA 43 60 min J5, SERM A FELRT S OGS RLES
S IRIER TN R L B TR, b ACST (ZIFHE TR ACC & LR . 4C04 (ACC
FALBEIERD . A EIN3-1 (LJE(5 5% SERME SRR ) fRIEES XTI 6.1 f5. 3.6 f5F
4.8 f%, ETR2 (LJHSZARFER) F1 EIN3-2 RIEEMAL, (HWER] 7XEE 1.6 551 2.0 {5, %27
IR BT PEAbHEN, ALA AbIRREIERLRRIA/KE LT OEE S m, 15 5&ibis0m, M
Z 53| ALA X ABA/BE T RSS2 .

—o— XfHd Control —e— ALA ] f 1 Control I ALA

27 ¢ -
- a 8 a
= 2 24 - 7 L
- 8 L
] = 21 ab s 6 a
cs 18 F be 2
3 B m oz 5| a
23 15+ H &
) cd 24 F
¥oE o2t #® 8
iﬂﬁ) s \E -§, g 3 L
®5 of bed i a
BT 6| cd = 2 F a
e k= d d 21 b b b b
Q S 3 L 1+

0 0 L L L

0 30 60 90 120 ACSI  ACO4 ETR2 EIN3-1 EIN3-2
5t ] /min Time

1 ALA SEXFEREEM R ZERBEENFME 2 ALA %32 60 min B R TREZHIEX
/NG FRERIRTE 0.05 K ERRARE . FHE. ERHERER
Fig.1 Effect of ALA treatment on ethylene release Fig. 2 Relative expressions of genes related with ethylene in the
in detached leaves of apple abaxial epidermis of apple leaves after
The same letters represent no significant ALA treatment for 60 min

difference at 0.05 level. The same below.

2.5 ZM5 H,0, 7 ALA-ABA/ERSEITERM A SFLEFHPRI L. Tk R

2.5.1 7 ALA-ABA iz
A EESE, ALA-ABA it HyO,-Ca® X — A2 RT3 R H S fLiIZ5) (An et al., 2016b),

HEMAER L2 ALA-ABA T SER M S fLizsh 2 G4 H H,0,. T5&, ERH 7]
AVG i) 25 A RIS 383 5% 6 e 0 A0 3L B AR 4 5 A I 8 AN [R) A 28 1 £f TE 40 P P
H,0, &, 4559 (B 3) R, WA ALA AR A fR 40HE ROS W63 (H0, &8 B,
TR ZR, 1 ABA ZLEERIOR DA ROS G BIE5E, Bl H,0, SR EEE (P < 0.05), it
B ABA {E3HE D4 Hy0, A . ALA + ABA AbFE, SR T ALA BAbFE, {HIXT ABA
FMALEE, TEEH ALA BEHISS ABA 5F1 H,0, S &N . AVG AL, LIRS ABA 4
AL, BEETIE, (H5 ALA+AVG AH LR EZR%, Wil ALA X AVG % S /1) H0, & =i
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IO R 5 S Ak ) B Ko A ALER R, ABA + AVG ALFE I H,0, &8, [ ABA 5 AVG
MR P i 30% ~ 40%, Uil AVG 5 ABA 7ETR P4 HoO, 4R EA LS, WG/~ %E ABA
52 BIE IS, AVG + ALA + ABA AbFRZE SR E =T ALA+ ABA &2, DL Eg5 R,
LIFTE HyOp B, U HoO, A2, 25 ALA-ABA TR FISER M F S fLig3).

X HR ALA+ ABA
Control ALA+ABA ALA+AVG ABA+AVG +AVG

ROS %536

ROS fluorescence

ik
Bright-field

50

a
z 45
§ 0 b b
BE 3B be
Bog 30 -
BE 25t od
#K 5 20 +
13 5
g2 137
8 10
~ 5F
0 L L L L I
Fopite AVG ALA+ABA ALA+AVG ABA+AVG ALA+ ABA
Control + AVG

3 ZHREMARIEF AVG 3 ALA-ABA BIRERM K SILERTEHHFR DM ROS FHIEE M
Fig. 3 Effects of ethylene biosynthetic inhibitor AVG on ROS fluorescence intensity in the guard cells
during ALA-ABA regulating stomatal movement in apple leaves

252 f& ALA - R AL
ML, ALA BN FR G H B AR R ROS %G ERE WG X R 53.7% (& 4), T AVG
SO AR () L R 5 22.1%: AVG + ALA AL FE5 AVG HBIALFR 1 76.3%, Lb ALA Sl P 5 73.5%,

45
X HE 2 40 a
Control ALA AVG AVG + ALA Z
§ 35
2 b
By 30
ROS 3¢ B2 s
ROS fluorescence ® 8
- 5 20 C
-
25 15+
=
o 10t
Eﬁ% Q 5 L
Bright-field | = ‘ ‘

X BE ALA AVG AVG+ ALA
Control

4 ZHEYARIEF AVG 3 ALA FERETERM A SILEINTRI LM ROS FAIBENRIA
Fig. 4 Effects of ethylene biosynthetic inhibitor AVG on ROS fluorescence intensity in the guard cells

during ALA regulating stomatal movement in apple leaves under dark
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SRR E R . XL, ALA FRARRES TR 7 (R DA HoO, &8 LMa il
B, BEESE H0, MUREE—SH N, 7 H ALA X BESE S5 4 HO, FIHMHIE S M 55 . Fik
UEW, LR BEAR HoO, 17 A R e 2 FRIE 26 A T ALA -2 I LTI

2.6 CHEHEMETE ALA-ABA/ERFIBIEERHASFLEsIFRE. TiiFXR
2.6.1 7/ ALA-ABA iz

Bl 5 SR, XA, ALA PR ROk 40 s i i 28 44kl DPBA 2GR AL (FRE HE
B A B 2D 35 79%, 1 ABA SN 555 JETE i 3% 22 5% (P < 0.05). ALA + ABA #0315 ALA
BT R E E R, HEE R T ABA HAMGEE, i8] ABA AEEFHMG ALA {5 B Rz AR BR300
AVG FACFEZ ST BRI 68%. ABA+AVG. ¥l AVG. ALA +ABA +AVG 4bBEFH Y., DL E&EIR
YLHT, ALA feWs ik ft DA s mAmEfl 2, ABA %A MHIN, 11 2Ha samHln AVG (e
TG ALA 174E) ARG, Hif, WAL T i R FiE, 25 ALA-ABA #ZEF3ER
RS fLE3) .

il ALA+ ABA
Control ALA ABA AVG  ALA+ABA ALA+AVG ABA+AVG  +AVG

DPBA 3%
DPBA fluorescence

ik
Bright-field

35
30
25
20

[ a
F b be
15 . o . be
10 -
| |
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
ALA ABA AVG

pagits ALA+ABA ALA+AVG ABA+AVG ALA+ ABA
Control +AVG

DPBA 5t fE

DPBA fluorescence intensity

Bs5 ZBEWE IR AVG 3 ALA-ABA BIFERM F STLEF TR I MM DPBA 328385 MIRM
Fig. 5 Effects of ethylene biosynthetic inhibitor AVG on DPBA fluorescence intensity in the guard cells during ALA-ABA

regulating stomatal movement of apple leaves

262 & ALA - ZEEiAEF

WK 6 A7, ALA 755 B S0 T3t 4R DA DPBA a8 B ol i & &) 380 47%,
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regulating stomatal movement of apple leaves under dark
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AR P HO, & &3 R, HEZE ABA FS 1 H,0, R, HAREING] AVG 51 #2 1)
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— represents positive regulation and —]| represents negative regulation.
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