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SESRAT-hookE EZRIELEE SRIKETHT

WA, WEL, T, A, oM, TAW
TGS A RS B AR ST R U 608t b, 1 200234

WE  AHL (AT-hook)E AFREEMAEK KT . fEHE. WEhaXEMERESNERRIEEER . NRRHER
(Spinacia oleracea) AHLIE R Kk AV Thae, TE5EDH 25 B P 5 SOAHL SR i il 5 i A7 4 e Far AT, AR TEAME KGR
S HRIB AR . 5 REY, SOAHLFE G194 R, 6% REARRIAI L) A6, RERE MG N2 TR, 1.
I 543 482 10, 9ANSoAHLAE 51 AN R IEji% 5] PPCHNAT-hook i 57 5 5 /7 HI 4 G 22 5 SOAHL 3= 2258 S ZE 40 i . 4
JHL BRI 2 K044, SOAHL 1IFJi% i 572 TE PN % 7, I BR 53 2 45N 5 T SOAHLJE 3l 7 _RilF 40 A1 8 A [ B0 AE Y B Ak
AW e e AR SR AR A G F . SOAHLAR BIFEAR « v Ml R 3 E ik, KEBIEMR P RIEKPE R KR %
£, SOV6g041850.1F1SOV2g038950.1% /KHMR 2. % 7, SOV2g031340.1F1S0V4g018880.1F- E/EHh KL, 5
R & B AU AR AE R AL . AT T 1A SOVA4g018880. LAEIR Ml S M BR & 81.751% - B 7045 H T it — BT SoAHL
[ e B e Lt

S T, AT-hook EF I, AT B, KR
W, WY, BRTAL 408, Eo4, FANI (2025). HORAT-oOKMEN KR4 5 41 AT, ¥ 60, 377-302.

%% (Spinacia oleracea) v i FH 2 W R} S8 Jg@ 4
Yy, ARERSE, EIRFEE, SRS, BA
HEMEFNE. BT A NMEE S AN KE SR,
RN P I, T3 i e N\ 2RI I & S N IR
P EERIE . R H Rl 2R & B f O R
ZHA, ABES T RELHIIATE 2 (F RS, 2023).
FT 30 S 56 75 1% 3] 14> AT-hook #% 5& i 2 11 (AT-hook
motif nuclear localized protein, AHL), fig5MH B &
B REER G ) 456, WTRES 5 R R
SERTE (IR, 2023). G, AR RN SR S R
M, AN PSR AHL SR AT 20 6, 4290 e ik
SoAHL.

AT-hooktZ Efir i /& —KDNAZ & H, 1%
SENL T HAZ, & A UK 2R (Arg)-TH 28 (Gly)- k5
5 (Arg)-Fii 2 B2 (Pro) (RGRP) My #% 0 ) /N3 5 (JR
FRRGRPZ#: ¥ )FIPPC (plant sand prokaryotes con-
served)#tfE(Zhao et al., 2013). i%%E A i P ER L
AN AEH T A ) e A 5 72 S B 2R I HMG-I/Y A

ks H 4H: 2024-07-30; 5% H i#H: 2024-12-26
HATH: LR R T H (No.2022-02-08-00-12-F01116)
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BRI, AE Gt Jo7 2546 20 2 DA K 0 H A 2 D] e s P 1
5 b B 5 2 4F ] (Eckner and Birnstiel, 1989).

MR AHL S % 7 AT-hook % 7 FIPP C 45 #4355 41
I, FRRAHLZ R 70 3Fm R . P e X
& A 1 B AT-hook 2 7 (#% /0 J7 #1) GSKNK) AT A 1Y
PPCEE IR (1% 0 7 FILRSH); 1130 58 % 25 45 1 B A2 A
AT-hook3E [ (1 0> 5 5 RKY), Ll K BHIPPC &5 4 15§
(B0 FPBIFTPH); NINE S & A 228 AT-hook & /57 1B
A PPC 45 ¥ 12 (Bishop et al., 2020). /K% (Oryza
sativa) (3K 517245, 2014)F1Hl 57T (Arabidopsis tha-
liana) (Zhao et al., 2013) 43 ] & F 45 A1 29 4~
AT-hook i i, FEHv ISR B 53 73 5 A7 13F1154, 1136
BB AOMNTAS, NISEHY R B 2M7 A . BRAU R I+ AIK
4N, MEK(Zea mays). K (Glycine max). #i%i
(Vitis vinifera). Fii HiAf(Gossypium hirsutum). {£4
(Arachis hypogaea)#l1#ifi(Solanum lycopersicum)
o2 E BIMAHLE R 2 a5 A 37, 634 14, 99,
64 F118/>AHL A i1 (Bishop et al., 2020; Zhao et al.,
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2020; Wang et al., 2021a, 2023; Li et al., 2021; #A
%75, 2021).

AHLE FIE N R 1, 8t 455 H br 2k Y
DNAF4I, IE[F B s B AR LR i s, 251
VAR RS, I RIAAAHLI 2 %
I Fr % (Zhou et al., 2022). i FIEAAHL22
FAAHL20' T FELEIR, T ri B AtAHL22RE {2 1
JIE#hH K (Xiao et al., 2009; Yun et al., 2012; Ta-
yengwa et al., 2020; Jacques et al., 2022). AtAHL29
REAI 1) L A7 53 O 5 DR ) sy Bty e T 0 o A
4K (Favero et al., 2020). AtAHLARE 3| Fh1
= I AR T R AR A DG B DR I R Ak, AT
) A 5T 4 fife AR AN 4 B K TR &S 2 % (Cai et al,
2020). AtAHL17 5k AtAHL18:T % ik fE % 14 55 RHD6
(root hair defective 6) T i — & 415 [l 5 % 7KF,
HET 16 IR 7 & (Sirl et al., 2020; Zeng et al.,
2023). £ KGR R 8 20 AT 5 7 4% 08 4
(AHL)3 N7, it 5NCR169J5 5 T & S ATHIFF
FleiG, 755 HARIE, 3T 52 m AR IR B A ] 2k
(Zhang et al., 2023). Fi{EAT-hookZE K (GhATL)H]
3 L 00 1) £ 4 S 5 IR FSltpd 3 37 3% P S AR £
4k & (Delaney et al., 2007). AHLZE i3 5H#Y)
W N . 7E H AL 28 55 (Zoysia japonica) H1 it
15 AtAHL23 Al AtAHL20 fit % 338 56 1 Ak 10 it 25 74
(Jeong et al., 2020). AHLLZ S5 G i .
U FI FFAtAHL20. AtAHL19. AtAHLISFIAHL27: %
125 R A% A1 1AL A2 %o 9 DR A A O 43— A Xk R 1) 9%
M S A G 55 PR (1) 2 s, DA T oF 56 25 B0 B 5 AL HH
B I U, BRI PTW AE U (Lu et al., 2010;
Zhang et al., 2022). ¥ #{ (Capsicum annuum)
CaATLLid 2 ik B J PR R A 0 40 B A0 B T 55 0 iR T
HA M (Kim et al., 2007).

g b, AHLEERITEMM A KRS . wisehe . 4
W R e 8 DA B B 5 8 e R v R 4 E B AR
{RAEREP R AR 2 b VR B R WARTE o AR SO0 3 5
AHLZ R IIEAT 4 B DN 20 45 8 MRS B o0 i . AT
RN RAH AL BL R, 73 dr T AN A 2R SR R
Ab R 9 32 R A B 5 SOAHL R Ik i AR (k1 9% &,
T2 L0 R AR SR K A I Wi N S BR f aze HE TR, RN
PRI 43 T WL R 82 A% 6 R B8 Al

1 MR5ERE

1.1 SOAHLEEZRERHKXE. RTEFMER
EEY b
MTAIRHIE FE (www.arabidopsis.org/) # B, 5 7%
AHLEE R Z0 8 41, 1 9 5 22 R 4H 380408 2 (www.
spinachbase.org/) Blastk: 2 3845 3 S AHLIFJR 7471,
AR AHLE R 5% 16 1) 45 5 45 ) 4 (PP C/DUF 296 25 1)
1k (PF03479)FIAT-hook %), #3445 #1194 3¢
AHL%E A . #]H ExPasy ™ ik # ] Prot-Param T. B
(web.expasy.org/prot-param) 43 #t SOAHL & H 1) 43
TE. FHAMBETE S . A WoLF PSORT
(wolfpsort.hgc.jp) iU Il 7 3 AHL Z EX] 52 % (1) 3. 41 i
JE Lo

FIFIMEGA 11 (www.megasoft-ware.net) ¥ 4
H T 4B 4232 (neighbor joining) 4 2 3 SEAHL . 7K
AHL 5 B SF AHL 3 3 & et # . F HI MEME
(meme-suite.org/meme/)FINCBIJConserved dom-
ains7E 2k JA 73 B O 7 2k 7 A OR <7 45 M3, IR A
TB tools-Il (Toolbox for Biologists) v2.131%x £f 317
FE R Z5 K AT R4k (Chen et al., 2023).

1.2 SoAHLEEFIEIGAER T 747

N S 5 ER] 2 B8040 P i BB S AHIL 3 R 5 Ik Bt B3 1)
Ja 3T 7 HI(ATG Li#2 000 bp#ZH T 41). FIH
PlantCARE (bioinformatics.psb.ugent.be/webtools/
plantcare/html/) 1 TBtools # {4 it 47 i 2 F F Je 4 43
FrATaTAAL, .

1.3 EPHRIERSLE

DL R 2H 5 A A 5 R 5 1 9% 3% (Spinacia. ole-
racea L.)E{XH 3 R Sp75 Rl B — S0
Fi-, 76 N LA = (O 910/ S /14 /) e TR
i, W HI7E23°C (OEIR)/18°C (FRRE), YLl amE
H200 pmol-m™-s™", AHXIE B N70%)H; 7% £ 4/ K
-, BT K 41 (salicylic acid, SA)Wi AL . KRR
W34 5 950 pumol-L™", ik SE Y 5 mL. % 8 ZH
W3 hte L BE-7K (1/1 000 (VIV))IER . 5 DIAEALPEO, 3. 5
7 RANET A BCRFE, WM Fr, B T-80°CUkAA IR
5. ARSI EY ¥ ER, FEE 3%,



1.4 EERIAEETH

KIS 906 2 #PCR (QRT-PCR)ZEHS M SOAHL K
BRI 7K 4 B i B ik 3 o 75 5%, K FH Trizol (Thermo-
Fisher) it 71 4/ B 41 2344 B 22 RNA, 4 A Hifair® 1
Strand cDNA Synthesis SuperMix for gPCR (gDNA
digester plus) (3 & 4MEH ) RNAK 5% 5% l.cDNA
(complementary DNA). i F Hieff UNICON® Uni-
versal Blue gPCR SYBR Green Master Mixi®if] &
(AR, EApplied Biosystems 7500 Real
Time PCR{X# #17qRT-PCR. P& %K i
18SHEER, R 2788CT ok i 40 5 [R] T 6 26 3% B (Livak
and Schmittgen, 2001). qRT-PCREI#FE51 W41,
SoAHLAZIRIE R H C R RIS . 25, M4
<4 %HE(NCBI BioProject PRINA663445) (Wang
et al,, 2021b), ¥ RPKM 1A £ log, #4 — . J5 K H
TBtoolZ: il # K .

1.5 MEEENE
K HH R 643 ' B VI 8 9 S 45 4R R RE B
M2 = (IR AW 4, 2020).

&1 IVER

Table 1 Sequences of the primers used in this study

WrFI45: 3¢ AT-hook JE Rk %52 5 RIKE M 379

1.6 FEHSOV4g018880.158 H 5 & SRR FRIES
g

MNCBIZ#z i (www.nebi.nlm.nih.gov/)H 383 SOV-
49018880.1 (¥ NSoAHLa)E [ 4 X A% H R 7
B, WA R A A TR (i) Rm A
PR A A A K 4afid 7 %1 (coding sequences, CDS)
P15 ¥(F: 5'-ATGGAACCGAATGAACAAAG-
CGGAC-3'; R: 5-CTAGTCGGGCATCTGCTCATAA-
TCT-3"). VL#E3mflH 52 R Sp75MH i cDNAJy R
%, FIHIPrime STAR® GXL i {5 2L BEE 17 5 R 7 e o
1A Z AR50 pL, £1410 pl 5% GXL Buffer,
4 uLdNTPs, b, FUEI#%1.5 UL, 2 uL cDNAMHR,
1 uL Primestar GXL, 30 pL ddH,O. ¥ 1#4f&/F: 95°C
TARYE3 S8, 95°CARE15Fp, 57°CiR k158), 72°C4E
173 Bh (T U35); 72°CALEM558h . HIKAIIPCR
P, WPEDNA Markerbbxd 47 K/, I San
Prep DNAJK IR G0 5% KNS B )R — 3
(1) BOst AT VIR ISR i o K 285 DR B i DA
Xbalty & £ pEarleyGate100-SWER ik &4k, #ibE K
JAT RS2 A A0 M, BRE P M v B B O A AR

Gene ID

Forward primer (5'-3')

Reverse primer (5'-3")

SOV4g002370.1 GTTCTAACCATCTCCGCAAT TGAATGGGTGAAATTGGCAT
SOV5g038710.1 GAGCGGCTATGATGGAG GGATCTGATCTGTCCATGTC
S0OV1g029900.1 TAAGATGGAGCAACAACAGG TCGGGTTCTGATTATCCTCT
SOV6g041850.1 ATATCGGCATCACAACATGG AGTGGTTTTGGAGTTGAAGT
SOV2g030150.1 ATGGAAGGCCTCTACCACC GTGGTGAAACTGATGATGCTG
SOV6g047350.1 GACTCTCGTGGCCCATCTGC GTAAGGTGAATTTGATTGGTGG
SOV2g031340.1 GAGAGGATTAGCCGAGTTAC CCCGACATTTGATTGGAAAG
SOV3g001110.1 GTAGTTCAGGGGTAACTGTG TTTTCACCCCTAGCTGTTAC
SOV2g038950.1 GATAACAATGCTCAAAACAATG GTTGGAATTTGGAAGGATGAG
SOV4g018880.1 CCGAATGAACAAAGCGGAC GACATTCCATTGGTGGCGG
SOV5g038610.1 TCTGAAAATGACGTCGGTAG CGGCTTATAAACTGCATTCC
SOV6g041780.1 GTAGTAAGGTCAGATGCTCC CATACTTCCTTGGTCTACCC
SOV2g029980.1 GGTGACAGTAATAGGAGCAG TTACTGGAGTAACATCCCCA
SOV5g021850.1 TCAGGACCTGGTAGCTTTTA AAAGTCATCCCGGAATTAGG
SOV6g040610.1 GGATGGGAGAGAAGGTATGGC CCAACTGCCCCAGGAATTGT
SOV4g057830.1 ATAACGCCCTGGTGCAACTG TGTGGCCTCCATCCGAACACAT
SOV4g019010.1 ACGAACAACCCGGACAACTT ACCGCCATGATTCCATCCAT

SOV6g040700.1
SOV6g047370.1
18S

TTGCCTCCGGTCCTGTGGTTATTAT
TCCGGTCCTGTGGTTATTATGGC
CCATAAACGATGCCGACCAG

TCAGGTCTTTGCCAGTGATCTACC
TCAGGTCTTTGCCAGTGATCTACC
AGCCTTGCGACCATACTCCC
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TR (g )R A PR A = PP o PP IE A i S BB HL,
A B AT HGVI101 2 B4, T-80°CUkAifR
i, & H

1.7 SOV4g018880.17E KK i FERATIE FRIE

A AR B A SR 1 35 32 A rh B I 3R 34 SOV4g-
018880.1. K HAH K FIGV3101 K F 1 /E28°CHE
PR % 57 25 B OD=0.8 . 4 15 CoISUHE ) BT R AR i
(# 10 mmol-L™" MgCl,. 10 mmol-L™" MESLL %
150 pmol-L™" AS (¥ 1/2MS ¥ % 3£, pH5.8) Fi & &
OD=0.8, =i EH2-3/Ni )&, FRREHAENTS4%E
R KR YA R B T 20°C RIS 441 T 459712
NI SR N IEH IR 4 AE R R 9R2-3 K, ARIER s
F RGBT R, TREGEYE 5 A7 T—80°CUKAH, # .

1.8 BUBHH

KHISPSS 29.0 i AT 5Lt 7 #fr o SRR =TT %
53 BT (ANOVA) A 56 55 Ab B 1] 1) 22 57 I 3% 1 (Tukey £
¥, P<0.05% 7% 5 0 3).

2  PHESOAHLEER gk A H A S

2 HR57H

21 SOAHLEREZREMAMEE

FE 9 S h %58 19N AHL S I A (62), Hidh 14
SOAHLEE K B AL T 15 Je i ik, 4NEER e T25
ok, ANEREN T35 4L ik, 4NEHEN T45
Jetafk, 3NEEREN T55 Yetatk, 6 EHEN T6
SYL AR (£2). S SOAHLIE PR 4 i & L R B A T
268-470 2 [d], &M/ & K ASOV6g047350.1
(52.13 kDa), #x/»ySOV5g038710.1 (26.72 kDa);
25 |, 5 (pl) B 7 I SOV1g029900.1 (5.37), % KA
SOV5g038610.1 (9.87). V4 % Az T 45 7w,
KB AHLIE R 8 17 7E A0 A%, AR A 265 DR F30) 5 3 7
HE MR (R2).

2.2 FESESoAHLE L 4

B 193 AHL . 29U F FFAHL BA S 214N K FEAHL
RAFHET 2 P A L R SR (E1), 45
FRI101SoAHLEK 71 515 FFAHL Clade-B

Table 2 Information on the SOAHL gene family members in spinach

Gene ID Genome location E)%Zﬁi!:lci: Length (bp) Ami(r;c;)acid Wl\e/:cg)ﬁc(ﬂgg) Pl
SOV1g029900.1  Chr. 1: 113135928-113136926 NLS, Chl 999 333 33.84 5.37
SOV4g019010.1  Chr. 4: 52394687-52395604 NLS 918 306 31.47 6.16
SOV4g057830.1  Chr. 4: 186409628—186410449 NLS, Chl 822 274 27.68 6.42
SOV5g038710.1  Chr. 5: 123243932—-123247784 NLS 819 273 26.72 6.43
SOV6g040700.1  Chr. 6: 140433598-140434404 NLS, Cyt 807 269 28.36 9.07
SOV6g047370.1  Chr. 6: 148547185—-148548063 Chl, NLS 879 293 30.18 6.04
SOV2g030150.1  Chr. 2: 101786656—101787666 NLS, Chl 1011 337 34.80 7.22
SOV6g041850.1  Chr. 6: 141988749-141989711 NLS, Chl 963 321 32.97 5.97
SOV2g038950.1  Chr. 2: 112654862-112655896 Cyt, NLS 1035 345 36.80 6.85
SOV4g018880.1  Chr. 4: 52004210-52011645 NLS 1041 347 36.10 8.46
SOV2g031340.1  Chr. 2: 103380711-103385136 NLS 990 330 34.05 9.58
SOV6g040610.1  Chr. 6: 140337052—-140344304 NLS, Cyt 1044 348 35.29 9.89
S0OV2g029980.1  Chr. 2: 101504484-101511484 NLS, Chl 1032 344 35.92 9.44
S0OV6g041780.1  Chr. 6: 141900514—-141905585 NLS 1026 342 35.70 8.33
SOV3g001110.1  Chr. 3: 1145951-1151558 Chl, NLS 1089 363 37.96 5.73
SOV5¢g021850.1  Chr. 5: 39407625-39411618 NLS, Chl 1089 363 37.31 7.87
SOV5g038610.1  Chr. 5: 122545368—122554893 NLS 1092 364 37.09 9.87
SOV6g047350.1  Chr. 6: 148521377-148529101 NLS, Chl 1413 471 50.13 8.79
SOV4g002370.1  Chr. 4: 2764521-2765501 NLS, Cyt 981 327 36.06 6.04

NLS: 4iffik%; Chl: M-4¢4k; Cyt: 4l ; Pl: 4855 NLS: Nucleus; Chl: Chloroplast; Cyt: Cytoplasm; PI: Isoelectric point
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Figure 1
Purple indicates subfamily I, and blue indicates subfamily II.

IR 55—, AIVACRNE R, 9/ S SoAHL X,
RE14N L FFIFAHLE [ (Clade-A) R A — X, E%
K REGE, HNN . 1%+ SOV6eg047370.15
AtAHL23FIAtAHL21 11 [R5 1 5% 1 SOV6g047100.1
5 AtAHL165E 2 ok R ik ; SOV1g029900.15 AtA-
HL153% 2 % A Bl 11F % o SOV6g041780.1 5
AtAHL2 3% % % R 80kt ; SOV59038610.1. SOV5g-
021850.1F1S0V59047350.1 53/ AtAHL . 50sAHL
EAFEPEME R R, HHS0V59021850.150s06922030

2.3 SoAHLEBGFRTEHEMERRTERF S
19/ SoAHL % 7 #5 &  PPC/DUF296 45 #18,, {H24~

Phylogenetic tree of AHL family members of spinach, Arabidopsis and rice

V. 2 ¥ PPC/DUF 296 25 14 33 F1 AT-hook 2 /7 |7 41| 5
ZE 5 (E2). 1% A HIAT-hook 3 4 2 2R 57 1
¥ %|RGRPFIGSKNK; i 11V % AT-hook % [ & & R
B NRGRPRKYMRGRPPGSGPK. H:r, IV ik
R PPCLR ST 45 M 3 LR 57 ¥ 51 I GRFEILAILRSH, I
U J R 7 PPC AR 57 45 A6 380 1) e B AL e Fih 2R 4 %2, 4
KEBEAFTPHIE ST 5.

X SOAHLZR I i i HH 64N IR 57 26 5 3R AT 70 T, K
L6 PR ~F B 7 78 % i 53 A 2 DL iy HE A1, TR —
P ¥ SOAHL R 571 B A ARARL ) 3k e 4L R (I BA) o o
Motif1 FIMotif2 2 AHL 5 jik PP C 45 4 42k r 1) O <7
F¥; Motif3thfiz T-PPC/DUF2964 #) 15, [%SOVA4-
g002370.14, H AR 51 % B A Motif3; Motifshy
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AT-hook motif PPC domain
S0OV4g002370.1 ———>- I —— RGRP  GSKNK GIFKLV - N
SOV1g029900.1 —H-mmmm——— RGRP GSKNK GRFEIL LRSH
SOV4g019010.1 — P Emmms——o RGRP GSKNK GRFEIL LRSH
SOV4g057830.1 —pEmm—— RGRP GSKNK GRFEIL LRAH
% SOV5g038710.1 —) mmmms—— RGRP GSKNK GRFEIL LRSH _Subfamily |
SOV6g040700.1 —H-Immmm— RGRP GSKNK GRFEIL LRTH
SOV6g047370.1 — mmmm—— RGRP GSKNK GRFEIL LRSH
[ SOV2g030150.1 — - mmmmm——— RGRP GSKNK GRFEIL LRSH
SOV6g041850.1 — S —— RGRP GSKNK GRFEIL LCAH
——— S0V2g038950.1 S RGRP_ GSKNK GRFELL - | |
——— SOV4g018880.1 —— —mmmm—— KRGRPRKY--— GRFDIL FTPH| —
SOV2g031340.1 —— —mmmmm—— KRGRPRKYRGRPPGSGRK| GRFDIL  FTPH
] ‘ [E SOV6g040610.1 —— ——mmm—— KRGRPRKYRGRPPGSGRK| GRFEIL  FTPH
SOV2g029980.1 — = SE——— KRGRPRKYRGRGRSLASE | GRFDIV  FTPH
SOV6g041780.1 — ——mmmm—— KRGRPRKY---- GRFEIL FTPH| - Subfamily Il
SOV3g001110.1 — ——mmmn——— KRGRPRKYRARPFQNIKK |GRFEIL FTPH
SOV5g021850.1 — ——mmmms——— KRGRPRKYRGRGKASSQN| GRFEIL  FTPH
SOV5g038610.1 —— —— mmmms—— KRGRPRKYRGRPPGAGRK| GRFEIL  FTPH
SOV6g047350.1 pr— KRGRPRKYRGRPPGSSKK | GRYEIL ~ --— B
N
0 100 200 300 400 500
(> AT-hook motif 1 PPC/DUF296 domain
B2 3 SoAHL S % R 5 AR <1 45 K3k 4 by
Figure 2 Conserved domain analysis of SOAHL family members in spinach
A Subfamily | B
SOV4g002370.1 —— @A {2 +— =
SOV1g029900.1 — T8N 2}F— ]
SOV4g019010.1 =
SOV4g057830.1 — Al 1132 HB— ==
SOV59038710.1 — I T8 2+—— —
SOV6g040700.1 —HELTIBH 2+—— |
SOV6g047370.1 —B—4T TH3 2 +— =
SOV2g030150.1 —BB—4 T8 2 +— |
SOV6g041850.1 —B—4TH3 2 +—— —
L S0OV2g038950.1 —B—B—{A T8 2 H— —
——SO0V4g018880.1 B—8—1 T8 2}— o= — W
SOV2g031340.1 ———B—{ T[3H 2 }+—— o 0o
n SOV6g040610.1 —B—{4{ T[3H{ 2 —— O 1 fl 0
S0OV2g029980.1 —B— TI3H{ 2 }— O———i0
SOV6g041780.1 —B—B-[T[3H 2 +—— ———3-0
SOV3g001110.1 ——B— T[3{ 2 }+— = —
SOV59021850.1 —B——[ A1 [3H 2 +— O——0
S0V59038610.1 ——@—BHH T13H 21— o +—1 0
SOV6g047350.1 —pB——B—— [ T[3H 2 }+—— a0
Subfamily II 5’ , : : : y s 3
0 100 200 300 400 50 0 1 2 3 4 5 6 7 8 9
1 Motift [ Motif2 [ Motif3 Upstream/downstream
[ Motif4 [ Motif5 [ Motif6 @3 CDS — Intron
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Figure 3 Analysis of conserved motifs (A) and gene structure (B) in the SoAHL family members
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Figure 4 Regional collinearity of the SOAHL gene in spinach

The homologous chromosome regions were connected with the SoOAHL genes by red lines, and the outer ring represents the

gene density heatmap.
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Figure 5 Collinearity analysis of the AHL gene family in different species
The red lines between the bars indicate collinear genes among members of the AHL gene family across species; the fine gray
line shows all the collinear genes contained between species. At: Arabidopsis thaliana; Os: Oryza sativa; So: Spinacia oleracea
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Figure 6 Analysis of cis-acting elements of the SOAHL gene family members
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Figure 7 Folate content (A) and expression pattern of SOAHL gene (B) in three tissues of spinach
L: Leaf; P: Petiole; R: Root. Different lowercase letters indicate significant differences(P<0.05).
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Table 3 Effects of salicylic acid (SA) treatment on the biomass of spinach

Shoot fresh biomass

(9)

Root fresh
biomass (g)

Shoot dry
biomass (g)

Root dry
biomass (g)

Salicylic Days of treat-
acid ments (d)
Mock 0

1
3
5
7
SA50 0
1
3
5
7

0.737+0.171 d
1.042+0.049 c
1.097+0.125 ¢
1.304+0.017 b
1.511+0.054 a
0.800+£0.190 ¢
1.123+0.116 b
1.083+0.115 b
1.303+0.080 ab
1.501+0.085 a

0.053+0.004 b
0.076+£0.016 b
0.066+0.008 b
0.079+£0.016 b
0.104+0.016 a
0.061+0.003 a
0.077+0.015 a
0.088+0.056 a
0.069+0.010 a
0.077+0.015 a

0.083+0.013 b
0.083+0.013 b
0.095+£0.014 b
0.132+0.028 a
0.111£0.020 ab
0.087+0.015 a
0.123+0.032 a
0.339+£0.441 a
0.096+0.018 a
0.094+0.038 a

0.004+0.001 a
0.030+0.036 a
0.008+0.002 a
0.012+0.008 a
0.010+£0.003 a
0.007+0.003 a
0.012+0.005 a
0.010+0.003 a
0.010+0.006 a
0.049+0.070 a

ARG SRR R [F— 4b 31 F 2 5 5.2 (Duncan’st 5%, P<0.05); MockHISA504) il 3% 7~ 4] BE 4L F150 pmol- L™ SALLFE4H .
Different lowercase letters indicate significant differences under the same treatment (Duncan’s test, P<0.05); Mock and SA50
indicate control and 50 pmol-L™" SA treatment group, respectively.
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Figure 8 Phenotype (A), total folate content (B) of spinach and expression analysis of SOAHL (C) under salicylic acid (SA)

treatment

CKD5: Control group for 5 days; SAD5: SA treatment for 5 days; CKD7: Control group for 7 days; SAD7: SA treatment for 7
days. The stars indicate significant differences between treatments at the same time (P<0.05, Tukey test); the numbers in the

heat map boxes respresent gene relative expression. Bars=5 cm
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Figure 9 Changes in the relative expression level of the
SoAHLa (A) and the folate content of leaf (B) after transient
overexpression of SOAHLa

CK: Spinach leaves injected with empty pEG100-SW; OE:
Spinach leaves injected with vector containing SOV4g0188-
80.1. * indicate significant differences between treatments at
the same time (P<0.05, Tukey test).
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Identification of the Spinach AT-hook Gene Family and Analysis
of Expression Profiles

Li Yang, Xitong Qu, Zihang Chen, Tingting Zou, Quanhua Wang, Xiaoli Wang*

Development and Collaborative Innovation Center of Plant Germplasm Resources, College of Life Sciences, Shanghai
Normal University, Shanghai 200234, China

INTRODUCTION: The AT-hook motif nuclear localized (AHL) gene family is a highly conserved transcription factors in-
volved in plant growth, development, and stress responses, but their roles in spinach are still unknown.

RATIONALE: To reveal the basic characteristics of the AHL family in spinach, members of the spinach SoAHL family
were identified at the whole-genome level, and their physicochemical properties, gene structure, conserved motifs, pro-
moter elements, and salicylic acid-responsive expression profiles were analyzed in this study.

RESULTS: The results revealed 19 SoAHL family members in the spinach genome, which were unevenly distributed
across six chromosomes. These SOAHL members can be classified into three branches, with 10 members in subfamily |
and 9 members in subfamily 1l. The sequence composition of PPC and AT-hook conserved motifs varies among subfami-
lies; most of the SOAHL genes are located in the nucleus, cytoplasm, and mitochondrion. Members of subfamily | of
SoAHL have no introns, whereas members of subfamily Il contain 4-5 introns. The varying numbers of cis-acting ele-
ments relate to phytohormones and abiotic stress responses were distributed upstream of the promoters of the SoAHL
members. The SOAHL genes can be expressed in roots, leaves, and petioles, with most genes expressed at relatively
high levels in roots. The expression of two SoOAHL genes (SOV6g041850.1 and SOV2g038950.1) was significantly in-
duced by salicylic acid treatment. The expression profiles and salicylic acid-induced expression levels of SOV2g031340.1
and SOV4g018880.1 were highly correlated with the folic acid content, which may play a role in the spinach response to
the salicylic acid signaling pathway. The transient overexpression of SOV4g018880.1 increased the folate content of
spinach leaves by 1.75 times.

CONCLUSION: The results from the sequence characteristics, expression profiles and exogenous salicylic acid treatment
revealed that the SoAHLs had potential functional diversity and that specific members may have positive effects on spi-
nach folate accumulation. Our results will lay the foundation for further resolving the function of spinach AT-hook genes.
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