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Identification of AP2/ERF gene family in Aquilegia vulgaris
and expression analysis under salt stress

WANG Yufeng, MENG Yuan, YU Haihang, CUI Dingyuan, BAI Yun”

( College of Forestry and Grassland, Jilin Agricultural University, Changchun 130118, China )

Abstract: AP2/ERF transcription factors play important roles in plant growth, development and response to abiotic
stress. In order to explore the response of AvAP2/ERF genes in Aquilegia wvulgaris to salt stress, based on the

transcriptome data obtained under salt stress in previous experiments, the AP2/ERF gene family in A. wvulgaris were
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screened by bioinformatic methods, and their physical and chemical properties, conserved motifs, phylogenetic relations
and expression changes of these genes in leaves and roots under salt stress were analyzed, etc. The expression of
candidate genes was verified by qRT-PCR. The results were as follows: (1) 86 AvAP2/ERF genes were identified which
encoded 132-722 amino acids, with molecular weight of 14 763.30-79 069.47 Da and isoelectric point ranged from 4.49
to 9.68. Most of them were slightly acidic proteins and all of them were hydrophilic. Most of AvAP2/ERF were localized
in nucleus. (2)The similarity of secondary structure was high, which was proportionally composed of random coil and a-
helix. The members all contained AP2 domains, and two conserved motifs were predicted. (3) Under different stages of
salt treatment, there were 71 AvAP2/ERF genes responded to salt stress. There were 18 and 19 differentially expressed
genes in leaves and roots, respectively. There were 86 AP2/ERF genes of A. vulgaris were divided into five subfamilies
clustering with A. thaliana; the AP2/ERF genes of A. wvulgaris and Arabidopsis thaliana were clustered into five
subfamilies and 15 subgroups. Through expression analysis and homology relationship, AvAP2/ERF-56, AvAP2/ERF-61
and AvAP2/ERF-80 of them might be involved in salt resistance, and the qRT-PCR results were consistent with

sequencing expression trends. The results of this study provides a reliable reference for further research on the function

43 %

and stress response mechanism of AP2/ERF gene in Aquilegia vulgaris.
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G, FH MEGA 7.0 # 4, DL 4B 4% ¥ ( neighbor-
joining, NJ) 4 & Bk #% 3| 3¢ 5 #l # JF AP2/ERF %&
)& 58 & 8 AR, IF 48 H iTOL ( https : //itol.
embl. de/) #F 17 3 fb, @ o 78 £ K 1 pl/Mw
(http ; //web.expasy.Org/ protparam/ ) 73 #7125 H it 1Y
oy R B A N B SR AR B A
P, A FH AE 28 8K MBC (htip ://cello. life. nctu.
edu.tw/) FEAT 040 i 5 7, F T AE 26 ) 2 Prabi
(https ;://prabi.ibep.fr/htm/site/web ) T £ (Bt —
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tools/meme ) 73 B IR 517 2L |, IF 38 33 TBtools #F
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BET R 2| S R W30 R e s 2 8l s AP2/
ERF AL RAEER B30 0( CK) (12,24 .48 h i3
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F1 REAERAEEERNSIHFTI
Table 1  Sequence of the primers for fluorescent

quantitative detection of Aquilegia vulgaris

S84 R

Primer name

¥ (5'-3")
Sequence (5'-3")

AvAP2/ERF-56F GTATGGTGCCTCCCCTCGTT

AvAP2/ERF-56R GCCCCTTGGTCTTGAACCTG
AvAP2/ERF-61F GCGAAGTAGACGCAATGGACC
AvAP2/ERF-61R AGCTGGCACTTTACGACGCT
AvAP2/ERF-80F ATACGAAAGGCGGCAAGTGA
AvAP2/ERF-80R CAACCCTGGCATTCCAAACTC

IPP2F CAGGTGAAGACGGACTGAAGTTATC

IPP2R CCAAGACTGGAAAAAAGACCACAC

2 SR E M

2.1 BRANFLERE N

IR ILFAG I 20 SO 12 A4, 3 B8 5 A SO
Z/0ARAE 41 521 502 4 clean reads.6.23 G clean
bases, FTA 12 D3CEEF) Q30 ¥ 94.81% ,GC
YITE 41.51~42.72 Z [8] SR AP 28 088 1>, &
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2.6 BR#EE 32 AP2/ERF EEREER S

BEERFE -2 AP2/ERF 2R AE R Hf R A [] it
() 7E AR A0 i v (18 3% 3K B9 22 o B R O R 2R
Mr K FPKM KT 0.05 # A Sk, - HIHAH
A1 I 26 38 7K V- # 5 ( Moran et al., 2011), 7E
MR B RERIRFE A 69 A, FEm b A R A
50 A, I H 3R 3K i 349 B R 0k 30 Bsf a] A 35 fn 2 B —
FERA S (E 4)

5T REAH T, R 5 22 5 W3 AR ME R | log,
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1 BRI} FE ST AP2/ERF EEM R 5L
Phylogenetic tree of AP2/ERF genes in Aquilegia vulgaris and Arabidopsis thaliana

Fig. 1

5E AvAP2/ERF-56 . AvAP2/ERF-61 . AvAP2/ERF-80
b vE L, O Hax 3 4~ 3 R 7R R b an Ak B
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ERF-61 7ERt v | [ifi 25 5 JW 368 ) (] () 385 0, 23K
B L TE, FE 48 h B R B EAR T, R A

12.24 h L35, 48 h i TR, 55 5 4 50E —
., AvAP2/ERF-80 FENt i, bifi 25 5 bk 380 A5 1] |9
W, FEik R F R, AE 24 48 h i VR E EAR
o RO 12 .24 48 h B HIAG I B 0k B B
P 5 S D P 45 R — B,

3 W54 ®

ABIFGE MR L T 0T 3 A 14 DR < 25 4 Ji 32
B SR IN P BHE Hh %58 T 86 A AvAP2/ERF 3£ H,
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&2 BREES 3K AP2/ERF KL 247 5 T 40 A %E L
Table 2 Analysis of physical and chemical properties and subcellular localization of AP2/ERF in Aquilegia vulgaris

A = ey
Gene ID Ao acids weight point of hydropathicity Subcellular localization
(Da) (pl)
AvAP2/ERF-1 530 59 994.41 6.51 -0.826 Nucleus il ffi %
AvAP2/ERF-2 225 25 026.49 5.07 -0.751 Nucleus il i 4%
AvAP2/ERF-3 189 20 877.23 9.03 -0.741 Nucleus il ffi 4%
AvAP2/ERF-4 279 31 126.26 5.08 -0.715 Nucleus il i 4%
AvAP2/ERF-5 264 29 399.72 5.02 -0.903 Nucleus il ffi 4%
AvAP2/ERF-6 332 37 272.49 5.68 -0.756 Nucleus il ffi 4%
AvAP2/ERF-7 321 36 711.65 5.20 -0.954 Nucleus 4 fifl %
AvAP2/ERF-8 234 26 433.45 8.50 -0.750 Nucleus #i i #%
AvAP2/ERF-9 297 32 496.79 6.51 -0.648 Nucleus #i i #%
AvAP2/ERF-10 268 30 095.00 8.57 -0.631 Nucleus #i i #%
AvAP2/ERF-11 322 37 159.42 5.01 -0.854 Nucleus £ i #%
AvAP2/ERF-12 369 41 907.28 5.41 -0.867 Nucleus # i #%
AvAP2/ERF-13 386 42 554.86 8.41 -0.745 Nucleus £ i #%
AvAP2/ERF-14 415 46 627.28 4.64 -0.796 Nucleus # i #%
AvAP2/ERF-15 218 24 335.24 8.72 -0.628 Nucleus £ i #%
AvAP2/ERF-16 282 31 335.77 6.13 -0.673 Nucleus £ i #%
AvAP2/ERF-17 267 29 825.06 4.69 -0.575 Cytoplasm 4 if 5T
AvAP2/ERF-18 159 17 188.26 9.14 -0.552 Nucleus 4fi ffi#%
AvAP2/ERF-19 347 40 053.17 8.09 -0.710 Nucleus 4fi ffi 4%
AvAP2/ERF-20 347 39 892.05 7.10 -0.648 Nucleus il ffi 4%
AvAP2/ERF-21 370 41 893.58 8.88 -0.543 Nucleus il ffi#%
AvAP2/ERF-22 355 39 834.74 8.59 -0.624 Nucleus il ffi 4%
AvAP2/ERF-23 551 62 110.15 6.56 -0.742 Nucleus il i 4%
AvAP2/ERF-24 537 60 327.74 5.79 -0.972 Nucleus il i 4%
AvAP2/ERF-25 360 40 429.30 5.02 -0.889 Nucleus il ffi 4%
AvAP2/ERF-26 421 47 379.25 8.43 -0.754 Nucleus il i 4%
AvAP2/ERF-27 500 55 762.18 5.84 -0.720 Nucleus 4 fifl 4%
AvAP2/ERF-28 337 38 359.20 9.68 -0.713 Nucleus #i i #%
AvAP2/ERF-29 382 42 980.94 8.52 -0.630 Nucleus #i i #%
AvAP2/ERF-30 342 38 335.51 7.12 -0.779 Nucleus #i i #%
AvAP2/ERF-31 348 39 531.89 8.19 -0.826 Nucleus £ i #%
AvAP2/ERF-32 590 65 507.98 6.14 -0.841 Nucleus # i #%
AvAP2/ERF-33 317 35316.24 5.98 -0.712 Nucleus 4fi i %
AvAP2/ERF-34 526 57 847.91 7.37 -0.747 Nucleus 4fi i 4%
AvAP2/ERF-35 722 79 069.47 5.97 -0.745 Nucleus 4fi ffi 4%
AvAP2/ERF-36 664 73 723.42 6.23 -0.779 Nucleus 4fi ffi#%
AvAP2/ERF-37 668 74 090.72 6.54 -0.767 Nucleus 4fi ffi 4%
AvAP2/ERF-38 335 37 437.41 5.38 -0.684 Nucleus 4fi ffi 4%
AvAP2/ERF-39 223 25318.43 5.82 -0.552 Nucleus 4fi ffi %
AvAP2/ERF-40 282 31 590.52 5.56 -0.611 Nucleus il ffi#%
AvAP2/ERF-41 234 26 168.16 5.10 -0.547 Nucleus il ffi 4%

AvAP2/ERF-42 259 29 289.54 4.77 -0.597 Nucleus 4l ffg 1%




10 #4 FE R . BREE 38 AP2/ERF R R 5 it % 58 T 3h bl R 63k 04 1867

sk 2
INTEr e
Gene 1D amino acids weight point of hydropathicity Subcellular localization
(Da) (pD

AvAP2/ERF-43 161 18 046.69 9.04 -0.385 Chloroplast -4 44
AvAP2/ERF-44 317 35 408.85 6.06 -0.566 Nucleus £ i #%
AvAP2/ERF-45 242 26 913.50 8.50 -0.893 Nucleus 4 fifl %
AvAP2/ERF-46 180 19 919.04 5.08 -0.589 Chloroplast M-t {&
AvAP2/ERF-47 292 32 872.63 9.28 -0.857 Nucleus 4fi ffi %
AvAP2/ERF-48 274 30 394.27 9.25 -0.980 Nucleus £ i #%
AvAP2/ERF-49 197 21 354.40 6.17 -0.660 Nucleus £ i #%
AvAP2/ERF-50 132 14 763.30 5.58 -0.750 Chloroplast I-£¢ {4
AvAP2/ERF-51 146 16 063.63 8.85 -0.680 Nucleus £ g #%
AvAP2/ERF-52 195 21 910.06 9.66 -0.619 Mitochondrion £& 4 {4
AvAP2/ERF-53 272 31 072.62 5.53 -0.808 Nucleus il ffi 4%
AvAP2/ERF-54 426 47 782.22 4.83 -0.765 Nucleus 4fi ffi 4%
AvAP2/ERF-55 386 42 871.51 5.25 -0.733 Nucleus 4ii i 4%
AvAP2/ERF-56 245 27 507.39 9.30 -0.968 Nucleus 4 fifd 4%
AvAP2/ERF-57 419 45 574.65 6.08 -0.670 Nucleus 4fi i 4%
AvAP2/ERF-58 188 21 125.53 6.96 -0.634 Nucleus £ i #%
AvAP2/ERF-59 209 22 926.76 7.67 -0.533 Nucleus £ i #%
AvAP2/ERF-60 161 17 719.76 9.91 -0.892 Nucleus #i i #%
AvAP2/ERF-61 323 35 834.53 5.29 -0.866 Nucleus 4fi ffi 4%
AvAP2/ERF-62 331 37 305.67 4.92 -0.779 Nucleus 4fi ffi#%
AvAP2/ERF-63 282 31 968.60 7.77 -0.806 Nucleus 4 ifi#%
AvAP2/ERF-64 317 34 801.90 8.80 -0.503 Nucleus 4fi ffi#%
AvAP2/ERF-65 347 38 529.26 5.95 -0.588 Nucleus 4fi i #%
AvAP2/ERF-66 424 47 919.73 5.75 -0.926 Nucleus £ i #%
AvAP2/ERF-67 384 42 489.39 6.46 -0.581 Nucleus # i #%
AvAP2/ERF-68 377 41 857.89 6.80 -0.582 Nucleus 4 fifd 4%
AvAP2/ERF-69 162 17 995.08 5.06 -0.516 Nucleus il ffi 4%
AvAP2/ERF-70 165 17 911.26 9.45 -0.405 Nucleus 4fi ffi#%
AvAP2/ERF-T71 154 17 561.56 9.27 -1.065 Nucleus il ffi 4%
AvAP2/ERF-72 173 19 159.42 9.51 -0.802 Nucleus 4fi ffi#%
AvAP2/ERF-73 301 33 086.52 5.35 -0.649 Nucleus 4 ifi#%
AvAP2/ERF-74 187 20 304.68 4.49 -0.258 Chloroplast M-Zg {4
AvAP2/ERF-75 257 28 340.57 5.23 -0.635 Nucleus £ i #%
AvAP2/ERF-76 172 18 931.04 5.61 -0.493 Nucleus 4l ffi 4%
AvAP2/ERF-77 172 18 932.03 5.38 -0.493 Chloroplast M-4g{A
AvAP2/ERF-78 231 25 826.92 5.62 -0.612 Nucleus il ffi 4%
AvAP2/ERF-79 232 26 158.13 6.35 -0.719 Nucleus il ffi 4%
AvAP2/ERF-80 231 26 221.33 6.14 -0.707 Nucleus 4fi i %
AvAP2/ERF-81 235 26 095.95 5.19 -0.619 Nucleus £ i #%
AvAP2/ERF-82 173 18 780.97 4.69 -0.473 Nucleus £ i #%
AvAP2/ERF-83 186 20 074.28 5.08 -0.439 Nucleus #i i #%
AvAP2/ERF-84 219 23 925.81 5.76 -0.460 Nucleus il ffi 4%
AvAP2/ERF-85 207 23 240.05 7.89 -0.646 Nucleus # i #%

AvAP2/ERF-86 225 25 009.05 9.14 -0.521 Nucleus 4il ffg 1%
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Table 3 Secondary structure of AP2/ERF in Aquilegia vulgaris

g : T g : T

(%) (%) (%) (%) (%) (%)
AvAP2/ERF-1 27.55 5.47 66.98 AvAP2/ERF-44 24.29 15.14 60.57
AvAP2/ERF-2 19.56 8.89 71.56 AvAP2/ERF-45 15.29 15.29 69.42
AvAP2/ERF-3 16.40 11.64 71.96 AvAP2/ERF-46 20.56 12.22 67.22
AvAP2/ERF-4 15.77 11.83 72.40 AvAP2/ERF-47 33.22 6.85 59.93
AvAP2/ERF-5 11.36 9.47 79.17 AvAP2/ERF-48 21.90 9.85 68.25
AvAP2/ERF-6 31.93 11.14 56.93 AvAP2/ERF-49 25.89 11.17 62.94
AvAP2/ERF-7 31.46 9.66 58.88 AvAP2/ERF-50 28.03 18.94 53.03
AvAP2/ERF-8 38.89 3.42 57.69 AvAP2/ERF-51 30.82 14.38 54.79
AvAP2/ERF-9 19.53 13.13 67.34 AvAP2/ERF-52 28.21 13.85 57.95
AvAP2/ERF-10 27.24 15.30 57.46 AvAP2/ERF-53 24.63 15.44 59.93
AvAP2/ERF-11 38.51 3.04 48.45 AvAP2/ERF-54 27.23 11.97 60.80
AvAP2/ERF-12 26.83 13.55 59.62 AvAP2/ERF-55 22.80 12.18 65.03
AvAP2/ERF-13 31.87 13.21 54.92 AvAP2/ERF-56 30.61 9.39 60.00
AvAP2/ERF-14 34.94 9.40 55.66 AvAP2/ERF-57 29.59 12.17 58.23
AvAP2/ERF-15 28.90 15.60 55.50 AvAP2/ERF-58 36.17 10.11 53.72
AvAP2/ERF-16 32.27 7.45 60.28 AvAP2/ERF-59 28.23 14.35 57.42
AvAP2/ERF-17 19.48 15.36 65.17 AvAP2/ERF-60 29.19 7.45 63.35
AvAP2/ERF-18 20.75 15.09 64.15 AvAP2/ERF-61 21.05 6.50 72.45
AvAP2/ERF-19 28.82 20.46 50.72 AvAP2/ERF-62 26.89 12.69 60.42
AvAP2/ERF-20 27.38 20.46 52.16 AvAP2/ERF-63 22.70 9.22 68.09
AvAP2/ERF-21 24.86 23.24 51.89 AvAP2/ERF-64 33.12 9.46 57.41
AvAP2/ERF-22 21.97 20.85 57.18 AvAP2/ERF-65 32.56 7.78 59.65
AvAP2/ERF-23 29.40 11.62 58.98 AvAP2/ERF-66 19.81 8.49 71.70
AvAP2/ERF-24 16.39 15.08 68.53 AvAP2/ERF-67 25.78 11.72 62.50
AvAP2/ERF-25 24.17 16.39 59.44 AvAP2/ERF-68 34.75 11.94 53.32
AvAP2/ERF-26 24.47 14.01 61.52 AvAP2/ERF-69 14.20 25.93 59.88
AvAP2/ERF-27 24.40 9.60 66.00 AvAP2/ERF-T70 19.39 24.24 56.36
AvAP2/ERF-28 34.12 12.17 53.71 AvAP2/ERF-T71 19.48 14.94 65.58
AvAP2/ERF-29 29.06 14.66 56.28 AvAP2/ERF-T72 19.08 16.76 64.16
AvAP2/ERF-30 30.70 7.89 61.40 AvAP2/ERF-T3 24.58 11.30 64.12
AvAP2/ERF-31 26.15 14.08 59.77 AvAP2/ERF-T74 26.20 15.51 58.29
AvAP2/ERF-32 25.08 9.15 65.76 AvAP2/ERF-75 23.35 7.00 69.65
AvAP2/ERF-33 23.66 18.30 58.04 AvAP2/ERF-T76 23.26 12.21 64.53
AvAP2/ERF-34 18.06 12.74 69.20 AvAP2/ERF-T77 23.26 12.21 64.53
AvAP2/ERF-35 19.67 10.39 69.94 AvAP2/ERF-T8 30.74 15.58 53.68
AvAP2/ERF-36 21.69 12.05 66.27 AvAP2/ERF-79 21.98 20.69 57.33
AvAP2/ERF-37 25.00 11.53 63.47 AvAP2/ERF-80 32.47 16.02 51.52
AvAP2/ERF-38 17.31 12.84 69.85 AvAP2/ERF-81 31.49 14.89 53.62
AvAP2/ERF-39 43.95 12.11 43.95 AvAP2/ERF-82 25.43 14.45 60.12
AvAP2/ERF-40 37.23 5.32 57.45 AvAP2/ERF-83 31.18 10.22 58.60
AvAP2/ERF-41 35.90 10.26 53.85 AvAP2/ERF-84 29.68 13.24 57.08
AvAP2/ERF-42 35.91 13.13 50.97 AvAP2/ERF-85 33.33 8.21 58.45
AvAP2/ERF-43 36.65 14.91 48.45 AvAP2/ERF-86 21.33 20.00 58.67
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Fig. 2 Conserved motifs of AP2/ERF in Aquilegia vulgaris
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L and R represent leaf and root, respectively; 0, 12, 24, 48 are the processing time (h). The same below.
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Fig. 4 Heatmap of AP2/ERF genes expression in Aquilegia vulgaris under salt stress

(BFIRE,2022) , ASHFFOK B )2 86 4~ 4
FAIT 147 A AP2/ERF 2 500 5 MR, %K
WO D RE AL, 38 i R UR X R B, AP2 ER
W& AvAP2/ERF-37 W g3l 13 45 i AR 20 it 5 & Ak
/N, A UE 45 30 RS T I ER P (Meng et al., 2015),
Soloist ¥ 5 it 1) AvAP2/ERF-17 , & H: 78 /K 4% 8
Bt {5 5 Ae i i PADA RH R & 1 The, IE 4
FEoK B R 0 A W A R DA T B A W b T
(Mrunmay et al., 2014), ¥l ERF W % & 1
AvAP2/ERF-40 . AvAP2/ERF-42 | AvAP2/ERF-44
AvAP2/ERF-47 7EHL A6 A W 38 W 2 (5 5 5 S b
T AR AE ] (Cheng et al., 2013) ; AvAP2/ERF-
50 Fl AvAP2/ERF-51 & #F BT IR I 1R & 1, $2 = 4

Yt R M ( Zhang et al., 2012) ; AvAP2/ERF-56 Fl
AvAP2/ERF-57 ik ABI1 4 3% ABA {553 %,
FELZE K WS T ) Rl ok Rk i R 4R S AR
BT 6 1 AT 52 (Liv et al., 2012) . DREB W4
WM AvAP2/ERF-79 . AvAP2/ERF-80 . AvAP2/ERF -
81 AT REZ 5 ROS 15 B , DM 48 A 49y Tid F€ 4 5 it
Eh % (Kidokoro et al., 2021) , AvAP2/ERF-61 i@ 1+
ik LR PUE T (Sowmya et al., 2011),
AvAP2/ERF-64 . AvAP2/ERF-66 . AvAP2/ERF-68 T
BEAE ] T 20 15 538 1 1) 2830 5 3 F i ( Lin
et al., 2008 ), AvAP2/ERF-73, AvAP2/ERF-82 .
AvAP2/ERF-86 W] 38 i) B AR R 35 i, $2 S A )
HiEh Mt (Karaba et al., 2007)
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Table 4  Studies on the function of AP2/ERF family homologous genes in Arabidopsis thaliana

R 5%
ARSI 56 [Fi) 5 JE
il Arabidopsts Homologous ifg Z:7% ik
Group thaliana gene in Function Reference
gene Aquilegia
vulgaris
AP2 ANT AvAP2/ERF-37 s AR 200 M ASCE: RN 5 B R A UL R I R Meng et al.,
(AT4G37750) Control the number and size of root cells; negatively 2015
regulate salt tolerance in Arabidopsis thaliana
Soloist APDI1 AvAP2/ERF-17 f7j<)fﬁm B #0455 i@ 12 vh 19 PADA 3L XTI & 5 Mrunmay
(AT4G13040) mﬂ%’WMﬁME’Ji%AEEMmemUI P BUR 5 et al.,
It funntlons downstream of PAD4 gene in salicylic acid 2014
defense signaling pathway and positively regulates salicylic
acid biosynthesis to improve stress resistance in A. thaliana
ERF-B3 ERF1 AvAP2/ERF-40 itk i 5 JA ET H1 ABA {5 514 3 th AR Cheng et al.
(AT3G23240) AvAP2/ERF-42 Salt tolerance, drought tolerance, JA, ET and ABA signal 2013
AvAP2/ERF-44 transmission center
AvAP2/ERF-47
ERF-B3 AtERF98 AvAP2/ERF-50 FESEHUIR ML 8 A A, Tt £ Zhang et al.
(AT36G23230) AvAP2/ERF-51 Promote the synthesis of ascorbic acid, salt tolerance 2012
ERF-B4 RAP2.6L AvAP2/ERF-57 @:i ABIN /51 ABA {5538 %, 1 8 K 5 5 1) 7 Liu et al.,
(AT5G13330) Ti‘%i RAP2.6L hmTUTﬁﬁﬁ’Jﬁﬂi"fﬁi i S 2012;
ABA signaling pathway mediated by ABI1 can delay the Sowmya
premature senescence induced by flooding. Overexpression et al., 2011
of RAP2.6L increases salt tolerance and drought tolerance
in A. thaliana
DREB-A1 DREBI1 AvAP2/ERF-19 DREB1 ¥ 5% A F1F 8L 47348 ik s 18 o7 1) £ 6, & Kidokoro
(ATAG25480) AvAP2/ERF-81 5 ROS V& bR, 4& FHHa P FE 28 | it 5k et al., 2021
As a master switch of cold stress adaptation in A. thaliana,
DREBI transcription factor participates in the removal of
ROS species and promotes plants cold tolerance,
salt tolerance
DREB-A2 DREB19 i1k DREB19 #8551 $UURE JF Ao SR | i 5 Sowmya
(AT2G38340) Overexpression of DREB19 increases salt tolerance and et al., 2011
drought tolerance in A. thaliana
DREB-A4 HRD AvAP2/ERF-73 TURIIT HRD 575 (R £ 405 1 33 5 5 5% 400 o JF HRD Karaba
(AT2636450) AvAP2/ERF-82 SRR R A B8R AR 53 R R R R AR v et al., 2007
AvAP2/ERF-86 A. thaliana HRD mutant showes enhanced salt and drought
tolerance; transgenic A. thaliana HRD gene in rice
photosynthetic efficiency and water utilization rate is
greatly improved
DREB-A6 RAP2.4 AvAP2/ERF-64 TEHF A 0 A5 5 38 fi 17 3811 85 5% ? i%; RAP2.4 Lin et al.,
(AT1678080) AvAP2/ERF-66 SR 025 1L IR A AE T R OB, 24k FBhe T 1 2008
AvAP2/ERF-68 Acting at or downstream of the intersection of light and
ethylene signaling pathways; the expression of RAP 2.4
gene is down-regulated under light and was up-regulated
under salt and drought stress
] —JEATEA M HEUP R RB AT REAAERCR R 13 A4 R R 5 A4 R R A frh % 1

%5 (Zhou & Rajesh, 2021 ; F Wi %5 ,2022) .
WF 5T FE 53 BT BB 2| 3

< i B S5 2 2 1 Bl i
AR EVEER 15 A R EIER 4 A A B

A PBEERALS A BT IRAA 1 A, AR
22 5 BN AT T X0, 20 22 S A S A I ) i
] AN AR (] Ul W A [ 28 20 Rz £ 1 38 By Bk ]
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Y represents that the gene is significantly differentially expressed at that moment.
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Fig. 5 Heatmap of AP2/ERF differential genes expression in Aquilegia vulgaris under salt stress
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Fig. 6 Relative expression of partial AP2/ERF genes expression in Aquilegia vulgaris under salt stress

5OFPUEIAAEE, AEEE AP S R I GE AvAP2/ERF-80 7ERGEE S| AR Fntrp 14 3% F i
A [\, AvAP2/ERF-56 . AvAP2/ERF-61 5 PR S5 T shot &, HFh B ik i n



1874 |1 I G/

43 %

A a) 2 AR 28 A A U BT [R], A AR B 3 A 2
AP EL S RN R DI RE . 5 AR TPt
ik AP2/ERF 3 A [R] W5 HE XF & BEL, AvAP2/ERF-56 |
AvAP2/ERF-61 5 AvAP2/ERF-80 3 A>3 A4 47 ]
RETEER IO 30 5 5 T 4 v 2k o, R 17 e 1, A KT
W8 . qRT-PCR BaiiE & B8 3 /36 (R 72 £ haa
FEIRME A e S 2 B — 3%

25 LA AR T RS T 86 A BREE S| 3
AP2/ERF 3R %5 G2 5 0 03 64T T VR 40 B R AiE 43
Mr5 ik o028, 45 G5k Sk 2 R IR 80, X AP2/ERF
FERAEER i T RAB AT TR, ks 5
R W 30 A0 5 B g BE 3 I 3 A4S, AvAP2/ERF-56 .
AvAP2/ERF-61 5 AvAP2/ERF-80, T GE 7 HLAH £h
W RS EEAER, (B BRI R YT T R
Ji BRI AT B IE

SE k.

AKHTER MS, MOHAMMED N, KOUJ S, et al., 2011. Gene
structures, classification and expression models of the AP2/
EREBP transcription factor family in rice [ J]. Plant Cell
Physiol, 52(2) : 344-360.

CARMEN MARTINELL M, LOPEZ-PUJOL J, BOSCH M, et
al., 2010. Low genetic variability in the rare, recently
differentiated Aquilegia paui ( Ranunculaceae) [J]. Biochem
Syst Ecol, 38(3) : 390-397.

CHENG MC, LIAO PM, KUO WW, et al., 2013. The
Arabidopsis ETHYLENE RESPONSE FACTOR1 regulates
abiotic stress-responsive gene expression by binding to
different cis-acting elements in response to different stress
signals [J]. Plant Physiol, 162(3) : 1566-1582.

CHEN CJ, CHEN H, ZHANG Y, et al., 2020. TBtools: an
integrative toolkit developed for interactive analyses of big
biological data [J]. Mol Plant, 13(8); 1194-1202.

CHEN HL, HU LL, WANG LX, et al., 2022. Genome-wide

of AP2/ERF
transcription factor family in mung bean ( Vigna radiata L.)
[J].J Appl Genetics, 63(2) ; 223-236.

CHEN YH, DAI YH, LI YX, et al., 2022. Overexpression of
the Salix matsudana SmAP2-17 gene improves Arabidopsis

identification and expression profiles

salinity tolerance by enhancing the expression of SOS3 and
ABI5 [ J]. BMC Plant Biol, 22(1); 102.

CHEN Y, SUN MZ, JIA BW, et al., 2022. Research progress
regarding the function and mechanism of rice AP2/ERF
transcription factor in stress response [ J]. Acta Agron Sin,

48(4) : 781-790. [ BRbL, #hBAE, TR, &, 2022. 7K

& AP2/ERF 55 X 122 5 300 153 Jilh it I 24 1) 43— L
FEHERE [J]. R, 48(4) : 781-790. ]

FARAJIL S, FILIZ E, KAZEMITABAR SK, et al., 2020. The
AP2/ERF gene family in Triticum durum. genome-wide
identification and expression analysis under drought and
salinity stresses [J]. Genes, 11(12); 1464.

FENG K, HOU XL, XING GM, et al., 2020. Advances in
AP2/ERF  super-family transcription factors in plant
[J]. Crit Rev Biotechnol, 40(6) . 750-776.

GOU YL, ZHANG L, GUO H, et al., 2020. Research progress
on the AP2/ERF transcription factor in plants [ J]. Pratac
Sci, 37(6): 1150-1159. [ #j#emi, 7 %, FaK, %,
2020. %) AP2/ERF 56 s R T WHFE b g [1]. Flk Rl
2%, 37(6) ; 1150-1159.]

HONG L, YANG L, YANG HJ, et al., 2020. Research
advances in AP2/ERF transcription factors in regulating
plant responses to abiotic stress [ J]. Chin Bull Bot, 55(4) ;
481-496. [ P4k, B3, WiEfa, 2%, 2020. AP2/ERF #%
SR T IR AR A Yy 30 e BT ST BERE [T R
iz, 55(4); 481-496. ]

JESUS MB, PEDRO JR, JULIO MA, 2015. Local adaptation to
distinct elevational cores contributes to current elevational
divergence of two Aquilegia vulgaris subspecies [ J]. ] Plant
Ecol, 8(3): 273-283.

JOFUKU KD, BOER BG, MONTAGU MV, et al., 1994.
Control of Arabidopsis flower and seed development by the
homeotic gene APETALA2 [ J]. Plant Cell, 6(9):
1211-1225.

KARABA A, DIXIT S, GRECO R, et al., 2007. Improvement
of water use efficiency in rice by expression of HARDY, an
Arabidopsis drought and salt tolerance gene [ J]. Pans,
104(39) . 15270-15275.

KIDOKORO S, HAYASHI K, HARAGUCHI H, et al.,
2021. Posttranslational regulation of multiple clock-related
transcription factors triggers cold-inducible gene expression
in Arabidopsis [J]. Pans, 118(10) ; e2021048118.

LIN RC, PARK HJ, WANG HY, 2008. Role of Arabidopsis
RAP2.4  in light-  and
developmental processes and drought stress tolerance
[J]. Mol Plant, 1(1); 42-57.

LIU JL, DENG ZW, LIANG CL, et al., 2021. Genome-wide

analysis of RAV transcription factors and functional

regulating ethylene-mediated

characterization of anthocyanin-biosynthesis-related RAV
genes in pear [ J]. Int J Mol Sci, 22(11); 5567.

LIU PQ, SUN F, GAO R, et al., 2012. RAP2.6L
overexpression delays waterlogging induced premature
senescence by increasing stomatal closure more than
antioxidant enzyme activity [ J]. Plant Mol Biol, 79(6):
609-622.



10

FE R . BREE 38 AP2/ERF R R 5 it % 58 T 3h bl R 63k 04 1875

LU LL, QANMBER G, LI J, et al., 2021. Identification and
characterization of the ERF subfamily B3 group revealed
GhERF13. 12 improves salt tolerance in upland cotton
[J]. Front Plant Sci, 12, 705883.

MA YC, ZHAO YM, HUANG DL, et al., 2022. Identification
and expression analysis of CesA gene family in Brassica rapa
var. glabra []]. Guihaia, 42(12): 2021-2031. [ &%,
WEME, EPRR, 25, 2022, PA3E CesA RIS ¢ N 3%
KRS [T]. ) PEAEY, 42(12) : 2021-2031. ]

MENG LS, WANG YB, YAO SQ, et al., 2015. Arabidopsis
AINTEGUMENTA mediates salt tolerance by trans-repressing
SCABP8 [ J]. ] Cell Sci, 128(15) : 2919-2927.

MORAN NC, COLE T, LOYAL G, et al., 2011. Integrative
annotation of human large intergenic noncoding RNAs reveals
global properties and specific subclasses [ J]. Gene Dev,
25(18) . 1915-1927.

MRUNMAY KG, SWADHIN S, JANESH KG, et al.,
2014. The Arabidopsis thaliana At4g13040 gene, a unique
member of the AP2/EREBP family, is a positive regulator
for salicylic acid accumulation and basal defense against
bacterial pathogens [ J]. Aust J Plant Physiol, 171(10)
860-867.

NAKANO T, SUZUKI K, FUJIMURA T, et al., 2006.
Genome-wide analysis of the ERF gene family in Arabidopsis
and rice [ J]. Plant Physiol, 140(2) ; 411-432.

NIU SY, LIANG F, ZHANG ZH, et al., 2023. Identification
and analysis of TCP transcription factors in Solanum
tuberosum response to low nitrogen fertilizer stress [ ] ].
Guihaia, 43(2) : 293-302. [ 475, B35, KB4, 4,
2023. ER IR AU 38 i N TCP % 5i R i 4508 5 43
B [J]. ) PR, 43(2) : 293-302. ]

RAN W, SONG JH, LV ZY, et al., 2022. Genome-wide
identification and comprehensive analysis of the AP2/ERF
gene family in pomegranate fruit development and postharvest
preservation [ J]. Genes, 13(5) : 895.

SAKUMA Y, LIU Q, DUBOUZET JG, et al., 2002. DNA-
binding specificity of the ERF/AP2 domain of Arabidopsis
DREBs, transcription factors involved in dehydration- and
cold-inducible gene expression [ J]. Biochem Biophys Res
Commun, 290(3) ;: 998-1009.

SHARMA B, KRAMER E, 2013. Sub- and neo-

functionalization of APETALA3 paralogs have contributed to
the evolution of novel floral organ identity in Aquilegia
(columbine, Ranunculaceae) [J]. New Phytol, 197(3):
951-959.

SOWMYA K, SHIV V, MUHAMMAD HR, et al., 2011.
Functional characterization of four APETALA2-family genes
(RAP2.6, RAP2.6L, DREB19 and DREB26) in Arabidopsis
[J]. Plant Mol Biol, 75(1/2); 107-127.

WANG HB, GONG M, GUO JY, et al., 2018. Molecular
cloning and prokaryotic expression of orphan gene Soloist of
AP2/ERF gene family in Jatropha curcas [J]. Sci Silv Sin,
54(9): 60-69. [ FifEE, W], BMR =, 45, 2018. KR
W AP2/ ERF £ G R IRILEE IR Soloist 1) 5 e 5 A% 2R
RO (1], MlkRlF, 54(9) @ 60-69.]

WANG LJ, WANG Y, LU B, et al., 2022. Identification and
expression analysis of AP2/ERF transcription factor under
water stress in Olea europaea [ J]. Guihaia, 42(12) ; 2032-
2043. [ EWA4H, EH, R, 45, 2022. ML AP2/ERF
W s N 1 % ok i ia ik [T, )7 P Y,
42(12) : 2032-2043.]

WU CX, LIU XW, LI ZJ, et al., 2022. Analysis of chloroplast
genome of rice Dalixiang [ J]. Guihaia, 42 (11): 1830-
1839. [ ZwIlT XI5k, 2%, 45, 2022. RoRi A KFE
M SR DAL AE 20 B (D] T A, 42(11)
1830-1839.]

YU Y, YU M, ZHANG SX, et al., 2022. Transcriptomic
identification of wheat AP2/ERF transcription factors and
functional characterization of TaERF-6-3A in response to
drought and salinity stresses [ J]. Int J Mol Sci,
23(6) . 3272.

ZHANG ZJ, WANG J, ZHANG RX, et al., 2012. The ethylene
response factor ALERF98 enhances tolerance to salt through
the transcriptional activation of ascorbic acid synthesis in
Arabidopsis [J]. Plant J, 71(2) ; 273-287.

ZHOU LX, RAJESH Y, 2021. Genome-wide identification and
characterization of AP2/ERF transcription factor family

genes in oil palm under abiotic stress conditions [ J]. Int J

Mol Sci, 22(6) ; 2821.

(REHE PHm  FRWG)



