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Identification and expression analysis of LEA gene family in Malus sieversii

FANG Zhen, LI Jing, LI Meiyun, KUANG Yingxiang, YE Chunxiu

(College of Forestry and Landscape Architecture, Xinjiang Agricultural University, Urumgqi 830052, Xinjiang, China)

Abstract: [Objective] To comprehensively elucidate the regulatory mechanisms of late embryogenesis abundant (LEA) proteins in
higher plant embryogenesis and abiotic stress responses. [ Method] Hidden Markov model and bioinformatics were used to screen and
identify LEA genes family from the whole genome of Malus sieversii, and their sequence features, conserved motifs, gene structures, cis-
acting elements, and expression patterns were analyzed. [Result] The 119 LEA genes were identified in the whole genome of Malus
sieversii. According to their conserved structural domains and phylogenetic relationships, they were categorized into eight different
groups (LEA1-LEA6, DHN, SMP), among which the MsiLEA2 group was the most gene-rich. Analysis of the cis-acting elements
showed that most of the MsiLEA genes were associated with light response elements, abiotic stress response. In addition, some genes
were related to biosynthetic pathways, such as abscisic acid response, growth hormone response, methyl jasmonate response, and
meristematic tissue expression. The analysis of the expression pattern of Malus sieversii LEA genes in different periods of seed low-
temperature stratification and in different organs showed that the expression of MsiDHN3 decreased during seed low-temperature
stratification and was higher in all organs, indicating that MsiDHN3 plays a role in the low-temperature stratification of Malus sieversii
seeds. [ Conclusion] This study provides new insights into the formation of the MsiLEA genes family in Malus sieversii, it also deepens
the understanding of the potential roles of these genes during embryonic developmental stages and abiotic stress response in Malus
sieversii seeds. These results are instructive for future functional studies of the MsiLEA genes family and provide a theoretical basis for
exploring the role of MsiLEA genes in the embryonic developmental stages of Malus sieversii seeds.
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M IR G K & F & B2 1 (Late embryogenesis
abundant, LEA) #& 30 £ 4 §i 7E #f 1& Gossypium
hirsutum FF R K B W DO . B,
KREARWAEDPR, 2. H B HARA
ZUrhpl R . MR Z B R 7 51 R0 AR 57 25k Y 1 A AL
Pk, JFAE Pfam 4 bk R, B LEA EEH 70N
E 8N KR, Jr %l & LEAL (PF03760) .
LEA2 (PF03168) . LEA3 (PF03242) . LEA4
(PF02987) - LEAS5 (PF00477) « LEA6 (PF10714) .
Jit /K % E (Dehydrin, DHN) (PF00257) Al fif
T i P & 1 (Seed maturation protein, SMP)
(PF04927) . LEA ) 2 /A T S5t eh 1,
164 Rk, AHE D By ) R A0 ) b 5 BT A o
1T LEA SR A A S R 20 % e Aoy i o il B
I¥ Arabidopsis thaliana™. 7K ¥4 Oryza sativa™. %
K Zea mays'®. L Solanum tuberosum . ¥
Bl 3& i Solanum lycopersicum™ .
H W Ml 3% Brassica napus"”. K E Manihot
esculenta Crantz"". EJ4%) Populus trichocarpa .
Mg Prunus mumée™, JH¥S Pinus tabuliformis"® F1 7]
USSR Linum usitatissimum™®
1t £ Arachis hypogaea”. ¢ 41 fii Dendrobium
oﬁ‘icinale[lg]\ W 3Z Brassica campestrism]\ =17
Phyllostachys edulis™. V4 JX Citrullus lanatus.
T X Cucumis melo®. %% 38 W # Liquidambar
styraciflua  Liquidambar formosana™, ¥ Poncirus
trifoliata™ . BEAEYI AN, IS AL 40E P
Y& xiidmik /LR R CY (EER T

T K& R ERREN A, K
LEA HAEHRE RN LFR, HFELREZ
HRZF SRR, IXEehR I, i A H 2 R sl H Atk
NFERER (AR R. Z2FRMABER) , HE
Bz ERAM AR, EREHRT, SEHR
1 P27, LEA SR N B A K R & i f o
(R OCBREIE R, 75 2% fife 4% bl B Joip a (%) AR s
MREEEEEH . — D48 LEA B K 1) 5)
AR, W7 EAER R 5 5 B Be R I H
—MAEBMRERX, XS5BOKMIFEHEYE.
BARHL U, X e FE PR 753X — P B DA & K B A7 AE
KWEATERS KA TR 7 %2 A5+ 07 11
BAABAENER P B 54 LRI, LEA B
H A 58 1 1& B RE ), TG R 5L Cleistogenes
songorica TEAEEYII A ZAF T CRIAAT 2 ria)
WERFERS P, Rl LEA FEN W] RE
TELEH P BOont i 226 55 I AR A1 RO B AL
T AT i A 355 (AN BIR T 5 A R A R I 114 485 Ay e

Cucumis sativus

& Canavalia rosea

P RO R4 i P 2R (AN G 82 K i aa B

Wl SR Malus sieversii 5271522 1) 5 =20 F
R, RIS SE R Malus domestica cv. ‘Gala’
(R AH 2 B, B FR 40 AT AE B 5 O AL A P 00 A L
P, B PIFE. iR PO RN v A )
RfE B, R MALEA B:RET 2. 5 AEE D
EALFE (1. 6. 104 24 148 h) J5, MALEA60 %}
3 AR — SN IEm N, TR, &
AR BB X MALEA FE R 3Rk A B2 15 S1E
P, SREESER S 2 MR EB AN By
S SR RO BT S3E B Malus sylvestris 4= 55 R 2500
B O AT P, St o B S I R O R
Gi R BN RE BT 2L 5E 1 2

AW TR B S R T R A (Hidden Markov
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T 2023 4F 10 H R 4R B 58 105 Ik [X A0 i B
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e

1.4 LEA RIEREBRTEFSERSIHT

i MEME (https://meme-suite.org/meme/) 1]
2 BT RS R i, Horh R RE I E
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1.5 LEA ZEFEFLEMRINKAER T 217

Bk B LEA ZX 0 5% 5 () DNA 7 91 € i 21357
SEEPE RN b, UFE LEA BN E S Fi4F, I
f§ H TBtools #1347 W] #LALAE Bl F] TBtools
AT Fasta Extract T = 32 BOUBT 88 57 3¢ R LEA 5K
TR DR e s g AR A7 5B 2 000 bp [ R 741,
PlantCARE % #5 % (https://bioinformatics.psb.ugent.
be/webtools/plantcare/html/) 73 7 Ji& 31 ¥ [X 35k it =X
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LEA 3 R AR A ARG IR 2 BB I R 1A &
M NCBI GEO # ## J& (https://www.ncbi.nlm.nih.
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GSE42873", H4fs i b ik 5E 11 356 (K] 2% 78 $ ¥ 0 5
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2 HERE5SR

2.1 HEBEER LEA BEFRERZLETEREKRIE
L AEIA

JEILX LEA1 (PF03760) « LEA2 (PF03168) .
LEA3 (PF03242) . LEA4 (PF02987) . LEAS5
(PF00477) . LEA6 (PF10714) . SMP (PF04927)
A1 DHN (PF00257) 1 HMM % 2, & ¥ i &
SRR A P I E 119 > LEA 2R (5%
1), i FERE KEAE 68 (MsiLEA4-8) ~ 958
(MsiLEA2-3) aa, 43 ¥ 1E 7 005.68 ~ 108 725.32 D
Z I8, & A N 4.62 (MsiSMP-5)  ~ 10.55
(MsiLEA2-23), A& E R4 1E 4.36 (MsiLEA2-8) ~
64.90 (MsiLEA2-64) , flg Wi %% #8 %t 7& 25.38
(MsiLEA4-6) ~ 116.95 (MsiLEA2-37) , 3£ /K
PELE -1.69 (MSiLEAS5-1) ~ 0.34 (MSiLEA2-65) .
V20 58 7 45 SRR B, LEA £ [ 3 B 5E o7 78 40 g
AN W NG

22 HENFR LEA R RFLDH

FEFT R S R 3L 85 H 119 A MsiLEA ZX ik
FERI L, HIE B T AtLEA ZERI K% 51 %64
HF SR & R G (B 1) o AR IF A1LEA
B R R o7 RONAR e, ¥ MsiLEA 28R i 72 71 8
™, 43 B & LEAl. LEA 2. LEA3. LEA 4.
LEAS. LEA6. DHN #1 SMP, 15 K% H 4
&5, 78, 3. 11, 5. 2. 8 17, H o MsiLEA %
BEAAET — DM ITREA B ATM AH, X535
WA R —3 P,

23 HENER LEA RERTEESH

OB SRR SR LEA B AR, 1194
LEA 1] 40 > Motif {& 57 2% 7 7 5 A JE 1R 17 41 (3R
2) , IXUERSE I PR E Ak A A, A
FHRFE—EZS (2) . Motifl ~ Motifl10
¥ S04 T LEA2, Motif23 7 5 43 i T LEA4,
Motif20 4% 5 4» 47 T DHN, SMP 41 + % 4, &
Motifl1. Motifl2. Motifl16 fil Motif35. [ — 2]
BRI B A A A S ThRe . SRR
B, A[F LEA Y% B OR 57 45 e 3l e 1 20 AN 7]
{ELIR] — M S W ) LEA 325 DR 5 45 #3835 e 20 Ji i
DARARL, T LI e G R S R AR ST 1
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F 1 HBEFER Mol EA BEZRIRA SR WAE RATBAE TN '
Table 1 Predicted physical and chemical properties and subcellular localization of MsiLEA gene family members in Malus sieversii

ARaE BN

EREK BED S K ATE Cmwa s mm ke LRER

Gene name Gene ID Family am D Length/ Mo.lecular pl Instability ~ Aliphatic GRAVY Subge llu'lar
aa weight /D index index localization

MsiLEAI-1 ~ Msi_06g003110 ~ LEA1 PF03760 130 14 302.07  9.37 36.16 55.00 -1.06 Nucl. Mito
MsiLEAI-2  Msi_12g005900  LEA1 PF03760 165 16 825.54  9.16 20.34 42.79 -0.73 Cyto. Chlo
MsiLEAI-3  Msi_02g019760  LEA1  PF03760 110 1178337  7.11 29.51 64.27 -0.65 Nucl. Cyto. Mito
MsiLEAI-4  Msi_07g007370  LEA1  PF03760 110 1169620  8.93 30.23 65.18 -0.76 Nucl. Cyto. Mito
MsiLEAI-5  Msi_14g006940  LEA1 PF03760 98 10256.38  8.99 50.97 51.84 -0.77 Cyto. Mito
MsiLEA2-1  Msi_15g013730 LEA2 PF03168 319 3500591 4.78 21.34 96.21 -0.31 Cyto. Nucl
MsiLEA2-2  Msi_02g000110  LEA2 PF03168 361 39934.80 478 22.61 102.77 -0.11 Cyto. PM
MsiLEA2-3  Msi_14g003370 LEA2 PF03168 958 108 725.32  9.56 34.52 85.94 -0.18 PM
MsiLEA2-4  Msi_07g011120  LEA2  PF03168 172 18576.44  5.63 17.48 104.24 -0.11 Cyto
MsiLEA2-5  Msi_01g007180 LEA2 PF03168 177 1919325  6.15 16.88 105.20 -0.13 PM. Cyto. ER
MsiLEA2-6  Msi_14g000970  LEA2 PF03168 555 59723.68  9.30 27.82 106.54 0.25 PM
MsiLEA2-7  Msi 07g011100 LEA2 PF03168 150 16516.16  4.90 8.84 108.47 0.11 Nucl. Cyto
MsiLEA2-8  Msi_01g007200 LEA2 PF03168 150 16 511.15 5.31 4.36 105.20 0.06 Cyto
MsiLEA2-9  Msi_05g032200 LEA2 PF03168 398 4553041  10.02 41.26 82.81 -0.38 Cyto. Nucl
MsiLEA2-10  Msi_10g028740  LEA2 PF03168 397 4583193 9091 44.80 90.65 -0.33 Nucl. Cyto
MsiLEA2-11  Msi_07g022510  LEA2 PF03168 447 49018.14  9.87 37.18 96.55 -0.07 PM
MsiLEA2-12 Msi_06g009160  LEA2 PF03168 487 54 462.15  10.28 28.87 90.23 -0.09 Chlo
MsiLEA2-13  Msi_062009030 LEA2 PF03168 422 45733.64  9.96 24.77 96.59 -0.02 PM
MsiLEA2-14  Msi_06g009200 LEA2 PF03168 559 61206.08  9.95 24.47 98.32 0.00 PM
MsiLEA2-15  Msi_12g016780 LEA2 PF03168 338 3629349  9.82 20.52 99.70 0.15 Mito. Cyto
MsiLEA2-16  Msi_14g012830  LEA2 PF03168 423 46 529.38  10.09 38.02 89.20 -0.14 PM
MsiLEA2-17  Msi_11g013610  LEA2 PF03168 483 5326241 9.78 39.38 93.56 0.07 PM. ER
MsiLEA2-18  Msi_06g009190  LEA2 PF03168 440 4787823 991 25.92 95.05 -0.01 PM
MsiLEA2-19  Msi_06g009300 LEA2 PF03168 403 4374434 987 34.80 90.45 0.04 PM
MsiLEA2-20  Msi_04g016060  LEA2 PF03168 339 36 085.10  8.97 22.86 104.28 0.32 Cyto. Vacu
MsiLEA2-21  Msi_01g018790  LEA2 PF03168 313 34239.55 970 28.61 97.38 -0.09 Cyto. ER
MsiLEA2-22  Msi_03g012810 LEA2 PF03168 181 1964278  9.30 33.29 102.93 0.10 Chlo. Mito
MsiLEA2-23  Msi_09g017050 LEA2 PF03168 276 30759.12  10.55 42.20 88.01 -0.21 Cyto
MsiLEA2-24  Msi_12g003750  LEA2 PF03168 228 25913.09  9.51 32.65 88.46 -0.16 Chlo
MsiLEA2-25  Msi_12g002330 LEA2 PF03168 446 50 056.57  9.05 17.86 84.10 -0.09 Vacu
MsiLEA2-26  Msi_14g012770  LEA2 PF03168 534 59137.93 9.84 30.03 88.35 -0.15 Chlo. Cyto
MsiLEA2-27  Msi_02g004590 LEA2 PF03168 234 26 155.07  7.64 29.18 104.06 0.13 Chlo. Mito
MsiLEA2-28  Msi_15g037450 LEA2 PF03168 267 28 681.71 9.53 38.21 85.43 -0.16 Chlo
MsiLEA2-29  Msi_08g020580 LEA2 PF03168 258 27785.69  9.41 35.77 87.64 -0.09 Chlo
MsiLEA2-30  Msi_14g004720 LEA2 PF03168 412 46200.50  7.00 32.85 92.40 0.06 Cyto
MsiLEA2-31  Msi_15g017550  LEA2 PF03168 306 34 556.51 8.82 35.51 91.37 -0.16 Chlo. Vacu
MsiLEA2-32  Msi_12g003760 LEA2 PF03168 233 26334.67  9.72 41.74 100.26 0.05 Chlo. Mito
MsiLEA2-33  Msi_17g017530 LEA2 PF03168 219 2457037  6.42 48.06 95.57 0.08 Chlo
MsiLEA2-34  Msi_04g016050 LEA2 PF03168 202 2239044 993 41.66 109.55 0.10 Cyto. Mito
MsiLEA2-35  Msi_09g005610  LEA2 PF03168 386 4239997 492 42.85 81.40 -0.01 Chlo. Cyto
MsiLEA2-36  Msi_14g004700 LEA2 PF03168 563 62101.39  9.32 44.58 63.57 -0.36 Nucl
MsiLEA2-37  Msi_12g016770 ~ LEA2 PF03168 200 22007.07  10.33 36.34 116.95 0.21 Cyto. Nucl
MsiLEA2-38  Msi_09g008290 LEA2 PF03168 190 20978.55  9.80 12.41 94.74 -0.07 Chlo
MsiLEA2-39  Msi_06g020900  LEA2 PF03168 578 6230239 895 34.77 96.44 0.03 Cyto. Nucl. ER
MsiLEA2-40  Msi_12g003820 LEA2 PF03168 544 60478.28  8.88 38.81 91.14 0.04 PM. Vacu
MsiLEA2-41  Msi_08g005650  LEA2 PF03168 271 29598.09 10.13 39.60 83.91 -0.16 Chlo. Mito

MsiLEA2-42  Msi_15g005820  LEA2 PF03168 264 29150.75  10.35 28.67 80.91 -0.23 Chlo. Mito
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Gene name Gene ID Family Pfam ID - Length / Mqlecular pl Instability ~ Aliphatic GRAVY Subc.e llu.lar
aa weight /D index index localization

MsiLEA2-43  Msi_14g012760 LEA2 PF03168 213 2338744  9.82 31.26 95.63 0.04 Nucl
MsiLEA2-44  Msi 01g007480 LEA2 PF03168 251 28 139.31 9.91 45.14 90.80 -0.12 Chlo. Cyto
MsiLEA2-45  Msi_06g010370 LEA2 PF03168 213 23176.62  9.51 42.62 72.25 0.04 Chlo. Mito
MsiLEA2-46  Msi 07g012320 LEA2 PF03168 251 2823434  10.03 44.67 86.85 -0.18 Chlo. Cyto
MsiLEA2-47  Msi_12g003770  LEA2 PF03168 405 44 351.85 9.33 37.97 83.09 -0.13 Cyto. ER
MsiLEA2-48  Msi 01g003080 LEA2 PF03168 266 29215.93 9.35 35.67 81.65 -0.49 Cyto. Nucl
MsiLEA2-49  Msi_06g009240 LEA2 PF03168 286 3149488  9.76 39.41 108.71 0.23 Chlo
MsiLEA2-50  Msi 02g002000 LEA2 PF03168 205 22697.38  9.70 30.44 87.90 -0.24 Nucl
MsiLEA2-51  Msi_06g009220 LEA2 PF03168 176 19169.28  9.52 28.79 90.80 -0.08 Nucl. Chlo
MsiLEA2-52  Msi_06g009210 LEA2 PF03168 210 22 800.84  9.85 22.97 94.71 -0.01 Chlo. PM. ER
MsiLEA2-53  Msi 17g008780 LEA2 PF03168 192 21 086.83 9.61 26.04 104.06 0.28 Nucl. Cyto
MsiLEA2-54  Msi 062009180 LEA2 PF03168 225 24 558.77  9.83 21.68 97.47 0.02 Chlo
MsiLEA2-55 Msi 02g004300 LEA2 PF03168 305 33670.53 9.93 64.06 61.61 -0.42 Chlo. Cyto
MsiLEA2-56  Msi_06g009280 LEA2 PF03168 210 22921.85 9.80 2891 92.38 -0.04 Chlo. Nucl
MsiLEA2-57  Msi_06g009230 LEA2 PF03168 210 2294896  9.89 28.37 93.29 -0.03 Chlo. Nucl
MsiLEA2-58  Msi _11g004390 LEA2 PF03168 884 97 131.13 9.15 44.24 92.48 -0.16 PM
MsiLEA2-59  Msi_05g014150 LEA2 PF03168 286 32 569.85 9.16 58.09 78.29 -0.40 Nucl. Vacu
MsiLEA2-60  Msi 062009260 LEA2 PF03168 173 18573.39  9.36 21.66 95.72 0.12 Cyto. Nucl
MsiLEA2-61  Msi_10g013460 LEA2 PF03168 306 34 655.13 9.25 56.05 79.22 -0.39 Chlo
MsiLEA2-62  Msi_14g004710 LEA2 PF03168 424 46 989.57  8.59 40.37 89.86 -0.03 PM
MsiLEA2-63  Msi_15g017330 LEA2 PF03168 306 3346524 997 60.16 65.52 -0.36 Chlo. Cyto
MsiLEA2-64 Msi 02g014780 LEA2 PF03168 317 34749.50  10.22 64.90 71.01 -0.34 Cyto. ER
MsiLEA2-65 Msi_14g012820 LEA2 PF03168 747 8244939  9.76 36.82 116.09 0.35 PM. Nucl
MsiLEA2-66  Msi_09g005590 LEA2 PF03168 217 23 871.42 5.84 43.92 94.88 0.20 Chlo. Nucl
MsiLEA2-67  Msi_12g003800 LEA2 PF03168 397 43 965.85 8.58 35.87 94.46 0.00 PM. Chlo
MsiLEA2-68 Msi_14g013730 LEA2 PF03168 213 23 011.51 9.55 35.88 83.71 0.12 Chlo. Mito
MsiLEA2-69  Msi_09g005550 LEA2 PF03168 217 23 892.63 5.84 45.56 94.88 0.25 Chlo
MsiLEA2-70  Msi_09g005680 LEA2 PF03168 223 24563.94 479 44.57 84.44 0.07 Chlo. Vacu
MsiLEA2-71  Msi_14g003450 LEA2 PF03168 209 23739.65  10.02 37.84 86.75 -0.01 Chlo. Cyto. PM
MsiLEA2-72  Msi_03g018040 LEA2 PF03168 264 28 846.59 9.92 29.16 92.31 0.17 PM. Cyto. Chlo
MsiLEA2-73  Msi_17g013830  LEA2 PF03168 248 28 226.03 8.62 37.17 110.77 0.31 PM. Vacu. ER
MsiLEA2-74  Msi_09g005640 LEA2 PF03168 171 19132.62  5.01 41.68 81.52 -0.13 Chlo
MsiLEA2-75  Msi_09g005630 LEA2 PF03168 224 24 886.16 4.71 37.95 81.92 -0.06 Chlo
MsiLEA2-76  Msi_15g007930 LEA2 PF03168 318 3513520  10.15 56.85 65.25 -0.42 Nucl. Chlo
MsiLEA2-77  Msi 068009290 LEA2 PF03168 241 26 603.34  9.79 38.66 107.97 0.29 Chlo. Nucl
MsiLEA2-78  Msi_14g012790  LEA2 PF03168 190 2134532 10.09 28.67 102.58 0.01 Nucl
MsiLEA3-1  Msi_11g025570  LEA3 PF03242 102 10 480.81  10.07 29.59 71.76 -0.29 Cyto. Chlo
MsiLEA3-2  Msi 03g024800 LEA3 PF03242 102 1060595 10.23 38.75 65.98 -0.36 Cyto. Chlo
MsiLEA3-3  Msi_13g014410 LEA3 PF03242 97 10330.78  10.08 40.64 69.69 -0.50 Mito. Chlo. Nucl
MsiLEA4-1  Msi_09g023710 LEA4 PF02987 531 58 137.13 5.57 24.20 46.20 -1.20 Mito. Nucl. Cyto
MsiLEA4-2  Msi_09g026200 LEA4 PF02987 501 55024.67  5.39 26.00 46.99 -1.19 Mito. Cyto
MsiLEA4-3  Msi_14g011330 LEA4 PF02987 242 26 807.56 8.54 19.55 45.79 -1.22 Nucl. Mito. Cyto
MsiLEA4-4  Msi_14g011320 LEA4 PF02987 108 11 987.54 9.49 17.44 40.93 -1.24 Nucl. Mito
MsiLEA4-5  Msi_13g012260 LEA4 PF02987 436 47206.89  5.73 25.98 45.85 -1.15 Chlo
MsiLEA4-6  Msi_17g018290 LEA4 PF02987 171 18 882.57  8.84 32.09 25.38 -1.52 Mito. Nucl
MsiLEA4-7  Msi_10g026720 LEA4 PF02987 453 51036.24  8.55 39.76 55.08 -1.10 Chlo
MsiLEA4-8  Msi_09g007410 LEA4 PF02987 68 7 005.68 8.10 60.39 29.12 -1.04 Nucl
MsiLEA4-9  Msi_17g006500 LEA4 PF02987 85 9021.17 9.40 40.45 47.41 -0.79 Mito. Nucl
MsiLEA4-10  Msi_17g006520 LEA4 PF02987 88 9337.44 9.40 50.43 41.36 -0.87 Nucl. Mito
MsiLEA4-11  Msi_12g022090 LEA4 PF02987 136 1453122 9.60 39.17 57.65 -0.71 Chlo
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MsiLEA5-1  Msi_12g015080  LEAS  PF00477 159 17 699.13 6.27 43.05 40.57 -1.69 Nucl. Mito
MsiLEA5-2  Msi_04g011530  LEAS  PF00477 117 1304420  5.05 53.74 5171 -1.29 Nucl
MsiLEA5-3  Msi_04g014420  LEAS PF00477 99 10789.80  6.85 43.40 40.51 -1.51 Nucl. Mito. Cyto
MsiLEA5-4  Msi_04g014400 LEAS PF00477 133 14 659.53 9.25 51.17 58.80 -0.91 Nucl. Mito
MsiLEAS-5  Msi_04g014410  LEAS PF00477 70 7721.38 8.26 43.62 36.29 -1.61 Nucl. Mito
MsiLEA6-1  Msi 02g015490 LEA6 PF10714 505 56422.71 9.56 41.70 85.72 -0.37 Nucl
MsiLEA6-2  Msi_15g026630 LEA6 PF10714 156 17 476.75 8.91 45.99 58.14 -0.86 Chlo. Cyto. Mito
MsiDHN-1 ~ Msi_02g012340  DHN  PF00257 565 59916.04  8.89 12.26 32.35 -1.30 Nucl. Cyto
MsiDHN-2  Msi_02g012330 ~ DHN  PF00257 380 39821.92 8.57 20.49 30.89 -1.30 Nucl
MsiDHN-3  Msi_10g007490  DHN  PF00257 200 20823.65  7.28 33.24 44.80 -1.12 Nucl
MsiDHN-4  Msi_10g013470 ~ DHN  PF00257 221 24511.02  7.03 38.93 40.23 -1.56 Nucl
MsiDHN-5  Msi_08g000440 ~ DHN  PF00257 277 31 802.53 5.20 60.06 4191 -1.68 Nucl
MsiDHN-6  Msi_15g000510 ~ DHN  PF00257 284 32816.69  5.28 54.97 42.25 -1.65 Nucl
MsiDHN-7  Msi 05g014160  DHN  PF00257 198 2211524 631 45.94 37.07 -1.63 Nucl
MsiDHN-8  Msi_15g023160 ~ DHN  PF00257 331 35382.76  5.27 32.66 44.26 -0.90 Nucl
MsiSMP-1 Msi_13g016660 ~ SMP  PF04927 260 26 802.76  4.88 34.41 74.46 -0.33 Chlo. Cyto. Nucl
MsiSMP-2 Msi_12g020340 ~ SMP  PF04927 291 29 976.45 5.26 34.57 76.94 -0.39 Chlo. Cyto
MsiSMP-3  Msi_04g019350 SMP  PF04927 267 27370.56 527 33.44 76.93 -0.33 Chlo. Cyto
MsiSMP-4  Msi_13g002120 SMP  PF04927 267 27370.56 527 33.44 76.93 -0.33 Chlo. Cyto
MsiSMP-5  Msi_03g022920  SMP  PF04927 259 26 833.68  4.62 39.59 75.83 -0.44 Chlo. Cyto. Nucl
MsiSMP-6 Msi_11g023520 SMP  PF04927 249 27007.16  9.77 53.55 87.15 -0.33 Chlo. Cyto. Mito
MsiSMP-7  Msi_16g017360 SMP  PF04927 94 9965.27 8.77 29.35 82.23 -0.28 Chlo. Mito. Cyto

t Cyto: ZHMIfiE: Nucl: 4

Chlo: MF4¢fA; Mito: ZRKifA; Vacu: ¥i; ER: WJEM; PM: 4HARJE .

Cyto: cytoplasm; Nucl: nucleus; Chlo: chloroplast; Mito: mitochondrion; Vacu: vacuole; ER: endoplasmic reticulum; PM: plasma membrane.
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Phylogenetic tree of Arabidopsis thaliana and Malus sieversii LEA proteins
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Table 2 Motifs of LEA proteins in Malus sieversii

HJF Motif /5% Sequence
1 TVMKVKTPKVRLGNINVQELNSVPATPSFDTKFTTQIRVKNTNFGPYKFD
2 TFLYQGATVGQVSIPKSKAGMLSTKKIBVEVSLSSSALSS
3 SNLGSELSSGVLTLNSAAKLTGKVELMLIMKKK
4 RSDAESLZSADELKRKKRIKLAIYIGIFIVFQIIVITVISL
5 SSTMDCTIAFDLSSKTLKSLQ
6 LILWLVLKPKKPKFRLDSVSV
7 LNATLDVTJTVRNPN
8 LLYRGTAVGQVSIPKFKQGAKSTRKVNVT
9 DDKESDSNLKLGTAPLPPIYVSKMNQTTLDFSVVMARSYVGTDVANDLII

AW W W W W W LW W LW RN NN NN NN NN = = s e s e e e s e
[N R N Y e Y S N —N-Ta-C RN B N O R NV L S = N=T- N B ) N R S =)

CYGSGRLWLKLFGYFRYNSTLFALAGVQLSRLSCDLFPPNGTAGQSRACQ
KLPADKPATRRDAEGVTGAEMRNDPFLTTHPTGVAASVAAAARLNENN
AITIGEAAEETAQTAGDKPVEYSDAAAEQAAEVKATARQS
NLGSELSSGVJPLNSAAKVTGKVELMFIM
MAEKTQQAYPLAPAN
MASEQERRDPQKRQELDZKARRGETVVPGGTGGKSLEAQEHLAEGRHRGG
GGELADKPVAPKDAAIMQAAENAVLGQTLKGGPAAIMQSAATENE
NPYPHPLPICEIKYTLKSVNRVIASGELPDPGSJKASGVTVLEVPIKVPH
ZTRKEQIGZEGYQEMGKKGGLSTKDKSGGERAAEEGIEIDES

CICCCAFJIFLLIVI

GTTGESEEKKGILEKIKEKLPGHHKTEE
EEGKEEKGFMEKIKDKLPGTGSKDEEDA
PRSPRRPIYYVQSPSRDSHDG
AGEYTBYAAEKAKEAKDTTVNKAGEYTNYAAEKAKEAKDETVKTAKEAKD
PLNLTFVVRSRAY VLGKLVKSKFYRRISCSVT
KLDLYYENLQADIFY
PQHSYSHPSYGHHSRESSSSRFSGSLK
RGAVSFRLEMFAWVRFKTGWW
SIPALLFGIETCPTVAPWNKNVTMPASYLYGPKFVFLTLIWVVNLVSNEG
ASGLJPPFYQGHKNTTIFRSVLQGQQVLV
VVSTSSCDFRIDVGLTNYKPKDPITLVDALVLRNLEVCHHAPKLITMVMS
MGMAKSSSAGPLCKIVFFCFAALLAIFLF
VDKAKNY VAEKIANVPKPDAELTDVDFKKVSFDSVDYJAKV
KGKKKKKGLKDKIKEKISGNGEKEDEYH

KSSTMBCTIAFDLSS
MNQEQPRRPQPQQA

IGNITIPLNKKGEIKLPTLP
GVSVKEADLPGRRIISESMGGQVVGQYRQRAPLAAPNTIQP
EQEQKKHETLAZKLHRSGSSSSSSSSDEE
RHRMHANYEEMCEAKNFNCWALQFLAFLGLLALCLWLALRPKDPQYTIVD
RLDTGVKIRVGNFDSPKVGIRVTCEGII

24 EHENIER LEA EEFRELEE SN

X BT G S S R R A AT SRR A, AE 119
AN MsiLEA PR AP 3R R 107 A Fr B S i S R X
(E3) , Hd, chr2. 4. 7. 11, 12, 14, 15 %
ok ERERE R FRE (> 100 o ZRERUL,
BraR 3 A LEA JE N 5y ok 5 HE DR R ) A 4 4R

BRAR, T A3k R 2 B O BUE B SRR T
BOEDUIRE A A o R

2.5 FEEFER LEA EEREEM D

FEEEFSE R 119 A LEA LN 5K B AR 5%
i, " T0o~2kbzid] (KB4 , KZH LEA S
RN T4/ . Msi_01g003080- Msi_02g002000-
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Fig. 2 Motif distributions of LEA proteins in Malus sieversii
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04014400 Msi_04g014410. Msi_04g014420. Msi_
04g016060. Msi_05g014160. Msi_05g032200. Msi
062003110 Msi_06g009030. Msi_06g009160. Msi_
06009180+ Msi_06g009220. Msi_06g009260. Msi_
062009300, Msi_07g007370. Msi_07g011100. Msi
07g011120, Msi_07g012320. Msi_08g000440. Msi_
082020580+ Msi_09g005610. Msi_09g005640. Msi_
092008290 Msi_09g017050. Msi_09g023710. Msi
09026200 Msi_10g007490. Msi_10g013470. Msi_
102028740 Msi_11g025570. Msi_12g003760- Msi_
12g003800. Msi_12g005900. Msi_12g015080. Msi _
12g016770- Msi_12g016780- Msi_13g012260. Msi_
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Fig. 3 Intraspecific colinearity analysis of LEA gene family in Malus sieversii



46 %

A2 S A s AN e O

193

Msi_01g003080
Msi_01g007180

Msi_01g018790
Msi_02g000110

Msi

01g003080-mRNA1
012007180-mRNA1
012007200-mRNA1
_012007480-mRNA1
Msi_01g018790-mRNA 1
Msi_02g000110-mRNA1
Msi. RNA1

Msi_02g004300
M: )

Msi_02g004300-mRNA 1

Msi_02g012330
Msi_02g012340

Msi_02g019760
Msi_03g012810
Msi_03g018040
Msi_03g022920

5i_03g024800

042011530
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Msi_( 1-mRNA1T
Msi_02g012330-mRNA1

Msi_02g012340-mRNA1
Msi_02g014780-mRNA1
Msi_02g015490-mRNA1
Msi_02g019760-mRNA 1
03g012810-mRNA1

40-mRNA1
Msi_03g022920-mRNA 1
Msi_03g024800-mRNA |
Msi_04g011530-mRNA1
Msi_04g014400-mRNA1
Msi_04g014410-mRNA1
Msi_04g014420-mRNA 1
Msi_04g016050-mRNA1

Msi_04g01 RNA1
Msi_04g019350-mRNA1
Msi_05g014150-mRNA1
Msi_05g014160-mRNA 1

RNAT
06g003110-mRNA1
06g009030-mRNA 1

¢ 0-mRNA |
Msi_06g009180-mRNA1

1

Msi_(
Msi_06g009210
Msi_06g009220
Msi_06g009230

RNA1
06g009210-mRNA1
Msi_06g009220-mRNA 1
Msi_062009230-mRNA 1

Msi_06g RNA1
Msi_( 0-mRNA1
Msi_( 0-mRNA |
Msi_ Msi_( RNA1
Msi_06g009300  Msi_06g009: 1

Msi_06g010370

Msi_06g010370-mRNA 1

Msi_ )
Msi_07g007370
Msi_07g011100
Msi_07g011120
i_07g012320
i_07g022510

Misi )-mRNA1
Msi_072007370-mRNA1
Msi_07g011100-mRNA1
Msi_07g011120-mRNA1
Msi_07g012320-mRNA1
Msi_07g022510-mRNA 1

Msi_

Msi_

Msi_ 0

Msi_09g005550

Msi_¢

Msi_09g005610  Msi_09g005610-mRNA1

Msi_09g005630  Msi_09g005630-mRNA1
Msi_ RNA I
Msi_ RNA1
Msi_092007410-mRNA1

Msi. Ms RNA1

Msi_09g017050
Msi_09g023710

Msi_09g017050-mRNA1
Msi_09g023710-mRNA1

1

i_10g(

_10g013460
02013470
102026720
_10g028740
Msi_11g004390
_11g013610
11g023520
Msi_11g025570

RNA1
10g013460-mRNA 1
102013470-mRNA |

Msi_102026720-mRNA1
Msi_10g028740-mRNA1
Msi_11g004390-mRNA1
Msi_11g013610-mRNA1
Msi_11g023520-mRNA1
Msi_11g025570-mRNA1
Msi_12g002330-mRNA1
Msi_12g003750-mRNA 1
Msi_12g003760-mRNA |
Msi_122003770-mRNA1

Msi_1 RNA1L

Msi_1 RNA1

_12g005900  Msi_12g005900-mRNA1
Msi_12g015080  Msi_12g015080-mRNA1
Msi_12g016770  Msi_12g016770-mRNA1
Msi_12g016780  Msi_12g016780-mRNA1
Msi_1 Msi_1 RNA1
Msi_12g022090  Msi_12g022090-mRNA1

Msi_132002120
Msi_13g012260

Msi_132002120-mRNA1
Msi_13g012260-mRNA1
Msi_13g014410-mRNA1
Msi_13g016660-mRNA 1
Msi_14g000970-mRNA1
Msi_14g003370-mRNA1

Msi_14g004710

Msi_14g RNA1
Msi_14g004700-mRNA |
Msi_14g004710-mRNA1

Msi_14g011330
Msi_142012760
_14g012770
_14g012790
142012820
141012830
_14g013730
Msi_15g000510
Msi_15g005820
Msi_15g007930
Msi_15g013730

_14g004720  Msi RNA1
14 Msi_14g RNAT
_14g011320  Msi_14g011320-mRNA1

Msi_14g011330-mRNA1
Msi_142012760-mRNA1
Msi_14g012770-mRNA1
14g012790-mRNA1
Msi_14g012820-mRNA |

Msi_142012830-mRNA1
14g013730-mRNA1
Msi_15g000510-mRNA 1
Msi_15g005820-mRNA1
Msi_15g007930-mRNA1
Msi_15g013730-mRNA1

_15g017330  Msi_15g017330-mRNA1
i_15g017550  Msi_15g017550-mRNA1
i_15g023160  Msi_15g023160-mRNA1
152026630  Msi_152026630-mRNA1
_15g037450  Msi_15g0374 RNA1
_16g017360  Msi_162017360-mRNA1
_17g006500  Msi_17g006500-mRNA 1
1 Msi_1 RNA1

Msi_17g008780
Msi_175013830
Msi_17g017530
Msi_17g018290

Legend:
- CDS

PRI TIN50, LRI & T35 . Exons are represented by bars, introns are represented by connecting lines.
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Fig. 4 Intron-exon structures of LEA genes in Malus sieversii

s UTR

Msi_17g008780-mRNA1
Msi_17g013830-mRNA1
Msi_17g017530-mRNA1

Msi_17g015290-mRNAL_

— Intron

iy { [T N A e *]I T H]!”'

&

(=

—

[

w

R

(v

ok

8

9

10 11 12 13 14 15 16 17 18 19 20 21

K& Length /bp

4t

22



EXE

o KA Ty A 1) W0 2 AR 5% (8 B 2T

N

1

SF3 R LEA SR R RS 2 5RIE T

B

=

A

1]
B 2205, MsiLEA2-18 ¥ B4 46, M. AR A

1

w, Z5TH
=

) | LTR (IKIEMN)D « DRE (FRmR)
SRR I A

MsiLEA J& )
FIRIETEN (B 6A) o fEAKIEZEF0d. 30 d. 60 d.

T XA AR T, R eI g

Z 5 Z LAY AR .

j
H
(ITTL

1

MsiLEA3-1.
MsiLEAS-1.

B3R T,
MSsiLEAS-2 MsiLEAS-5. MsiDHN-1. MsiDHN-5.

MsiLEA B RIE R ZREN, 119 ARG AEFf T

AR HAYS A Rk .

JIi
MsiLEAS5-3.

MsiLEA2-75.
MsiLEAS5-4. MsiLEA6-2. MsiDHN-4. MsiSMP-1

A=
=

5

2 RS R B 1 )
N MsiSMP-7 B AEAE . Hs, iRA

ix

i

MsiLEA2-4 T3 AE46, 1
MsiLEA2-12. MsiLEAG6-1

HF PR LEA ZEFER 3R

HoL, SESERITASE (B, RE. M1,

s

EH

’

MsiLEA2-42. MsiLEA2-48.

[}

.
>

GLEIDEN

il
MsiLEA2-78 .
MsiLEA4-9.
MsiLEA2-74.
MsiLEA4-6.

5P SR T
KA, oA LEA BRI AEFP T
i ) Rk
EL S
SN

i
j‘?

IEN R R

=
JEEL

FFER LEA ERZENREEX D

i
]

AR5 A . MsiDHN3 15 Fl 1%

AR RIEE .

y MSiLEA2-24. MsiLEA2-34. MsiLEA2-48.

]

"
ki

=
MsiLEAI-1. MsiLEAI-2. MsiLEAI-4. MsiLEA2-

1. MsiLEA2-3. MsiLEA2-10. MsiLEA2-11.
MsiLEA2-30. MsiLEA2-31. MsiLEA2-32,

Nt B WIS

i3
it

4
==
T

h

M ZERIED L S B AR, B MsiLEA 221

E& B RIEEN (B 6B) » MsiLEAI-1 %

T+
=0

MsiLEA2-49, MsiLEA2-50. MsiLEA2-51.

|

B

1

repeats (BHIFIRN MR )« W-Box O R AR B+

STRE (MM . ARE (JREIES) A TC-rich
90 d A1 120 d ) 5 AN RIS A 3875

MsiLEA2-33. MsiLEA2-37. MsiLEA2-44.
MsiLEA2-46. MsiLEA2-56. MsiLEA2-57.
MsiLEA2-60. MsiLEA2-65. MsiLEA2-69.
MsiDHN-7. MsiDHN-8 1 MsiSMP-2 % A (] % ik
MsiLEA2-52. MsiLEA2-55. MsiLEA2-66-
1 MsiSMP-7 1EF FRIE Z BRI 60 KR ERIEHR

FH L & MBS (MYB 45 41
MR )« WUN (4

MsiLEA2-72.
MsiLEA4-7.
MsiLEA2-68 .
MsiLEA4-5.
R Bl

A HE

i

Ll

2.7

)aé’ l—f—%l %ﬁg
e A e

Abiotic and biotic stresses

b

HUYIFR R

HMEKRE

Plant growth and

PR R e RSN RS RN R R R R R SRR R R R S S R R e R R L S R < N S N G S S N e R N N L L D ]

e A A A W il 0 T O T TR T W el i R e K o L o e R e R e R e i R e o o e s s R T e e RN S R IR B e G e T e e T i e =)
22272z2zzoTraxxdd99993999939999239993d99Q99332993329993399922339999339Q293333999339939999922233333333333222222%aaaaaad =
GoBLo5aEYLLLYLLLUULEYULEELLLEYYLEEYYgLEEYLLEYYuuELuLLEEaLEaYLEYLsgL gLyl Y85 555555 H £
2222222222222 228222322822282228223228282222222222822323222222222223222332222222222222222332222222223322223222223232223222232 ]
o[a]o[o[e]~[-[s[o]a[-[s][e]o]o]o[a o] -[-[o]-[-[-[n[o]e[e[a]-[o][«[o[-[o]o]-[-[o[-[e[«[o]<[o[o]-[-[-[o[e[-[-[s[o]~[-[=]o][-[e[o[~]-[o][-[-[o[e]c]a]o]e[a]oa[o]-[o]o]e][o]-[o]e[~]a]o][s]o[-[-[o][o]e]o[o]~[o]o]o]a[~]c]o ]~ [oo] - [«][a]<[o[ [ [~]~[-|TR __ﬂ..
olelela]e|r[r|c|ale|[r|r|[o|a|n|c]o|c|c|o|mn|c|ala|r[a[o|a|a|r|[e|a|[r|c]|e|e]r|a|r|r|o|r|c|a|n|a]e|r|ala]e|r|o|a]|a|c|r|o|[r|a]|e|o|e|r|a|n][e|~|a|r|e|r|[r[a|c|c|r|c|e|n|o[n|c|o]n|c|ale|c|a]a|c]a|a][e|a|r|a|o|r|[r|n]|c[c]e|r|n|a]e|r|e|n]e|a]e]|a|r|a]eo|DRE core mm
oloo|o[a]o]~[o[o]<[o]e]e[c][n]c[o]~|o|o[o[n[o]o[[[c[o]c]c]c]e]|a]o]o|-[[[o]c[c[c]c]c[c]w[c]c]e|o|~[a[-[o[[o]c]c[-[w[c[c[[c[o]~|-[c|c]e|-|o]o]c]-[o]e]c]-[[c]o[c]o|o[c]o|~[o|~[[c[o[e]o]o]o] oo - [n[c]o[-[o]o]e] [o]o[a] <[]~ ]| Tc-rich repeats UL g
ofolofalo]-[o]n[[oo]n[[-[-[e]<[c]-[<[o]-[n[a]o]-[als[c]n|a]c]w|-[ca|<[c][e]-[<[c]e]o]o[o|~[nalo]a~|o[«-[o][n]o] ~[-[a[w[a]cw|o][n|-[alo[a]-[c[o]o][~o[e]n]o[o]~[n]|-[o]a|o[~[~|o[<[c[e|a[o[a]a]n]ola]s[no]n[o]ala][[o]n][n]o|a]-[o|oc]o]w]|ARE T e
~[o]ofo[x[~[o]o]o][a[r[e[*[o]c|[n[c]-[a[o]a|a[o]|<|[o]e[o]c]o|~[o]e|n[[c[-[o]c|a[a]c|~[c[c]o|o|-|-|[s]|n]o]o]o[n[c]~|o[c]c]n[c]c]~|-[a[c|~[c[a|o||c]e|o]o[e|o]o]o|o|[~|n]n[[[o]c]c|~[c][o|olc]c]e|o[o]a|~[o[o[e]o][n]o[a]o]a|~||~[o]o]o |WUN-motf n_no
wf=le[=[<[e]e[[alele|[~[~|[c]e]o|e[c|s|c|-[a[cla[c|-[c[c[<[c[~|c|<m[alo|c|-[o[<|[c[-[c[c|a[n|c[e|c[c]<|c|ale|o]c|~[a|a|~[c][a]c|nlc|o[c]~|c[~|o]e]m]c|ec||o|[~[<[a|c|«|olc]ele|=|c|al[<[<|~[e|a[-[c][c|ec|«][<[~]olec|[a[<[c|~||c|al[~[~]]o]o |wbox zm}.\m
olnjofo|alal||ofla|a|e|o|o]e|o]e|e|n]|a]B] -|o|o|v|a|r|o|r|e|-|r|a]a|a|o]o|-|a]|-|rlo|o|o|a|r|r|[r|[a|o]|-|[o|o]c|c|a]|r|a]|n]e|n|[r|o|ulo|~|c|a|o]|e|c|n|a|n|v]o|[~|n|o|~|ala|c|a|t|c|e||n|a|[r|r|a|e|oc|e|ocje|n|c|cf@lo|n|r|e|n|o|<|n|o|a|o|m|~|c|n|c|n|STRE ||\l¢w
alo|ofo]<[nfofo]o[B]a 8] -[o]n[E]o«[r]o|n[n][a[o]e]o|afo]-[o[u]o|o|-[~[<|8]a]¢[n[o]<|a]a[r][e[a[u]oc]u|-[-[o]a]o|n|[o][a|c[v]o][oc]c@lo|r|n[a]<]c]a]<[o][a]-|n]oc|e]n][c]o|n[n|n[n]n]e|ala]a[<[n][<[¢[~]c]a]n|a|n[c]v]o[n[n]a]a]c[a]<[r]o][o]n]-[a|c|mrc mo
<[8lofwfo|<|<o|-|a|o|alo|o|~|v|o|[c|afe|~ o n|<|8n|n|o|c|e|<|~| v @~ ~o||o|t|o|c||cao|a|aa]v|-|o|<|a|o]|<|o|o|«a|lo|n|o/oelofn|oloo]<|o|na|~a|o|-|B]c|o|~|olo|<|o|ofo] < «|~|a]a]clole|o/v|o|<|of~|o|a|<|~o]o[~|~|o|a|r|<|olo|o|o|s My =mm.l
“[~lolele|~[alolalo|-|~|c|c|a|e|a|a|-|o|a|o|~|o|no|e|o|c|a|o|=|o|c|c|o|e|o]|ala]<|-|o|c|o|e|ola]nla|-|o|alola]-|-|o|~|c|o|a|o|olo|o|e|~|alo]e|=||-|o|c|e|e|c|olc|a|o|a]n|olo]-|c|o|o|o]o|ala|a|o|=|elo]=la|-||<|a|<]a|a|n|o|o|~|o]|~|o|o|~]|- MBS &Oﬂ
o|o]n|r[o|a]o]r]c]o]e]ale]o]o]e]e]~]o|e]a]|o]o]a]e]a]o]a]a|~|~]|o]|~|o]~|e]a|e]o]e]a]a]o]a]o|a]a]e]| |o|a]a]o]o]o]a]a]~|o]o|a]o]o]a]o]a]e|a]|o]o]a]a]a]a]a]o]o]a]~|a]a]a|a]e]||o]c]e]a]o]a]o]o]~|c]a]a]a]~|e]a]a]o]e]a]|a]o]n]~|a]o]a]o|]|o]~]a]~]o|GARE-mti k_Amary
of|o[a]-[~]a]c]e]c][~[~[o|c]a][a]u]olo|~]o|-[a|-[o]-[n]ca|a|-[o|al[~]-[o]<[<[c]<[2]c]-[c]-[o|a|-[-[-[-[<]c]<|c]e]c]o|c]|e|[n]c[<|o|o|-|a][a[o]o|-[-[-[<]o]c]|c|a]c]|a|a||-[a]alo]-|o|-|c]a[a]-[o]alulo|[-|c]-|a|<[c]-[<]<]c]o][o]a]-|-|o]c|~]aln]as-1 n_w.un =
s|-[nlo[~[~[a[c]e[a[~[-[o]o]a][n[n]na]e|n[a]-[o[-[e[-[n[s[nla][n[n[~]-[o[<[<[a|<[2]c]-[a]-[o]a]-[-[-|-[s]c]*[c[c][cla]a]a][n|a[«[a]c]~[n[a]a]a|-[-[-[<[c]c]a[a]a]~[a]-[-[a[a[n][o[-[o|[n[~[o]a[w]a][~[~[a][[a[<[a]-[<[[c]a][a]a|-[-[o]a]~]~]n|TcACC-mat ‘_“—%.l.w
ol~|n|o|w|e|elo|o|=|~|o|e|o|=|=|=|~|o|-|o|e|=|c|e|~|o|e|a|~|o|c|e]e]|e|e|o|a|e]~|~|c[~]c]e|~|clc|c]a|~]|c|o|mlele]e|e|ec|~|<|o|o|e|e|e]e|=|~|o|c|-|o|~]|o||-|o|-|~|o|e|e|e|e|a|e|e|ale|e]|~]o|~|a|e]|e]|eo|ele|e]=|~]<|o|o|~|=|o|e||]|~|=|o|~|~|o|TGAclement m”
ol [=[-[5[e[c[=lo[-[-[e]e[c[=[=[c[=[s[c[o[-[o |- [s[F[=[s[-[=[-[o[=[c [~ [ [F [ [e[F Bl [ o[- [ [* [ [= [ [=[e[o[= [e[o [ [o[e[s[o [ [[o[- [ [ [~ o[- [ [F[o[c [-[o[=[e[a]=[= [~ [-[s[o[o[c[-[o[- [ [s [ [« [ [e[c[o [~ [~ [s[e [ [o[e [ [ [- [ [e [ [« [o [~ [o [ [~ [=[ o | coTCA-motif < = =
ol=|olole|-|e|elole|~|ole|c|cle[c|e]=|c|clclele]|~|alele|ale|~|<||c|~|e|c|~|c|c|c|c[ec]cleclal~|c|c]e]e]ale|e|ec|e|n|nc|el~lclalelec]eleclelclelec]el+|~|c[c]|ecle]ec]e[c|e|cle]e|e|~|e|clclelelelelecle|c]~r|a|<|-|c[cle|-|c|c|clc|c]a]e]ele|e|c]o]o|AuxRR-core Eed
—[=[=[e[«]elo|=lc[~[e~[o|c|a|=[a[<[c|-|[-|c|o|a]elo]e|[~]ala|e|a|~|~|o|-|o||o|e|-|o|~|o|o|a]a|-|~]o|o|e||o|a|e]|~]-|-[o|c|~|o|e|[e|c|c|o|-|o|<|o|o|o|-|o|o|e|e|-|~o|o|e|~|c|~|-|o|c|o|~|o|o|o|o|<|<|~|o|e|o|n|o|o|o|~|n|o|e|~|o|o|n|e|o|c||n |TCAelement LmM
44uuawmunzao4za:aazﬁes4uac|e4a||4ssu71aau1avucs4zaa4‘ou4aaen1‘uzeoz.,auaazasgs‘uuu‘sazm_,;Az‘aaquua1n1gse‘smuzz‘.,"zesz..»mxm *_u_-m.as
o[o[e[=[o[o]o[o]-]e[e[e[e[o]c[e[e[e[e]a[o[e]e[e[e[c[e[o[o]~]a]e]e[e]e]o]o]o]o]e]e]o]o]e[o]e]e e e]o]o]o]e]e]e[e[e]eo[e]o]e]o]o]o]e]o]o]o o] ~[oo]e]e]o[e]o]o]o]o]o]e]o] - [o]e]e]o]o]-[o]o]e[oo]o]o]o]o]o]o]oo]e]e]e[o]o]o]o]o[o]o] o [o]o] o |HD-Zip1 Wﬂ.ﬁﬂ
olo[-[e[-[e]o[-]e]e[e[=[=[c]-[o]o][c][c]o]o]-[~[s]o[c][c[c]o[-]o[e]e[o[c[]o[o|-[o]c[e[]~[o[efe[-[c[][o[-[o]e|e[e][c]e[-[-[o]-]o[c[=[c[-[-[o[c]~]e[]o]e[e|o[c]e]]o[ -[e][c]-[e[=[c]o]o|o[c][=]=] - [o]e|o[c][]]]e|e]-[~[e[]-[o[o|-[-[[=]=[o]|A-bo EMb
sla[o]o[a]a]s]e]e]e[~e[o]-[o]e]o[-[-[e[o]-[-[c][c[c]=[=[e]-]elo[-[e]ele[-[o]e o[- I-[e[-[e[ale[e [ [=[e]-[e]e[e]ele [ Te o[- [-[e[=[e[e [=le [ [=Te [~ e [ [e[e [e = |e [#[ - [e[e] e [ [e [~ e [e o[- [e[s[=[e [E]e|e [o[e[o[o[ = [=]s[e [e]e|o [=[o] oo ]2 [ o[ < |oo-ste ) m
olafefe[-[-[e[e]s[e[e[n[s]c[]-[c[e]ec]-[e|a[e[e]e[~[s[e]e]a]n]-[a]-[-[o]-[e[n]e[~]-[e[-[-[e]-[c[c|n[s]n[e[~]e[-[-|-[e]e[~[c]e]e|n|]-[e]e|c]n]e]a[r|e[e]|e]s|-[n[e]n][s[e[a[-[-[-[s|[e[-[n[e[s]-[-[els]o|-[~[s]=]=]c]o[o]e]~]e]~]-[5[-|-]=[ - |GT1-matl ﬁr_ﬂ#..me
olo|o[-[-[c]e[a]o|-[a[-[s[c]~[o]-[-[-]a][-[e]=[e|s[~[]c]e[alalo]s[-[o[c|~[~]-[o][-[s][-[a|n[a]s[<[-[~[~[a]e][<[e[-[a]o]o[n[-To]a]o][-[o[n|n[o[o [E]~][~] - [o[a[n[o]] - [<[o[a][a[a][-[o[c]~]|a[-[e]o]o[o[a|n]-[n[o]-[o[<[e]~]|-[o[c[a]-[n|-|-[a][~]o][o]<|Boxs Cm
~[o[e[o[o[~[o|~]o[c[[~[w[c]|~[n[c[c[~]a]~]n]c[c[a[o][w]-|~|n]s]o]a[n[[o|n[n[o[o[n]o[n|~|o[~|-[o[c]-[o]-[o]a[-[-[o]|n[o]s[o[o][o][m[o]c|c[n[o]o]o[o]o[c[c[n[o]o]~[n[o][~[o[o]~[-[~[-|- aofo|o]«|r|=|[n]o[c]o]<|~|o][«|n]o|~][a]c|~|-[~]c]c]c]o]o|TCT-moti v
~[o[efe[e[e]-|o]e]e]e]e][o|~]o|-[-[c]e]o]e|e[e[e[e[c]c]o[o]e]e]o[o]o]o|o[o[o]o]o]o]o]o|~[ofe[o[c[o]o[o]e]e[e[e[e]o[o[o]o]a]~[o][o|o|ofo[o]o]o]o[o|e[o[o[o]o]o|-[o[e]o[o[e]e[o|o|o[-[o]o][~]o[o|o|ofo[o]o[o[~[o]e]o[o[o]|o|o|o[o]o] ~[o]o] o |RY-clement w
SRR EEEERERREEEFEEEE R PR R R E R R FE E R Mol e EE R R R E R R RE ElrEe e e B R F R R R R R e R SR ole) : T
el REERE R REFEEE R R R R R RRE R R R R R R R R R PR REE R R R R M R R RE R R Rl R = ] 20
a|<|o|n|o]e|o sl EEee e s e e o s o le el [= el [ o e =~ o[ [R = == [e == == [~ o e R = = o = o = e = o [= = e = [~ [ [e [o 2= o [ [ [o o [ IS [S B = [ S R[S e[S =[S == o R e o e [N = = = = Lo s [o o [ [e = [ [~ [~ = =

194



46 3%

A2 S A s AN e O

195

MsiDHN-3 Fl MsiSMP-5 1E T A5 2% B 1 A 5 & 1
Fik; MsiLEA2-68 &= EAE R SL AR A B s i 2=

T

o

C
1

o S

1.78
19.18
29.00

15; MsiLEA4-2. MsiLEA6-2 £ EALEAE. I F1 B 52

HA R RIS

MsiLEA4-7 EEAE . AR A

!'16

S

L L=<
= AN AANARNAAAN

| S 0 O 5 . O O S

5

S

T

T

ITITTCTICTICTCTICTICTICTICTOCTCT . Lk
Nuvuuvsursws

TITTAT

A AN AN A AN A AANAAANAANAAAAAAN

TIZIZZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIZIIZIZIZIZIZIZIZIZIZIIZIZIZIZIZILIZIZIZILILZLLILZLLILLIILIZILZILIIZILZILZILZLLZL

AN AN AN NN A A AN A AN AN AN A A AN AN A AN A AN ANA AT

rrrrrreorrrercrrcr crrrrererrecrrr e e ot

T T T CTCTICTICTICTICTCTICTC

o T o T o T o o T 3 o o 3 T T o o o o o B o o 3 o o o o B 3 B 3 3 3>,

T T T T CTICTCTICTICTICTACTOC

13

S
esesievles

T

IS

C

KT

wmwwmwm;Fwwmmmmmmwmmw

cezrrrrrrrezSSEEEE S rzzrzzre222

wm§wwwmmmmwmmmm

Tt

I3

S

rnmlrnrnm

XX xnIO0000 U0,

<<
ToTTITE

S S S S C C € S S S S S S € S S € € S S S S S S S 0

>, mmL
> 3> D2 0 T [ D0 0 D > > 0 D> > >

fo)l
v

oL
&
NN LI COINURUINI— D= N LRI ——ONOCO~IN R LINI—UINI— O~ LINI— OO 0O~ LI I— OO O~ LI I— OO GO~V 1R LIhI— ONOCO NN R U I— OO GO~ NN LRI — OO 0O~ LI I— ONOCO~IN N L I— (N Uobo—

=

ONINININININININ I ittt
D e )

e oo N N A VAV orv 1 W W N N VR VEVE VR AV EVR S N 10 N0 N N0 ¢ T T I ICIIN

lllw

o Mo BN c Yo &

-

75
0.38
234
8.11
15.42

847

8.06

0 000 |

8.63
0.16
11.92
11.68
12.04

40.14
24.07
17.27

19.97
12.62

0.50 0.51 1.88 Il b siLEAI-1- 1247 10.12
1738 1506  17.76 EAI-2- 9.02 8.96
31,06 2004 27.04 L0.8 EA]-3- 1113 1058
0.70 3 J EAI-4- 900 8.89
2 fﬁé-? - 99 9.93
i EA2-1- 897 8.68

0.6 EA2-2- 909 8.98

EA2-3- 931 9.56

-0.4 siLEA2-4- 1175 12.32

. siILEA2-5- 976 10.35

EA2-6- 9.8 9.91

-0.2 MsiLEA2-7- 931 9.22

siILEA2-8- 1075 9.39

| EA2-9- 895 8.65

=0 EA2-10- 932 923

sILEA2-11- 1086 10.95

siLEA2-12- 1205 12.03

EA2-13- 979 934

EA2-14- 912 934

EA2-15- 914 8.82

siLEA2-16-  9.69 9.41

siLEA2-17- 909 9.11

EA2-18- 1210 1242

EA2-19- 1006 8.96

siLEA2-20- 89 8.77

siLEA2-21- 893 8.88

sILEA2-22-  11.00 11.90

EA2-23- 89 9.02

EA2-24- 1040 10.52

siILEA2-25- 23 9.21

5 EA2-26- 1080 11.67
NinE! SILEA2-27- 880 8.74
S EA2-28- 878 872
s SILEA2-29- 939 898
=X sILEA2-30- 1010 1165
siLEA2-31- 940 9.43

siILEA2-32- 963 10.42

siLEA2-33- 929 9.02

siLEA2-34- 994 9.17

siLEA2-35- 976 9.23

siILEA2-36- 891 9.07

sILEA2-37- 907 879

siLEA2-38- 1231 8.85

siLEA2-39- 961 9.45

siLEA2-40- 894 8.74

EA2-41- 1167 11.33

EA2-42 - 1376 1402

EA2-43- 983 9.40

EA2-44- 11.9 10.56

EA2-45- 891 8.90

siILEA2-46- 903 9.06

siILEA2-47- 975 958

siILEA2-48 14,68

sILEA2-49- 929 9.23

EA2-50- 1033 10.11

siLEA2-51- 905 9.05

sILEA2-52- 942 9.19

EA2-53- 916 8.94

EA2-54- 889 8.60

siLEA2-55- 1021 953

siLEA2-56- 1370 12,00

siLEA2-57-  11.92 11.08

EA2-58- 910 9.05

9.66 A2-59- 935 9.69
4.08 siLEA2-60- 917 9.77
siLEA2-61- 907 8.86

A2-62- 898 9.01

A2-63- 871 8.60

A2-64- o1 920

siILEA2-65- 897 9.05

siLEA2-66- 926 929

A2-67- 1051 9.26

A2-68- 1118 10.78

siLEA2-69- 901 885

siLEA2-70- 1013 10.38

siLEA2-71- 962 9.79

A2-72- 962 953

A2-73- 89 8.95

siLEA2-74- 1071 9.99

siLEA2-75- 88 8.60

A2-76- 882 867

sILEA2-77- 967 10.30

2-78-  11.79 13.14

EA3-1- 965 935

sILEA3-2- 998 9.86

EA3-3- 908 9.09

siLEA4-1- 888 8.84

EA4-2- 1272 12,04

EA4-3- 883 8.69

EA4-4- 982 868

EA4-5- 1117 11.04

EA4-6- 956 892

siILEA4-7- 1348 12,53

EA4-8- 894 891

[sILEA4-9- 939 876

siILEA4-10- 929 9.17

oL {LEA4-11- 1260 1313
B SILEAS-1- 901 908
U2 EA5-2- 918 887
EA5-3- 913 942

EA5-4- 1200 12.80

sILEAS-5- 1033 10.90

siLEAG-1- 1316 13.85

siLEA6-2- 1239 1322

MsiDHN-1- 984 931

MsiDHN-2- 961 9.18

MsiDHN-3- 1290 13.62

MsiDHN-4- 89 8.94

4 MsiDHN-5- 921 9.23

= MsiDHN-6-  9.12 9.16

13.71 MsiDHN-7- 918 9.01

11.46 MsiDHN-8- 912 899

10.00 : 12.44

8.76

9.05

1044
4 1472

. 9.58

MsiSMP-7- 1215 1203

M30 M60 MO0 M120

It

9.19 815 7.69
8.90 817 747
9.63 10.60 9.49 -14
9.05 832 744
9.41 865 837 12
8.81 808 7.64
8.88 817 743
947 387 873 -10
1123 10.88 10.76
1027 8.98 9.54 8
10.19 8.62 824
8.85 7.96 7.65
9.19 8.10 8.82 =6
8.68 802 733
9.19 803 770
11.09 10.36 9.59
12.05 1151 10.89
9.68 843 8.74
9.26 8.30 7.79
8.81 884 7.84
9.31 9.05 798
9.10 10.16 839
1045 1446 9.36
8.70 10.00 9.79
8.87 8.15 7.94
8.75 845 761
1084 10.63 11.84
9.22 9.20 845
10.03 13.58 12.03
9.12 844 8.12
1044 9.91 11.39
8.63 806 744
8.67 785 722
8.87 827 827
9.94 10.62 9.77
9.51 8.57 8.44
9.13 833 7.99
9.26 840 8.69
9.16 10.06 9.66
9.18 842 853
9.05 8.30 7.68
8.90 823 7.35
9.01 800 744
9.32 9.16 8.50
8.76 11.54 8.14
1167 1132 10.04
13.80 13.20 12.12
9.68 862 773
10.54 10.57 8.86
8.98 8.10 7.49
9.09 818 7.96
10.16 9,67 8.95

L 6 1388
9.20 826 7.98
9.05 927 821
9.04 8.15 823
9.31 8.37 8.37
8.91 824 7.60
8.82 8.07 742
9.82 830 840
12.62 10.09 829
11.64 948 12.96
9.15 828 7.50
9.71 849 752
8.86 8.85 757
9.02 842 7.76
9.03 825 7.94
8.72 800 743
9.10 829 801
9.16 8.39 761
9.34 9.14 7.80
10.00 10.54 8.58
1252 13.56 1045
9.00 8.14 744
9.58 9.01 787
9.77 848 9.27
9.37 9.00 9.76
9.18 820 755
1027 9.26 9.58
8.50 808 725
8.64 8.10 7.36
10.44 8.54 1026
1145 10.90 11.94
10.14 8.60 8.85
10.51 929 9.54
9.04 818 793
8.90 803 808
13.61 10.56 1045
8.74 792 735
8.61 8.17 745
10.96 10.62 10.82
8.91 1126 7.50
1041 IS0 8.10
8.96 819 753
8.62 802 727
9.55 835 823
13.39 12,51 9.28
9.04 822 783
8.88 840 7.59
8.95 8.64 823
1130 1145 10.99
11.06 8.94 9.17
11.95 11.38 9.23
13.62 9.82 10.78
1133 835 8.90
9.34 838 759
1345 1162 1268
8.88 808 7.55
9.29 837 8.94
9.17 831 7.56
9.40 8.97 752
8.94 811 7.53
9.79 10.72 9.35
8.72 8.14 727
9.19 8.10 739
10.82 9.66 9.75

TUasasT 1392 13.76
9.64 891 830
llill ”i(’S l(YiM

=
CE iss

6 FBEER MsiLEA BEREMTREERTERG (A) MAFHRE (B) HFRESH
Fig. 6 Expression analysis of MsiLEA genes during seed low-temperature stratification in different periods (A) and
different organs (B) in Malus sieversii



196 o TE, & WIEHYIR LEA RRFRREE 5RIES

56 1

AR R R MsiLEA4-11 L BAELE. . Fisk
AR E R EHIRIE; MsiLEA fE #2355 R HE R
1K, (HARSE hRIEKFERE K.

34 g

ARk, B BE A o A R B %k, ok
2 1) LEA 28 % Jil 03 %8 5E A Jr B LEA B H
SE—FhE A R G HE H R, TR R
FARFREE, AUt [ I HLERE N H7 5E EF
R AR RN EEH ey —, HremE e R
W LEA % Ji 55 DR 1) 4 e A 2 A ol R LAk 38
B, ASHF TR B BB SR LEA RSB R 347 4 2
DRI AH i e A e, FF 0 H Rk 7K P kA7 0 A 3t
YRR IR 119 A MsiLEA ZREEN,
N8 MK, HHALCHE P LEA B [H
FOEAMLL, B s AN, FEE 126 A1,
= -& Panax notoginseng 61 >, B #l Capsicum
annuum 82 /M, SERL 87 AN BN S iEEF IR LEA
SENMCER L. 1E MsiLEA (17 8 MR, LEA2
Fir 5 Ee Bl i oK, Rk 65%, (4R, X5 H
B AR IE I HHEL Nicotiana tabacum™ . HAB RS
o b — B0 U4, gm T S R K R Y LEA S5
BAT g 2 R R RN LEA F5 R B AR 51 PR i Bl i) .
HEEIT S S LEA4 WA, (H7ESER LEA4 A
TRAH RIEHE LEA B H, X178 LEA HAFKR
(i e L) B,

PRAF G5 M3 A 45 R B, LEA W2 5% )
AR AL — R RS S R, Hh e g
EREE I M. KEE B /NFE Triticum aestivum™ F
IE A B S A 52 B LEA R R 57 4544
i, XL s LR I MsiLEA & [ S [ 0 5% 8 (1 3
BEANFE. BbAh, fERAS LEA WG AR T 27
KB, eI R 01 AT R YE T 5K N 1 2
oY, W R, RN TR BEAARE
BZ5EA MY, HERXND GRS 2 RE
BRER . JER g N A s D A T
AR, FEH RSN D Sk BRI R AL
T L 2 2 P e A A R R e A R A i D R R
J5 LA A1 ) B R R 45 4 B2, MisiLEA FE R 55
FAEH DN E 7, X5 H A YY) A a0 H i Y
WEE YO Z W Camellia sinensis®™ . T K P 1 4%
A P — 5, RN A R MsiLEA
e RIFE AR AE Y aa T () PRod 20k F 1 R B ) 7
A MSILEA 5 F A M e fr 25 SRR 12 47
TETAMA% . AR 0T AR 2L Ak Rl i 2 A4

A X =

SR ) S A 25 M 1 — A R ERRE, 1
TR 5 DR 20 A0 A A A3 A R R 35 5 S R A
FEAET I IR UG B AR M) R T AR AR RARFE
PE, A T EUR IR R T RE I 7= A R0 5 DR Y 4% 1)
AR U, I R LA AN 5 B IR L KM
J&, mHABTREFRIEEM 2L, DR AEY)
B R RE R RIS EE 7. HTERE SR LEA
BRI k5 IR F A L RECR, T4
HE W ST BES F A S8R A
T & B AEK

LEA BEFRERBEED A ALK, REFEY
BRI N R IEZAER P TR B4
WEBH, LEA 5:[F 2 5 R0 A A 1300 55 1 v 2,
I AR TR (RIR PR A b i B, g
REIR, MsiLEA B8 301 5505 A 8 K e AH
KMNAE oy, HREZZMPrasE s, &
FAHERIEZEF 0d. 30d. 60d. 90d F1120d K 5
AN HA B 5 B S M T SRR s, 5 LEAL,
LEA2. LEA4. LEA5. SMP WV 5% Ji& i i1 78 b 1
RESEFZEEH T E, 5AFEPL AR Linum
usitatissimum™ F13R 3546 4 PO [ 45 B —5,
XL LEA K5 R AT e 7 il 2 K B B R AR 1 A=
R N B A RIER . 55 B Rk B AR
B, 59— B0 RO R 3R AR A SRS I AS 1) %
SRR, AN EEE R Rk 7 SR, AR i R 5
JopE IR R B 3l A R P AR A A 22
Wlo BIZAEA A 45 A ARLEA R ZARIE A 5
KA, Horp 28 MERFE RS R, 17 MER
Tk B PRAR

4 £ #

ASHIE UM 8 B SR AL R R T 119
S MsiLEA JE R A7 AE, ) A 4E 8 DK k. X
MSIiLEA ZINI R G E R A RTERIR Sh i
T - W& T AR e 34T 0 e B, A
[ 0 5% MR A Py 22 18] 22 B K B s L 45 R AR WY,
MsiDHN3 £ Ff 7 iR J= B A 3R IE &R B,
FEPTH 2% B TR IEEES . AT IR B f#
LEA HE PR A8 7 98 B 3¢ R0 1 IR I & & Bir Boh
(RIfE FH S O S At Kl

SEHK:

[1] DURE III L, GREENWAY S C, GALAU G A. Developmental

biochemistry of cottonseed embryogenesis and germination:



46 %

A2 S A s AN e O

197

[6]

(7]

(8]

[10]

[11]

[12]

[13]

[14]

changing messenger ribonucleic acid populations as shown by
in vitro and in vivo protein synthesis[J]. Biochemistry,1981,20:
4162-4168.

FINN R D, COGGILL P, EBERHARDT R 'Y, et al. The Pfam
protein families database: towards a more sustainable future[J].
Nucleic Acids Research,2016,44:D279-D285.

SHAO H B, LIANG Z S, SHAO M A. LEA proteins in higher
plants: structure, function, gene expression and regulation[J].
Colloids and Surfaces B: Biointerfaces,2005,45:131-135.
HUNDERTMARK M, HINCHA D K. LEA (Late embryogenesis
abundant) proteins and their encoding genes in Arabidopsis
thaliana[J]. BMC Genomics,2008,9:118.

WANG X S, ZHU H B, JIN G L, et al. Genome-scale identification
and analysis of LEA genes in rice (Oryza sativa L.)[J].
Plant Science, 2007,172:414-420.

LI X, CAO J. Late embryogenesis abundant (LEA) gene family
in maize: identification, evolution, and expression profiles[J].
Plant Molecular Biology Reporter,2016,34:15-28.

CHEN Y K, LI C H, ZHANG B, et al. The role of the late
embryogenesis-abundant (LEA) protein family in development
and the abiotic stress response: a comprehensive expression
analysis of potato (Solanum tuberosum)[J]. Genes,2019,10:148.
ALTUNOGLU Y C, BALOGLU P, YER E N, et al. Identification
and expression analysis of LEA gene family members in
cucumber genome[J]. Plant Growth Regulation,2016,80:225-241.
CAO J, LI X. Identification and phylogenetic analysis of late
embryogenesis abundant proteins family in tomato (Solanum
lycopersicum)[J]. Planta,2015,241:757-772.

LIANG Y, XIONG Z Y, ZHENG J X, et al. Genome-wide
identification, structural analysis and new insights into late
embryogenesis abundant (LEA) gene family formation pattern in
Brassica napus([J]. Scientific Reports,2016,6:24265.

WU C L, HU W, YAN Y, et al. The late embryogenesis abundant
protein family in cassava (Manihot esculenta Crantz): genome-
wide characterization and expression during abiotic stress[J].
Molecules,2018,23:1196.

LAN T, GAO J, ZENG Q Y. Genome-wide analysis of the LEA
(late embryogenesis abundant) protein gene family in Populus
trichocarpalJ). Tree Genetics & Genomes,2013,9:253-264.

DU D L, ZHANG Q X, CHENG T R, et al. Genome-wide
identification and analysis of late embryogenesis abundant
(LEA) genes in Prunus mume[J]. Molecular Biology Reports,
2013,40:1937-1946.

GAO J, LAN T. Functional characterization of the late
embryogenesis abundant (LEA) protein gene family from

Pinus tabuliformis (Pinaceae) in Escherichia coli[J]. Scientific

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

Reports,2016,6:19467.

LIN RY, ZOU T, MEI Q M, Genome-wide analysis of the late
embryogenesis abundant (LEA) and abscisic acid-, stress-, and
ripening-induced (ASR) gene superfamily from Canavalia rosea
and their roles in salinity/alkaline and drought tolerance[J].
International Journal of Molecular Sciences,2021,22:4554.

LI Z, CHI H, LIU C Y, et al. Genome-wide identification
and functional characterization of LEA genes during seed
development process in linseed flax (Linum usitatissimum L.)[J].
BMC Plant Biology,2021,21:193.

HUANG R L, XIAO D, WANG X, et al. Genome-wide
identification, evolutionary and expression analyses of LEA
gene family in peanut (4rachis hypogaea L.)[J]. BMC Plant
Biology,2022,22:155.

LING H, ZENG X, GUO S X. Functional insights into the late
embryogenesis abundant (LEA) protein family from Dendrobium
officinale (Orchidaceae) using an Escherichia coli system[J].
Scientific Reports,2016,6:39693.

WANG G P, XU X F, GAO Z Y, et al. Genome-wide
identification of LEA gene family and cold response mechanism
of BcLEA4-7 and BcLEA4-18 in non-heading Chinese cabbage
[Brassica campestris (syn. Brassica rapa) ssp. chinensis][J].
Plant Science,2022,321:111291.

HUANG Z, ZHONG X J, HE J, et al. Genome-wide
identification, characterization, and stress-responsive expression
profiling of genes encoding LEA (Late embryogenesis abundant)
proteins in moso bamboo (Phyllostachys edulis)[J]. PLoS
One,2016,11(11):e0165953.

ALTUNOGLU Y C, BALOGLU M C, BALOGLU P, et al.
Genome-wide identification and comparative expression analysis
of LEA genes in watermelon and melon genomes[J]. Physiology
and Molecular Biology of Plants,2017,23(1):5-21.

LT1Y, QI S, CHEN S Z, CHEN S Y, et al. Genome-wide
identification and expression analysis of late embryogenesis
abundant (LEA) genes reveal their potential roles in
somatic embryogenesis in hybrid sweetgum (Liquidambar
styraciflua  Liquidambar formosana)[J]. Forestry Research,
2023,3:12.

BREL, SWehl , kIDesk , & . A LEA JE 8 5000 % 8 K 0 R
AP B [T]. PEAERE AR ,2023,43(6):918-928.
CHEN K, TONG X N, ZHANG X Y, et al. Genome-wide
identification and abiotic stress responses of LEA gene family
in Poncirus trifoliata[J]. Acta Botanica Boreali-Occidentalia
Sinica,2023,43(6):918-928.

GARAY-ARROYO A, COLMENERO-FLORES J M,
GARCIARRUBIO A, et al. Highly hydrophilic proteins in



198 Gi 5%, . WisRETW R LEA BRI R IRE € 5RIEGHT 3% 6
prokaryotes and eukaryotes are common during conditions of genetic history of apple domestication[J]. Nature Genetics,2020,52:
water deficit[J]. Journal of Biological Chemistry,2000,275(8): 1423-1432.

5668-5674. [36] CHEN CJ, WUY, LIJ W, et al. TBtools-II: A “one for all, all for

[25] GAL T Z, GLAZER I, KOLTAI H. An LEA group 3 family one” bioinformatics platform for biological big-data mining[J].
member is involved in survival of C. elegans during exposure to Molecular Plant,2023,16:1733-1742.
stress[J]. FEBS Letters,2004,577:21-26. [37] MARCHLER-BAUER A, DERBYSHIRE M K, GONZALES N

[26] BATTAGLIA M, COVARRUBIAS A A. Late embryogenesis R, et al. CDD: NCBI’s conserved domain database[J]. Nucleic
abundant (LEA) proteins in legumes[J]. Frontiers in Plant Acids Research,2015,43:D222-D226.

Science,2013,4:190. [38] GASTEIGER E, GATTIKER A, HOOGLAND C, et al. ExPASy:

[27] OLVERA-CARRILLO Y, REYES J L, COVARRUBIAS A The proteomics server for in-depth protein knowledge and
A. Late embryogenesis abundant proteins: versatile players in analysis[J]. Nucleic Acids Research,2003,31(13):3784-3788.
the plant adaptation to water limiting environments[J]. Plant [39] HORTON P, PARK K J, OBAYASHI T, et al. WoLF PSORT:
Signaling & Behavior,2011,6(4):586-589. protein localization predictor[J]. Nucleic Acids Research,2007,35:

[28] MUVUNYIB P, YAN Q, WU F, et al. Mining late embryogenesis WS585-W587.
abundant (LEA) family genes in Cleistogenes songorica, a [40] TAMURA K, STECHER G, KUMAR S. MEGA11: Molecular
xerophyte perennial desert plant[J]. International Journal of evolutionary genetics analysis version 11[J]. Molecular Biology
Molecular Sciences,2018,19:3430. and Evolution,2021,38(7):3022-3027.

[29] CELTON J M, GAILLARD S, BRUNEAU M, et al. Widespread [41] XIE J M, CHEN Y R, CAI G J, et al. Tree visualization
anti-sense transcription in apple is correlated with siRNA by one table (tvBOT): a web application for visualizing,
production and indicates a large potential for transcriptional and/ modifying and annotating phylogenetic trees[J]. Nucleic Acids
or post-transcriptional control[J]. New Phytologist,2014,203: Research,2023,51:W587-W592.

287-299. [42] HU B, JINJ P, GUO AY, et al. GSDS 2.0: an upgraded gene

[30] TOLLETER D, HINCHA D K, MACHEREL D. A mitochondrial feature visualization server[J]. Bioinformatics,2015,31(8):
late embryogenesis abundant protein stabilizes model 1296-1297.
membranes in the dry state[J]. Biochimica et Biophysica Acta, [43] LESCOT M, DEHAIS P, THIJS G, et al. PlantCARE, a database
2010,1798:1926-1933. of plant cis-acting regulatory elements and a portal to tools

[31] CHAKRABORTEE S, TRIPATHI R, WATSON M, et al. for in silico analysis of promoter sequences[J]. Nucleic Acids
Intrinsically disordered proteins as molecular shields[J]. Research,2002,30(1):325-327.

Molecular Biosystems,2012,8(1):210-219. [44] CHENG Z H, ZHANG X M, YAO W ], et al. Genome-

[32] MR, ZEadin , ZefF, 55 L BRI SR L E ARVE G Fh S BT A AR wide search and structural and functional analyses for late
P [J]. ZHF R TT ,2024,42(3):197-206. embryogenesis- abundant (LEA) gene family in poplar[J]. BMC
ZHENG F, LI J G, QIN W, et al. Germination characteristics of Plant Biology,2021,21:110.
naturally dropped seed of Malus sieversii[J]. Non-wood Forest [45] JIAJS, GE N, WANG QYY, et al. Genome-wide identification and
Research,2024,42(3):197-206. characterization of members of the LEA gene family in Panax

[33] E&H#H, Xk, =46, & e B ERE S % 54 notoginseng and their transcriptional responses to dehydration of
FLFRARPEAN (7], SBFMAF 7T ,2022,40(3):151-161. recalcitrant seeds[J]. BMC Genomics,2023,24:126.

WANG J J, LIU L Q, QIN W, et al. Dwarf evaluation on [46] ZHAO Y Y, HAO Y P, DONG Z Y, et al. Identification and
morphology and physiological indexes of Xinjiang wild apple[J]. expression analysis of LEA gene family members in pepper
Non-wood Forest Research,2022,40(3):151-161. (Capsicum annuum L.)[J]. FEBS Open Bi0,2023,13:2246-2262.

[34] WANG X Y, LI Y W, ZHANG L S, et al. Comprehensive [47] GENG W B, WANG Y N, ZHANG J, et al. Genome-wide
identification of LEA protein family genes and functional identification and expression analyses of late embryogenesis
analysis of MALEAG60 involved in abiotic stress responses in abundant (LEA) gene family in tobacco (Nicotiana tabacum L.)
apple (Malus domestica)[J]. International Journal of Biological reveal their function in abiotic stress responses[J]. Gene,
Macromolecules,2024,283:137641. 2022,836:146665.

[35] SUN X P, JIAO C, SCHWANINGER H, et al. Phased diploid [48] MAGWANGAR O, LU P, KIRUNGU J N, et al. Characterization

genome assemblies and pan-genomes provide insights into the

of the late embryogenesis abundant (LEA) proteins family and



46 %

A2 S A s AN e O

199

[49]

[50]

[51]

[52]

[53]

[54]

[55]

their role in drought stress tolerance in upland cotton[J]. BMC
Genetics,2018,19:6.

LIU H, XING M Y, YANG W B, et al. Genome-wide identification
of and functional insights into the late embryogenesis abundant
(LEA) gene family in bread wheat (Triticum aestivum)[J]. Scientific
Reports,2019,9:13375.

e, 2k, e, &6 RN AN IR AR LEA 8 5 R ORI
S S SR FRIE AT (1], FE2E SR ,2022,51(3):1-12.
FU R, LI J J, SHAN Y, et al. Genome-wide identification and
expression analysis of the late embryogenesis abundant (LEA)
protein gene family in cultivated peanut (Arachis hypogaea
L.) on its response to cold stress[J]. Journal of Peanut Science,
2022,51(3):1-12.

ZENG X, LING H, YANG J W, et al. LEA proteins from
Gastrodia elata enhance tolerance to low temperature stress in
Escherichia coli[J]. Gene,2018,646:136-142.

JEFFARES D C, PENKETT C J, BAHLER J. Rapidly regulated
genes are intron poor[J]. Trends in Genetics,2008,24(8): 375-378.
LANE N, MARTIN W. The energetics of genome complexity[J].
Nature,2010,467:929-934.

WANG W D, GAO T, CHEN J F, et al. The late embryogenesis
abundant gene family in tea plant (Camellia sinensis): genome-
wide characterization and expression analysis in response to cold
and dehydration stress[J]. Plant Physiology and Biochemistry,
2019,135: 277-286.

QIAN Y X, CHEN C L, JIANG LY, et al. Genome-wide
identification, classification and expression analysis of the JmjC
domain-containing histone demethylase gene family in maize[J].

BMC Genomics,2019,20:256.

[56]

[57]

[58]

[59]

[60]

BHRE, N, B . SRR H B LEAS BEPRIRIE R i #h 155
Hr [1]. FEACRA 2R ,2021,41(6):919-925.

LI X B, ZHOU X, YAN B. Expression and salt tolerance of
LEAS5 gene from Brachymenium exile[J]. Acta Botanica Boreali-
Occidentalia Sinica,2021,41(6):919-925.

WRad , Bl , D3, &5 . W SR B RIS TR BRX [R5 2k
IR F) 2 20 1k 4 o R AR [T]. P AR 22 4R ,2024,44(11):
1725-1734.

CHEN Y, YANG N, LUO W, et al. Systematic identification
and response patterns of BRX orthologs from Camellia sinensis
under stress and gibberellin regulation[J]. Acta Botanica Boreali-
Occidentalia Sinica,2024,44(11):1725-1734.
RODRIGUEZ-SALAZAR J, MORENO S, ESPIN G. LEA
proteins are involved in cyst desiccation resistance and other
abiotic stresses in Azotobacter vinelandii[J]. Cell Stress and
Chaperones,2017,22:397-408.

JIN X F, CAO D, WANG Z J, et al. Genome-wide identification
and expression analyses of the LEA protein gene family in tea
plant reveal their involvement in seed development and abiotic
stress responses[J]. Scientific Reports,2019,9:14123.

AR WK LEA JE RSO 508 M HLAE R TR B A2 P
208 [D]. Abat AR AR 2021

LI Z. Identification and genetic effect of LE4 genes during seed

[

development in Linseed flax[D]. Beijing: Chinese Academy of

Agricultural Sciences,2021.

[ A EL: = MW



