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Screening of plant hormone- associated genes during seed dormancy re-

lease in Malus sieversii based on transcriptome sequencing
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Abstract: [Objective] The study aimed to study the transcriptome differences and hormone content
changes of the seeds of Malus sieversii at different stages of stratification in order to screen the plant
hormones genes related to dormancy release and provide a basis for subsequent studies on the hormonal
regulation mechanism of seed dormancy release in M. sieversii. [Methods] The seeds of M. sieversii
were used as materials, transcriptome sequencing was performed on the seeds at different stages of the
stratification at 4 °C (0, 30, 60, 90 and 120 d). The content of abscisic acid (ABA), gibberellins (GA),

auxin (IAA), cytokinin (CTK), the activities of ethylene 1-aminocyclopropane- 1-carboxylate oxidase
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(ACO) and 1-aminocyclopropane- 1-carboxylate oxidase synthase (ACS) were measured using an en-
zyme-linked immunosorbent assay. [Results] The ABA content of the seeds showed a decreasing trend
with the increase of stratification time, the maximum content was 80.22 ng- g on 0 d of the storage, the
content on 60 d of the storage was significantly lower than that at the three periods of 0, 30 and 90 d
(p<<0.05), the content reached a minimum of 43.67 ng-g" on 120 d. The GA content showed an increas-
ing trend with the increase of the storage time, the content was the lowest at 78.42 pmol- g on 0 d, and
the content on 120 d significantly higher than those of the other periods (»p<<0.05), and reached a maxi-
mum of 170.67 pmol - g''. The IAA content showed an increasing trend with the storage time, and the
content on 90 d was significantly higher than those of the other periods, reaching a maximum value of
41.36 nmol - g". The CTK content on 90 d was significantly higher than those of the other periods, reach-
ing a minimum value of 43.67 ng- g, it showed a decreasing trend in the storage time of 0-30 d, the
content on 30 d was significantly lower than those of the other periods (p<<0.05), reaching a minimum
value of 31.34 ng - g', and showed an increasing trend in the storage time of 30-60 d, suggesting that
CTK would promote the accumulation of seed assimilates in this period. The activities of ACC oxidase
and ACC synthase in the ethylene biosynthesis pathway showed inconsistent trends during the storage.
The activity of ACO was 262.52 ng- g on 90 d of the storage, which was significantly higher than that
of other periods (p<<0.05), and the activity of ACO was the lowest on 30 d of the storage, which was
157.38 ng- g''. The activity of ACS reached the maximum value of 418.92 ng- g on 120 d of the stor-
age, which was significantly higher than that of the three periods of 0, 30 and 60 d (»p<<0.05). It indicat-
ed that the stratification promoted the synthesis of GA, IAA, CTK, ACC oxidase and ACC synthase,
and two enzymes of the ethylene synthesis pathway might be more sensitive to low temperature. There
were more significant DEGs on M120d CK120d compared with M0d CKO0d, M30d CK30d,
M60d CK60d and M90d CK90d, suggesting that there were more DEGs on M120d for the regulation
of seed germination and physiological changes There were a total of 7384, 4875 and 3236 significantly
and differentially expressed genes, significantly and differentially up-regulated genes and significantly
and differentially down-regulated genes on the M30d _CK30d and M60d_CK60d periods, respectively.
The gene ontology enrichment of DEGs was performed, and the biological processes were mainly in-
volved in the response to osmotic stress and water deprivation, abscisic acid response, response to salt
stress, transcriptional regulation, regulation of seed germination, and gibberellin response. The cellular
components were mainly chloroplast stroma, chloroplast envelope and thylakoid. The molecular func-
tions were mainly related to DNA-binding transcription factor activity, phosphatase activity and protein
homodimer activation. The multiple plant hormone biological processes remained active and changed
during the course of stratification of the seeds, suggesting that they would play a role in seed dormancy
release activities. The KEGG pathway enrichment analysis showed that the main pathways enriched in
seeds at different periods of the stratification were plant hormone signaling, MAPK signaling pathway-
plant, protein processing in endoplasmic reticulum, starch and sucrose metabolism, and glycolysis/gly-
cogenesis. Among them, plant hormones would play a key role in regulating seed dormancy and germi-
nation in M. sieversii, and hormone signal transduction pathway-related genes such as ABA, GA, and
ETH might be involved in the processes such as seed dormancy release. The starch and sucrose metabol-
ic pathways were involved in the process of carbon metabolism in the seed embryo, providing carbon
source for the seed embryo. The glycogen production metabolic pathway was involved in the synthesis
and metabolism of cellular proteins, providing nitrogen source and energy for seed embryo germination.
The ABA receptor PYR/PYL had 12 genes up-regulated and 3 genes down-regulated. The ABA signal
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transducer protein phosphatases 2C (PP2C) and positive regulator GA receptor gibberellin insensitive
dwarf 1 (GID1) genes were up-regulated Three genes were up-regulated and one gene was down-regu-
lated for the sucrose non-fermenting-1-related protein kinase 2 (SnRK2), and two genes were up-regu-
lated for the ABA catabolic hydroxylases 8'-hydroxylases. The GA signaling the negatively regulated
growth inhibitor DELLA protein was up-regulated by 6 genes and down-regulated by 1 gene, indicating
that low-temperature stratification treatment enhanced GA signaling. The ETH and IAA were signifi-
cantly and differentially expressed at different stratification stages of M. sieversii embryos. The ETH re-
ceptor ETR, ETHYLENE INSENSITIVE 3/EIN3-LIKE, 1-aminocyclopropane-1-carboxylic acid, a di-
rect precursor of ETH, and ACO were up-regulated expression. The 5 TAA-related genes were up-regu-
lated and one was down-regulated, and small auxin up-regulated RNA was up-regulated, indicating that
the stratification would promot IAA synthesis. The cell cycle protein genes were up-regulated to meet
the nutritional growth of the seed dormancy release. In addition, the genes related to sucrose metabo-
lism were screened, sucrose synthase and endoglucanase were up-regulated during the stratification.
The sucrose transport protein STP13 and STP14 were up-regulated, while STP5 and STP/0 were down-
regulated. [Conclusion] The expression of the ERF2-like showed an opposite trend to the changes of
ACO and ACS activities, and the expression of the PYRI-like and WRKY33 genes decreased in relation
to the changes of ABA content, suggesting that the above genes might be involved in the ABA signaling
pathway to regulate the process of dormancy release process of M. sieversii seeds.
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8 1326 5 5 Fh 1~ PRI AT I8 25 AH DG 19 9 4> DEGs
HEAT S 9% 5% 5 B (QRT-PCR) , f# ] Primer 5 # it
IR Do DA A S HT 8 2 S R P RNA N

FEHR , 18 SYBR Green 1 44kl qPCR Tl i (Enzy
Artisan, Q204) ¥ 1T qRT-PCR: Jx | 2% 4 4 il 45 1t
95°C 30 s; =HH1H95°C 105:60 °C 155;72 °C 30 s
40 M 5 HHiR 95 °C 10 5360 °C 60 5595 °C 15 5374
#137°C 30 so LA B-actin NN ZFHE A, il 5 2 &

x1 RATHRIEHERERIER qRT-PCR 5|9
Table1 qRT-PCR primers used to validate transcriptome data

I 475 IE5193(53) B 5141 (3-5)
Gene name Forward primers (5'-3") Reverse primers (3'-5')

MsMYBIRI CACCACCGATACCCCTTTGAAT CGGGAAAGTCGAAACTGGAAAC
MsWRKY21 GCATCAATGCATCAGGACAGG ATTGGCATTCCACCAGAGCAT
MsERF2-like GGCAGCAACGCCAAACAAT GTGGGCTCGTGACTTTCGTT
MsWRKY53 AATGGGGAATATGTGCTTCTGATTT GCCGAATTTGCCATGCTGTG
MsWRKY51 AAGCGGTCAAGAACAGCTCA CCAGCGAAGTAACCAGTATTCA
MsWRKY31 GCCTGTAACGCTCGATCTCA TGCTTTGAGGGCTTCCCAAT
MsWRKY17 GCGCCCTATCCAATCATCCC TTGTCACGGTGAAGTCGGTG
MsWRKY33 CCACAGCCACAAAGGCAATC TGCTGCTAGTACCCCCATTG
MsPYRI-like ATCCTACGTCGTCGATCTGC GAGCAAACGTGGCAAGAAAGA
p-actin CAGCATCACTACCATCTGCAAC CCGCCATCTTCTACTTCCTGTTT

EENTE AR R &, AL 3 IR E S
1.7 BIEHH

{4 FH Excel 47 #8411, {4 H SPSS 25 Duncan
W G R AT 22 R W E PR 56, 1 Origin 2022
B
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2.1 HMEBFHERMFARMIEMAENERZSE.
BEiE M KA A FER

T EE SRR ABA R B ek A T £ 2
BB CE1-A), E5E 0 dBf ABA & & (w, J5
7)) f% 1519 80.22 ng - g, ZEN7EL 60 d I ABA 7 & .
KT 0.30.90 d =M HI(»p<<0.05),120 d Fif ABA
FRIAR AR N 43.67 ng- g GA & mBE Ik i A] 1)
B2 ETHEAE 1-B), 5K 0 d i GA & & (b, J5
DAL A 78.42 pmol - g', 120 A GA S E R E =T
HoAth B (p<<0.05) , 3K 2] 5 5 24 170.67 pmol - g';
TAA 7 & BB I i 8] 34 0 2 FFHE A (E 1-0),
75 60 d I TAA 7 & 5 35 T HL A IR 3k 3 S
41.36 nmol - g'; CTK 7 & 7E W] [8] 0~30 d I} £
BEfa%s (B 1-D), 7588 30 d i CTK & & B 2K T 1
I3 (p<<0.05) , IE B ARAE M 31.34 ng - g, 7E 8K
30~60 d i CTK & & 2 0% LI R IF1Z 1
CTK REfR R T [ AR 8R . ETHAYA BUEE

T ACC A AL (ACO) FiT ACC A il (ACS) A~
IR il £ I R RV P AR A — B (] 1-
E.F). 7EW75890 dif, ACO %M N 262.52 ng- g, i
FiEn T HARE B (p<<0.05) , 758 30 d I}, ACO V& %
AN 15738 ng-g's ACS HITHPELE IR 120 d ik
Pl R 418.92 ng- g, W& T 0.30.60 d =M
H(p<<0.05) . LK IR VP 58 2 AR 1 GALTAA.
CTK.ACC E LB ACC & R EE 1) & i, HETH &
FRIE AR 1 AN B AT RE XU SE IR . P A R R
FEAR IR VD 8 2 F5 30,604 90+ 120 d Hf & K 43 il
0%-7%-95%+100%. T Ei K% 5 GAJAA T ENK
ACOVEHA L EHA—E, 5 ABA &= AN .
2.2 EIREAE)MF B0 RE N PR
TR B o J s 24531 209.45 G 115 ot &
HE (R 2, BFEAR Q30 Hl A H 4 b ¥ & T 92.9%,
U R ot 00 250 DA S IS 2386 J5 T o B e o
Pt JE i e R U 7 51 5 4l S R (M. domesti-
ca) )5 2% SE A HEAT L (38 3), B s R
85.09%~94.06% , LU X R 22 43 M 5 i R i T 70%
Ut B FT i 22 2 5L R A0 AT R (S B AT 7% 2K . reads
127 e DR 2L AN [R) X 38 1) 23 A 4 O BN i
Eb X 21 35 [R] 8] [X. 1) reads 7F 5.94%~26.81% , 1] >
Y5 ncRNA 8/ ¥F DNA F Bti5 4% ; reads 7£ 3 A 2.
AT X IR AE 66.44%~91.47% , 1t WA il 1) 2 2% 3%
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Fig. 1 Changes in plant hormone contents and enzyme activities of M. sleversii seeds during different storage periods
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Table 2  Statistics of sequencing quality date
FEA JE IR H pUR) =/ {29 GC & BRCHE PT B R T30 A Ll P2 R AE
Sample Raw reads Clean reads Base/G GC content/% Q30/% Average quality
CKodl1 60 563 404 57938298 9.085 47.990 93.680 35.900
CK0d2 46 973 466 44 451 036 7.046 49.755 94.055 35.925
CK0d3 47036 158 44 412 908 7.055 49.625 94.125 35.920
CK30d1 47513 250 45 644 342 7.127 48.180 94.750 36.080
CK30d2 45 086 322 42 348 940 6.763 48.865 93.775 35.870
CK30d3 43997912 42207 250 6.600 49.855 94.290 35.990
CK60d1 43 504 982 41 868 734 6.526 48.495 94.960 36.120
CK60d2 43786 232 40 897 746 6.568 48.485 93.035 35.735
CK60d3 48 114 592 45700 496 7.217 49.465 94.140 35.935
CK90d1 41310 866 39 550982 6.197 48.330 94.215 35.990
CK90d2 76 316 530 73 129 800 11.447 52.220 94.425 36.010
CK90d3 45211 020 43101 786 6.782 49.455 93.935 35910
CK120d1 49 435970 47272 450 7.415 48.075 94.535 36.030
CK120d2 55 695 568 53222 602 8.354 48.400 94.555 36.035
CK120d3 51391678 48 948 266 7.709 48.330 94.425 36.000
MoOd1 44 957 960 43 428 624 6.744 48.695 94.620 36.065
MO0d2 49 528 436 47 568 094 7.429 49.215 94.480 36.030
MO0d3 57739 050 55294 880 8.661 49.505 94.345 36.000
M30d1 38993 450 37739 124 5.849 47.740 95.360 36.205
M30d2 56 245 022 54 442 986 8.437 47.445 95.105 36.150
M30d3 42 345 624 40 832 692 6.352 47.560 94.600 36.060
M60d1 48 499 446 46 970 016 7.275 46.875 95.065 36.145
M60d2 55527058 53 742 160 8.329 47.795 94.625 36.070
M60d3 51 803 820 50201 188 7.771 46.540 94.540 36.070
M90d1 49 383 852 48 796 302 7.389 47.250 92.450 35.900
M90d2 52726 988 52093 942 7.885 47.565 92.755 35.950
M90d3 44770 750 44227 422 6.698 47.225 92.670 35.935
M120d1 52002310 49 080 220 7.800 46.735 92.690 35.725
M120d2 48 754 838 46 407 066 7.313 46.845 94.305 35.985
M120d3 43980 026 42092 510 6.597 46.860 94.555 36.040
®3 xRt
Table 3 Comparative efficiency statistics
. oY R ¥ FRISHIERA Xt B 2% POEEAVNN BN wr %
PE o ettt it IOl W i
filtered Mapped on reference ~ Unmapped Multimapped
CKO0d 48 934 081 46 016 689(94.06%) 2917 392(5.94%) 3 535045(3.04%) 30039 842(61.38%) 12441 801(25.07%)
CK30d 43400177 40 569 158(93.47%) 2 831020(6.53%) 2719071(3.07%) 26397 911(60.87%) 11452 176(26.27%)
CKo60d 42822325 39981 066(93.37%) 2 841259(6.64%)  2229351(3.01%) 25757 060(60.15%) 11 994 655(28.03%)
CK90d 51927523 48 586 942(93.39%) 3340 581(6.62%) 6564 208(3.18%) 30937 262(59.96%) 11 085 472(22.69%)
CK120d 49 814 439 46 717 955(93.78%) 3096 485(6.22%) 1903 722(3.38%) 28 759 241(57.73%) 16 054 992(32.23%)
Mod 48 763 866 45 875 666(94.06%) 2 888200(5.94%) 1701 050(2.71%) 29 358 870(60.07%) 14 815 746(30.48%)
M30d 44338 267 41368 001(93.35%)  2970267(6.65%) 1368 559(2.89%) 23 431366(52.77%) 16 568 075(37.46%)
M60d 50 304 455 45519 192(90.52%) 4 785263(9.48%)  1456204(4.87%) 25977 318(51.67%) 18 085 670(35.95%)
M90d 48 372 555 41 114 114(85.09%) 7258 441(14.94%) 1406 065(7.06%) 23 115 454(47.80%) 16 592 595(34.39%)
M120d 45859 932 41 868 585(91.29%)  3991347(8.71%) 1359 501(4.50%) 23 306 853(50.84%) 17202 231(37.50%)
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Fig. 2 Heat map of expression correlation coefficients between samples at different stages of low-temperature sand storage

stratification of M. sleversii seeds
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Fig. 3 Statistical and clustering maps of significantly DEGs in each comparative combination
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Fig. 4 Venn diagram of significantly DEGs in different periods of low-temperature sand storage stratification treatment
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Table 4 Significantly enriched GO entries in M. sleversii seeds under low-temperature sand storage stratification

GO%H PEREZiiipaN plE i PR TR H

GO terms Annotation description p-value Up-regulated count Down-regulated count

G0:0010029 PR T R 2.50E-06 40 45
Regulation of seed germination

G0:0009739 IR B FRE N 3.10E-05 60 54
Response to gibberellin

G0:0009737 iV B i [ 0.000 24 169 144
Response to abscisic acid

G0:0009723 LN 3 0.012 68 99 57
Response to ethylene

G0:0003700 DNA &5 & #e e R Ttk 1.20E-05 449 294
DNA-binding transcription factor activity

G0:0009941 I 2 A P 2.70E-07 271 89

Chloroplast envelope

54 1~ DEGs T #1k ; H b B v& e e S A 169 A4
DEGs %%, 144/ DEGs N KA §HE£E LI
N A5 156 DEGs,99 1 DEGs L if#iA, 574~ N i
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SR T3 1 (GO:0003700) , 449 AN E i €14, 294 4
RIS AR, SR A B (GO:0009941)
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FAH IR BE PR PR AR 5 1 K () 2 M R

% DEGs #1T GO B4 (K 5, it R F EHS
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Fig. 5 GO annotation classification of DEGs in endosperm
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