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Wi 5 Y 55 PAEA BRI 21 7L X 3 mi RNA BYSS E RN 474
FREFEY KmAY
(L PLMIRRSE, EIL LR, 110000 2. LT MO T sscgss, o B3L LA, 110000: )

O [T T Y S 2R M [k 1) A S ok e A 1 o (R TR S o SRR b Rk M R e B e AL
S RS BRI B AR A, HAE RALHLIX 2 R PRI BERRIRIZE SR . MicroRNA (miRNAD J&—2% pu i FAZ JE4 1S
RNA, HAKRE N 18-24nt Aid . fEMY) R ZhE M B ANT 5], AR NRIE, MM 2 Y5 D6, HiH miRNA
A 5 FRTAAIRAR 1 31 43 CL T A 5 T S ML AR PRI P AN TE 28 o L4 SR ] AT 9 ) FH v 037 5 AR Ko A K e s 2 e e
TEZFHE4T MicroRNA WP 434, WIERT 12 4~ sRNA SO, HE5SHERAFTHL, L8R T 310 AT mHn 278 AN KHE11)
miRNA, XT miRNA (K. ZORSE(ERIHTSith. [T DEG ARkt 129 M0 352 J R IA M miRNA. XX B 72 57 RIA 1)
miRNA E R, (i PSRobots BAFELTIN T 638 /> miRNA #IUEER, FFXix Lo B REAT GO CGREEARIR) FKEGG (LR
FERFERA FRAT) &R, X AR R LEE, JFREEE. K E HHEMBMEE S5 S AEEK
R AT BEE4E. M niR159¢-3p, miR156d-3p, miR172d, miR171b, miR164a, miR167a, miR319a, miR399a.
miR396t T HE LR MBAMI IS AL i s R, Horh miR164a. miR167¢ A1 miR171c—5p 7T HE A& A MRARME 1E S 70 S 4k 1
KRR o IXELOCRBL R IR KR e REHEYER, JFE AT 2 e R R AT B IX 505 miRNA A1
HARREN L FE S T — AN TR %, BENLERE 9 AN 257 B3EH miRNA BT SEI 906 E & PCR M, JF45& il
SR IATHAE A, 8L T —ANZR niRNA-ZER mRNA IRTZCERIS A . (4510 ] 3 —0 K48 71X 48 miRNA 7E SRk
PR T EEREH, 4878 7 miRNA 55— EAROC I S R R T A RIS E A - SERABIRI S v 2
2 245 SRR AR T o3 AR s P 28 B s Al o DI B8 D4 miRNA =5 T DAY Fa i BR ARSI (R 0 2R0A /KT, b 9 R 4y
WA M M 434k, 40 miR159 SRR GAMYB LRI R AR = 40, EdAERBRHSMENS S, FHFEERT
S e S5 8 S5 B o e e TR AR A Sk 2 (1) R TR BE TS o 20F 90 9 e 4 R TR AR 2 331 43 A R e 55 28 55 3 401
WLk BE5E T R Ak Al

SHF]: BAMKAK. miRNA. MEAERTSE. PERIME

Identification and analysis of key miRNA for sex differentiation in
hermaphroditic Juglans mandshurica Maxim.

Abstract: [Objective] The dioecious heterozygous maturation is an intermediate transition form from monoecious to dioecious
plants. The rare tree species Juglans mandshurica Maxim. is a dioecious heterozygous heteromorphic plant, which is divided into two
types: female-first and male-first, and it is a good economic and ecological tree species in Northeast China. microRNA (miRNA) is a
class of endogenous eukaryotic non-coding RNAs with a length of about 18-24 nt. In plants, they mainly regulate the expression of
target genes by targeting complementary sequences, thus controlling many biological functions. However, the formation of miRNA-
mediated sex differentiation and dioecious heterozygous maturation mechanisms in J. mandshurica is still unclear. [Result] In this
study, we used high-throughput sequencing technology to analyse the microRNA sequencing of male and female flower buds of the
male and female phenotypes of J. mandshurica, constructed 12 sRNA libraries and compared them with the reference genome, and
identified a total of 310 known and 278 unknown miRNAs, and counted the lengths, families and other information of the miRNAs.
129 significantly differentially expressed miRNAs were screened using the DEG package. these differentially expressed miRNAs were
hierarchically clustered. 638 miRNA target genes were predicted using the PSRobots package, and these target genes were subjected
to GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analyses. these target genes were mainly
enriched in the metabolic pathways, and were significantly enriched in flower-forming related pathways, such as the reproduction,
floral development, and phytohormone signaling pathways. It was hypothesised that miR159¢-3p, miR156d-3p, miR172d, miR171b,

miR164a, miR167a, miR319a, miR399a, miR396t mightbe the key genes affecting sex differentiation in J. mandshurica, with miR164a,
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miR167c, and miR171c-5p probably being the key genes in J. mandshurica miR164a, miR167c and miR171c-5p may be the key genes
for sex differentiation in J mandshurica. These key genes regulate phytohormones such as growth hormone and gibberellin,
respectively, and target many flower-forming key genes and transcription factors. A predictive regulatory network was established by
combining these key miRNAs and their target genes. Nine miRNAs with significant differences were randomly selected for real-time
fluorescence quantitative PCR detection and jointly analysed with transcriptome sequencing results to establish a differential miRNA-
differential mRNA primary co-expression regulatory network. [ Conclusion] These miRNAs were further uncovered to play an
important role in sex differentiation in J. mandshurica, revealing the regulatory roles between miRNAs and some important
transcription factors related to flower formation. The joint analysis with transcriptome data lays the foundation for multi-omics to
reveal the regulatory network of sex differentiation in J. mandshurica. It is hypothesised that these key miRNAs mainly affect sex
differentiation by regulating the expression level of target genes in Nutmeg, which in turn regulates its hormone secretion, such as the
miR159 family regulates the GAMYB gene family to control the secretion of gibberellin, which induces sex differentiation through
the gibberellin pathway. And the formation of dioecious heterozygous maturation which is an intermediate excessive morphology
between monoecious and dioecious. This study lays the research foundation for the final discovery of the molecular mechanism of sex

differentiation and dioecious heterozygous maturation in J. mandshurica.

Keywords: Juglans mandshurica Maxim, miRNA, Heterosexualism, Sexual differentiation

MEIE S 7R 5 (L and H, 2012) 72 ME R [F) Wk [m) EE e S Aok 2 A2 1) v 1) VT &5 (H, 2002; Shibata and Kikuchi
etal., 2009; L and H, 2012; L and H, 2012; Jingjing and Xia et al., 2016) . 4Z4£ [ 14 51 73 A4 s 18] 55 7 L3 Ay fe
1656 A AR FNRE TG S BOAA AR P MR Y, FRTE R 7 IR BO#E AR, BPMEZE Y Cprotogyny) 5%

(protandry) (Shibata and Kikuchi et al., 2009; L and H, 2012; Chen and Mao et al., 2019; Eric and Noemi et al.,
2019; Cao and Lietal., 2020). fEA YT, MEMEF AR AOFAH W, HAr R4 13 B 20 k8l HK
LN HEPI(FEMG S R4, 2018).

BABEMK (Juglans mandshurica Maxim.) &Z#BkEL (Juglandaceae) #IBkJE (Juglans) ¥, & [EAL)y
BT AR, R B R bt X = R R R P 2 — (B AR K35, 2011). fESABk B+, Y
AEFAR T B R A, HMESE Y S BB R S 1. L8RS R0 SE, 2022) . T #EMEIE T
T TRIANTR], 2 e S R AL RS, S B R E (AL T-HOR B B, M Se BUREAE RO I, B Se YRR Ak T
JF i B (Tatsundo and Shin-ichiro, 2014; KFIZS 5 %4, 2019; Lijie and Chong et al., 2021). 71k & Fi
HE, SHRRAKME S R AT S R LU T e 2 A i 22, R SRR RS ERMHX Pk Z SR R (Kimura
and Goto et al., 2012). X P I GK T BUMEMELE R FFAEBAR B AN A2, TRERE MR | 300 SR AAR IR 2, T &
BT SRRk Sh Se B AR B RN

MicroRNA (miRNA) J& —KK 0 20-24nt (/N ESRbS RNA, FEZNH B kiE T 58 RNA KA
Jebr (Dicer) , MIFEEY & A NIK [T Dicer-likel(DCL1) . miRNA £ #4H 3 Bh@ o 48 i) HLANF A, i $%
SEER Rk, M HIVF 2 £ T BE(Guiliang and J et al., 2003; T and Noah et al., 2011). miRNA 7EAH Y
NGRS, FRERMVF 2 B0 EE N K A s 2 CEZENEN, WHEIE . RS8R
B BMEA K% (Peng and Xi et al., 2010; Yingting and Junjie et al., 2021). KEHFFLEH, miRNA 7] Ll it
BT R R Rk, AT st 2B ) R B LA A oAk, 22 5 30K 1 miRNA I8 m] DS g2 me AH OC 1)
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WA RO HAE 5 5 S @R, M YL IR S, S B BRSO, S 20 A 4y
fk(Chengand Kailuetal., 2022) . [KlUt, %@ EYA v A OCHE miIRNA BRI R 3 1 DhREnT LLONAE
VIR E SR A TR BB 0 1) . fldn, 7ERAEHE 29, miR160 Al miR396 P57 ki 2 55 R A 4
AIRETSHL ] ARFs A1 GRF SRS TE I & & (Liand Jin etal., 2015). miR156/157. miR160 AN iEAE A AE
Lo B AN A 19 4F A (Zhou and Quan et al., 2018; JEWH, 2019). Xt miR396 Al miR408 [ 7t & HH T iX
PGS St S5k S PR S 404k 7= A T B2 (Wang and Zheng etal., 2019) . {5 H FTSABMK I 51 204k 518 28 0 4k
J7 THITE miRNA J5 [ B 70

PRIt A FT DLAE B A AN TR 285 7310 300 FR o A S R S AR ARKME AR E 27 D9 10k, A Niuminad 00 /5
TR 2 WIMERETE 2F BEAT miRNA U A S IR LMY o A AN R B I S MERFET € 28 2RI 1) miRNA,
FER 7 AR ZE 5 miRNAs (RERERR o i i xt 25 5 7 AL Bs 70, W E T SIBRARKIE ) A AR 5% 1 S b
MIRNA, JFHE T WIZORIE 2%,  JyiIBmkdE sl AL HL R T Fe st 7 2% E R .

1 BRI

1.1 EIM R ES &

PIGAT L LT 2R X SARRRCA B AL, 75 2021 4F 4 H 2 HEREESHBOMIME&E e B fE 28, sy
frds C, MEFEZFam4a o8 T1, METEZFEEE 3 Ik, 4rhl Cl. C2. C3; HEfEZFdr 48 T2, 3 IREE 5 0lA
C4. C5. C6; WeBlamt X, MEEZFEma ML, MEIESFES 3R, #0108 X1, X2, X3; HEfEZ
HBAM2, 3 RER I GHIN X4y X5, X6 FEAKIE 12 4> WARER G IRA7AE-80 KA,

1.2 2 RNA RY$R BRFI BrE 40

{4 f TRNzol Universal {75 G2V Y5 RNA, KA RNA & HEIRR ik DR 2 RNA 2 5 A P
Ay 9%, A H 266 B RNA W, 4 Agilent 2100 Bioanalyzer R4k RNA 2% 14,

1.3 7]\ RNA BYSZEEH @ Fn_E AL A

/N RNA SCJE R FIU 7 7E Personalbio Technology (Shanghai, China) #47. F|H /N RNA3 il 5°
nmEIR AR, RHI IR, RS cDNA. FH Lumina ] TruSeq Small RNA Sample prep Kit #4%2 /]
RNA X, ZJE%/N RNA SCESATY M. 8l Agilent High Sensitivty DNA kit XJ 3CFE AT A,
Quant-iT Pico GREen dsDNA Assay Kit X L FE#AT € & . /5 H llumina ¥ & Single-End B0 . Xt
SRR L BRIGEC AR AMIK &= 7 41, 1EFF 18-36nt [ Clean reads (Total reads) H#EATJ54E 3 #71. X Clean
reads 20 H AT G1r, XHRE S AR R 09 7 51 3E AT R E AN B R R FEE, RN Unique Reads, HFJ/E4:1
43#. fE Total Reads FI Unique Reads W', Fit AR @G AFE KT FI%H . 1 MirDeep2 #2/7
H1[) mapper.pl ¥ bowtie, ¥ Unique Reads 527 B A 2 24 PEdEAT LU XS, W LU 22 IR A 7
YIHTZ5 R0

1.4 miRNA B E55#

FI ] Blast % Unique Reads 5 Rafm13 %4} & (http://rfam.sanger.ac. uk/search/) 47 ELXT, M/ RNA 3¢
P rRNA. tRNA. snRNA 1 snoRNA fiife R, HARA LLx 2 i) #4532 H Blast 5 miRbase22 4 ¢
(http://www.mirbase.org/) LA, FIRFHEEECEN /N T 2. B E450TH Small RNA F1H & RNA %
PR OL, 9 T 45 P Small RNA $24t—/NE— Iy, 127 A5 C A R 45 2R . known

miRNA> rRNA> tRNA> snRNA>snoRNA> novel miRNA.

KBTI WIS AF LR miRNA B A7 EASFEGREE ) H LA, T miRNA &NE A FE G
B IR AT S 1T 12 Blast X miRBase (4 A SABC I SR FhadEAT LuXs,  WLEE0T L 2 Y
miRNA ZEIFRE] ) ORF A DL PR 57 miRNA A H miFam.dat G K M. MR EIR5F miRNA )7
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FIKE, 41t miRNA [ Reads Count {8, iH5H CPM fE. MAEMILIT 2018 4F Axtell £ A K A7 HFE T
Fr RIR AR miRNA %5 5E #5fE(J and C, 2018; Selinge and Yunyun et al., 2020), St it A7 Fr 351
miRNA #&. B EFE MR miRNA )KL&, KH DESeq (version 1.18.0) 73472 7 &K IA K] miRNA
(DEG), ffiftrdENZERRIELENE (p-value) FMIFRIEAEMAEZER (fold change) >2 8(<<0.5. #Ja3k

BIE SRR EEER, #H R B Pheatmap B0 Ik (R AIRE i iFE 4T XL B 2K 0 #T

1.5 miRNA BLE[E U F0 53 4fr

PAWIBERK ) 373 UTR 88 HARFES, 4l psRobot.tat B4 X} 2 3 25 ) miRNA 751 #ET 513 K]
TR AR EER AT BRI A (GO BT, Sl B a I R WL 2] Gene Ontology £# & H i) &%
A Term, SiitHEA Term FIHERERIECH, RAME U2 A TH AR A 23 & 1 Term, FDR<<0.05 HJ#E
FRZEFE. FHARAERMERAT 4P (KEGG) HUEFEMHIERBIT KEGG B E0H, HA1%
%A KEGG Pathway A[FES SRR REH, e iR 25 50 R8s ENE S8
#%,FDR {H<<0.05 W#AE 2% 5. &5 DEGs #HCH H FIEER BT E Z A5 s 2544
R E NG 55 F BB (qvalue<0.05). FFKIE SRNA FIFRIEE. BEHESH 4R UL IE miRNAs 76 H:
CAEYIIRTE SRR, 1 <8 miRNA.

1.6 KR EE PCR &

BENLLFE 9 2R RIEN miRNA, @i QRT-PCR Kl H ki, IRAF AR sRNA I (1 AER P
F TIANGEN i 7 & 42 BUE Y RNA, f# ] PrimeScript 355 &A1 Oligo(DT)i¥i 4% s i cDNA, 544 [ [ v
R RBCAP PCR L E T Realtime PCR X 347 PCR Vi KFFESF: 9501 for Smin, 950 for
15sec, 600 for 30sec, 40 NMEF. LA U6 NNZE, i H-2-AACT kit AR RSN €&, 5
miRNA /7R IEEXT L .

1.7 miRNA U FR3E RBN FELS 7 47

W R 2 RO AL 2 5 S R 0 B, G5B T ZE 5 miRNA SRR R Rk 22 R ab ), HREIE R
miRNA-Z 5 mRNA 8L &, H cytoscape 1EE], FEXI# miRNA Fr#E A % 5 10 mRNA #HTIRE E 4
AT

2 ER50

2.1 BAMKMRIESF P AY sRNA [EliE

N T EEH miRNA Jf HBFA miRNA 7E SRR 20 40 RIME S B e S B S A AR TR O VR, 341D
SrAEMESE BUMERE (T MEEBUMERS (T2). HEZRZUMESS (MDD, BESEBUMERS (M2) DURPRAEIME T 12
AN RNA SCPE CEEAMEAR SR AR S ). /N RNA SCEE I EE AR R T DA SRS AL A /)y RNA
P JEAE R 300N 70099677 42177432 32725495, 43655127 1E KRk, ZBRERENFIIZ)E,
RPN 18-36nt JEFE A4 (Clean Reads). /=47 20 G I #24E, VIR SRAMFIgE 80N
38132413, 33541027, 25967944, 35423485 (£ 1), L5 FIAEIEN 43.06%~82.42%

X i N S8 A [E] I PP A EAT 2 R Giih e o) R, XL H P HIRRON Unique Reads. Ziih 25 BT
JERIF A s AT 5, B3 201 sRNA KA —, ZHEFT T1 4 33nt KEM RNA F+5, mide =4
#Z 24nt RNA I +5 . ZHEFIUH sRNA KEHFLEHAMLAE 21-24nt 2 8], Hrh 24nt RNA IR FE . 709
ERJFHIM L EFFIHAKE b, GRS H AR E PR . a55) A SCEIE P54
316263574 (B 1-A), EHEEILHFHIEN 1043444 (8 1-B). ¥ Cleanreads 55 % LK LR, LExt
S50 Table2 ivr, 4 HFEARFI#E =0 2 — M2 2 2 H R o B AR R miRNA 245 )5
Bl 5E, W UAREE 8. XEPH AR BRI 16 2634tk b, Horb chr0l $E K%, chrl2 #i&E
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. (F1-D)
#1120/ RNA B
Tab.1 Summary of small RNA data from 12 libraries

8] T

PEAC Raw Clean
Sample 5S4 [EpEA e84 [EpEA
Reads Percent Reads Percent
Cl 75030932 100.00% 32311388 43.06%
C2 66699406 100.00% 41329608 61.96%
C3 63568693 100.00% 40756243 59.44%
Cc4 36000737 100.00% 28708350 79.74%
Cs5 45679659 100.00% 35854209 78.49%
Cé6 44851900 100.00% 36060521 80.40%
X1 37878532 100.00% 30507307 80.54%
X2 29315373 100.00% 22424601 76.49%
X3 30982579 100.00% 24971925 80.60%
X4 60850957 100.00% 49519869 81.38%
X5 40191596 100.00% 32087576 79.84%
X6 29922828 100.00% 24663009 82.42%

OFEAR: SCEAFR library name .C:HfE5: Y female flower first mature individuals. X:#E%: % male flower first mature individuals. 123: MEEZFE = IKE
%2 Female flower buds are repeated three times.456: Mt 2 =X 5 Male flower buds are repeated three times. JRAAEAL: T4 (S HHE Total Data
Generated by Sequencing. ¥4 )5 HACE KT 18nt 19/7 5% & The number of sequences with a length greater than 18nt after filtering.

A B C

Replication
5- * repl
4 rep2
" repd

condition
M1
M2
-10- n
T2

PC2: 15% variance

-10 0 10 ]
PC1: 58% variance

D E

Distribution in Genome

IIIII .. E_zo-
II
2-\‘(;
=

e || T

chromosome

miR166
mif159
miR167 4
mi R34
miRk171
mi 396
niR482 -
mik319 4
ni 398
miR164

K 1 (Fig.1): A: WFFLEE0S1 Venn &, 28R PALRE AL F I8 2. A: The Venn diagram of the total number of sequences, the
intersection is the total number of common sequences of the two sets of samples.B: 2 H/FFI7E4LE Venn . B: Venn diagram of deduplicated
sequences among groups.C: FER AN, EPBEHARERE S, +/- RRFHILSTBIG @A BT, RO IE/ A ST 284 Yk B
FHIFEE . C: Genome distribution map, the horizontal axis in the figure is the chromosome number, +/- indicates the direction of the sequence alignment on
the chromosome, and the vertical axis is the sequence abundance of the forward/reverse alignment on each chromosome.D: Hif 10 fM#5F miRNA ZJ%&H %
SE MR R 0E . D: Number of members identified in the top 10 conserved miRNA families.

FIH Blast, ¥ Unique Reads 15 Rfam13 ¥(4fs FEEAT LU XS, 9t tH 20 VUK ncRNA (rRNA. tRNA.
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snRNA F1 snoRNA). B AKX L2 FiR T2 ncRNA 1] reads 12 Blast 5 miRBase22 E#E 5 - A4 1) A4
miRNA FH)BEATXT L, A % AR BT miRNA. B 5T A e 45 k1T 45, K281 RNA £
unknown 25, 5 T E RSN I RNA (B 2), XK T EEILA 12 JE4hS RNA 7 unknown 2851,

Known miRNA
Novel miRNA
rRNA

[ tRYA

[ snRNA
[ snoRNA
100. 00% - [ unknown
80. 00%
]
&
+  60. 00% =
=
()
[]
~
L
40. 00%
20. 00%
0. 00% -

Cl (€2 €3 (¢4 Ch C6 XI X2 X3 X4 X5 X6
Sample

K 2 small RNA 732545 11HK

Fig. 2 small RNA classification statistics

H 4 miRBase 22.1 4 2 1) EL XS 45 SR A1 miRDeep2 Fll4hH, 78 12 ANSCEHILAIE] 310 NSO AR
miRNA, 278 MARHI miRNA. miRNA 7ERY)F I8 E R R 571, RSP miRNA 7£ S A1 miRNA F55E T
3£ 109 4~ miRNA JEF KR, FHOLUEHLE 68 MEY TR . B KM miRNA Kk RZ MIR166, & H
30 4> miRNA 5, HK= MIR159. MIR167 Al MIR156, 73 544 24, 21, 16 D miRNA B (K 1-E).
SRR 4 ZHREA 12 IREEM T PCA £ (B 1-C), SERFM, SN EE RAE—iE, £V
AR/, AR Z R K, WA R ZERHE, FTUHTZERRE .

AU T3 FIREA miRNA AT TSm0 0. AR B, KN 19-23nt KJE K miRNA B 175
BeXf PRIENE (UD A WdFrE, 24nt K miRNA B A7 GRS i BRIERS (AD, 25nt K miRNA B ALHRHE
LIRS (G) (] 3-A). X miRNA &ML EUIREA R G PE AT 70 R B, U tHILE TR AN B AR A
X, MRERE (C) ERT =ML E LRI EAR. 23 124 ArBREEXT UM C A A mirrE, 25 A6k
Hxt G HmEURIFE (B 3-B). X152 BIHTIT 4555

A miRNA First Nucleotida Bias B miRNA Nucleotide Bias at Each Position

160+ 1000
avhe L8
080+ LL8

EEEE
R

o o6 e =
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K3 (Fig3): A: RFEKE mRNA &AL RIS A: Preference statistics for the first base of miRNAs of different lengths B: miRNA
B S B R IF 50 1T B: Base preference statistics for each site of miRNA.

2.2 miRNA EFFRIED

R4 X EH AR AR AE 28 /N RNA 22 7 RIA B W IR bn o, RAIAS 3] T MERESE 2F DEGs X b SC Pz
MI1vsM2:107 D25 miRNA,  T1vsT2:85 P25 miRNA; TlvsM1, 46 P25 miRNA ;T2vsM2:65 % 5%
miRNA, 45t & AE 3G F ARG 5 (E 4-A). POZHIE 12 N SCFER BT 172 D2 F ST miRNA,
X% 5t miRNA G itE (B 4-B). XFPUZ 2 RREFEAT R 00 (B 5.

[ Jup.regulated
0 1 I down.regulated

o4
MivsM2 TlusT2 TiwsMl1 TawsM2

1280



55 )\ Jaiep AR 22 AROR 2 S16 MABIE T M7 2

B 4 (Figd): Miiess2: Rk H FE% Number of differentially expressed miRNA in male and female buds A: PUZ1 725 miRNA upset [&.
A: Upset plot of differential miRNA in four groups .B: %207 7% miRNA #fz 7 A%, 46 i, @4 Fif B: Mode and number of differential
miRNA regulation in each group, red is up-regulated, green is down-regulated.

Kl 5. % 53Ki5 miRNA RHEHE
Fig.5 Heat map of differentially expressed miRNA clustering
M2 /R miRNA, B—Fh— MK, AR RERE mRNA, 0FREEIA mRNA. with miRNAs represented horizontally, one sample per
column, high expression miRNAs in red and low expression miRNAs in green.
2.3 $EFEFN5S 60, KEGE BRI
N T EUFH) T % DEGs HIDIRE, AT AR RIBEAT TN, A 638 /NI (R Tl g #E L B, o0 5]
2999 > miRNA SHEIE R Y45 & AL fle RPHEIEE TS5 R 2R, 18 MlvsM2 73 4rp, 30F 107 M ERERIS

|IWTLrH;‘m|F%

group
—= group
L5 2 M1
= M2
L= ! L
— N T2
==

l

I

n

uﬂ| yil

R S S s T
e A T o = T = R o B = R e

miRNA 8] 1022 MELE R mRNA 7 5, 3584 mRNA/MiRNA9.55 4. £ miRNA H miR159b-3p #il
miR159a #[AH: Z ) mRNA (32) . KZE miRNA L M7, RHAA miRNA 7] DL 2 A5t
Ao SR, — ALK A LA 24 miRNA Fr . 3545 621 4~ mRNA A LA 1 ANELE ) miRNA 1#%,
12 4 mRNA AT 11 4> miRNA #5298 M1vsM2 H DEG f) GO ZhAERI4r 257588, A LA 223
A 2954 NIhRE, HbAEYFERE (BP) 2117 4, il (CC) 3524, 4r FIhiE (MF) 485 /4>, Xt
GO MiRe s &R LT (FDR<0.05), R E/R, M1 5 M2 REFEEET 178 MRIE, Hi 147 MARIE
B TFAEYSThEe, 4 MREBRTAMAS, 27 MRIEE T TR (EH 6-A). BEIRZM TR S
(GO:0005488) [H] i & LT EIE ML K E (GO:0048443). MM ERE (GO:0048466). LM EKRKE
(GO:0048438) %5, KB [ IXLLFL v GEXT M1 5 M2 M0 R E T F FAEH .
T1vsT2 A 85 % 731X miRNA #£[i1] 906 1> mRNA {7 5, P mRNA/miRNA10.66 4. EXEEHE
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PR #EFEA F) miRNA ',  miR159a-3p $EM 5% 1) miRNA (37), H K& miR159b-3p.1 (34). HFH 604

AN mRNA AL 1 LA R miRNA 7% . AR T1vsT2 H GO TR /0 KRS R T LA 525, A4t

2765 DNINReR R, AP EFREYFTEE 1980 A, 4ifuZlsr 307 A, 4> FIhRE 477 4. 1EFFIE P A
(FDR) <0.05 (&M NREAT L, TlvsT2 LB EEEE T 238 MRiE. Hid BP A 20 4, CCH 34, MF

H 26 1B ETUR % & RUHIT 2 (GO:0008152), H IR 2456 (GO:0005488 ) 4 i AL i 72 ( GO:0044237)
(K 6-B)

T1vsM1 Hf 46 7 7K F) miRNA $215] 416 1> mRNA f7 50, “F#% mRNA/miRNA9.04 4>, 7EiX L8
miRNA #1, miR159b-3p.1 1 miR159¢ 4 [H]# % (K] mRNA (34), H%ZE miR159a (33). 3£ 247 4> mRNA
AR 1 ANBPLER miRNA $EF] . GO TR 7 RIERA IR ER, ARAIAT 1653 MIRedire, Hoh s
BP1180 4~, CC183 4>, MF280 ~. *I GO Lfit & &2 U thkox, 163 MIREREEE, LAYy
Dife 130 A4, 4y 5 A4, 4 FIae 19 . BRI Z ML EIEE (G0:0044237), 454

(GO:0005488) . AHIM IR AWML E (GO:0097159) (K& 6-C).

T2vsM2 M4 N A 65 AN 2 7R IE ) miRNA #L[H] 656 > mRNA fi7 /4, P44 mRNA/miRNA10.09
A~.miR172b-5p ¥ Z K mRNA (30), HkJ/E miR1561 (25). L4 401 > mRNA ®J LAy 1 NELERY
miRNA #4785, H 12 > mRNA AT LA 11 > miRNA BT . 5 GO ThEERI /0 2K Re45 1 aT LA
83, R 2476 MUREHGER, KAV DIRE 1779 4, WRA > 272 A, 7T UIRE 425 1
GO DiRe w3 B ikt 154 N IhRe B E 4R, HrpEY)2Ih6e 136 4>, R4l 3 4, T Hse 15
Ao BT 2 WA 2 (GO:0008152), HIKZ4EA (GO:0005488) FIAH it 72 (GO:0044237)

(K 6-D).

FRATTNT W 55 T AN g 5 R B4Rl 7 22 R R IA T GO KEGG &M, S5 EW, H 28 MEEE
FFRIAM miRNA, Hp BEERE 21 A~ TIRHER 740 GO EE0ERE, A 299 MIhRER#E = %,
Hrh g i Z M INREE cellular process (GO:0009987), H K& metabolic process (GO:0008152) Al binding

( GO:0005488 ).

XU BT KEGG & 7M. 45 AR W], DUALE 4R f 2 40 2 D] 1 18 B SR M DU 5 9 1% 3 (ko04075),
HUGEA B EBFUNT (ko04141) F1I MAPK {5 5 il EE-HY) (ko04016) . [RIINF,  of Mk 56 Y AN S B
K1 KEGG B8 TR M, SR RZ NHEEREE AV ERE TS (ko04075), S PEAIZH IR FE
# (ko00520) Fl MAPK {5518 #&-H4 (ko04016). 2 HH |k i i Ft Ik DR TG 10 X8 H B ARk 8 1) - A AR i e
S S LI R R AR ES B) T 2 G B A .

XUCEEE R H VT 2 5k B, S A R BHERERE R R . B, miR156 #En ¥ SPL JE[H X
%, miR172 ¥E[FIf) AP2 Z%, miR159 LM MYB FEA miR171 i 8 SCL HE K 5k mT LA %
GA & MRAE ST, miR160/167 SR ARF & H 5% a] AR IE A KR IE 514 5%,
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A B - C
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Kl 7: (A-Df#f] qQRT-PCR KEd 1 miRNA-seq ) 9 ANFlALIES )2 R IASE A
Fig.7: (A-I) Validation of nine randomly selected differentially expressed genes derived from miRNA-seq using qRT-PCR
2.5 352 miRNA BYTF 1%
RG22 L R IA R . GO M KEGG &8 trai R, 4 G eyt ot 7c, A THEN 1 x5
PR 1) 3 A DA S M S Y S AT UL A 22 52 ) 1) SG B8 miRNA (3R 2), H cytoscape #4817 — A K4

miRNA-mRNA FIFE[F M 2% (F 8)
# 2:4 P22 FRIEH) K8 miRNA-
Table.2: Four groups of key differentially expressed miRNA.

Gaii !
miRNA DEM Log2 Fold Change

Group
miR159c-3p Down -4.182016741
miR399a Down -3.921752724
miR319a Down -3.133464842
miR171f-5p Down -2.485869043
miR172d Down -1.630965443
miR164-3p UpP 8.294286129

M1vsM2 )

miR167b UpP 6.595958558
miR156b upP 6.455034958
miR156d-3p upP 5.339716891
miR171a upP 4.132868324
miR167¢c upP 3.641872628
miR396t UpP 2.903334354
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miR319a Down -4.000611515
miR159¢c-3p Down -3.305003284
miR319b Down -3.086782755
miR172d Down -2.073500685
miR167a UP 2.921788545
T1vsT2 miR167b UP 2.901437113
miR171a UP 2.771554322
miR396t UP 2.409984627
miR319 UP 2.401037572
miR166b UP 2.274164037
miR5139a UP 2.039594749
miR166c Down -5.189040491
miR164a UP 2.779404952
miR166¢ Down -5.189040491
miR164-3p UP 10.00090635
miR171c-5p UP 6.912390786

miR171b upP 3.745594554

42 SR 4H vs X RZH Experimental group vs control group. DEM: miRNA {235 L 55 Significant changes in miRNA. Log2 Fold Change: X
F 0 REE LW, /M 0 NEETI Greater than 0 is significantly up-regulated, and less than 0 is significantly down-regulated.
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Fig.8: Anetwork regulatory map of key miRNAs and their target genes.

Z AL 161 AN AU 221 4l 20 AREE miRNAs, 35 (A6 fCRELEE Kl . The network contains 161 nodes and 221 edges. Red ovals
represent miRNAs and yellow ovals represent target genes.

2.6 miRNA M 5> 5 ¥ 5 2H I 7 B & 4 Bt
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X miRNA FHE (4 3 R 5 e s 4 Bt v 25 22 53 3R TA ) mRNA BEAT X LG, #8230 B ) mRNACK 9),
FEXFHBEAT GO Dhft s & A i . 45 AR W] - M1vsM2 B 23 (K B 2 1) D g A2 AR i A5 ( GO:0008152) . T1 vsT2
A regulation of biological process (GO:0050789) TR E 4L | & Z ML [H. T1vsM1 A regulation of biological
process (GO:0007275) T2vsM2 A cellular macromolecule metabolic process (GO:0044260). VUZH 2% # '
TR AR ThEE, BWAEM SRR (GO:1901576) 5 (GO:0003006). 1K & (GO:0009908)
o YLHIIXLE miRNA A1 mRNA 7EPE 5 70077 AR ] 1 S8 A1 .
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Fig.9: Plots of combined miRNA and transcriptome analysis

A: MlvsM2; B: TlvsT2; C: TlvsMl; D: T2vsM2o V FRACRIE 7 5RIE mRNA, [HAARZEFRZIEMN mRNA, AR L, gaf
R T A:MlvsM2; B: T1vsT2; C: T1vsMI; D: T2vsM2. V represents significantly differentially expressed miRNAs, circle represents differentially expressed
mRNAs. red represents up-regulated, green represents down-regulated.

3 Wid

VTAFE SRAEA) M ) Ak BB N ARSI BT T 7 1], T F e S5 284 S5 A A0 1) A WL A O T 9
HEGEABE RN . miRNA SEAEY) A 9 — 28 B BRI 1250 ZER A M ) o0 A R b st 7 Bl G 2 2 14 £
f(Jin and Mo et al., 2022), miRNA FIH$5 (R30I R (1) 308 2 35 52 26 A 1 2% B I K B 5 % 10 (Waheed
and Zeng, 2020; Liu and Li et al., 2023).

AW TR R T SRR OME S MG 2 L M S RUMEAE 2F L RS UG 2 L IS B BEAE ZE (1) SRNA SCJ%, clean
data Xf LG AR 7 PR RIF. Zr e R0, SABRIRKE St Bk S B 1) BERRE 78 2F 2 18] B R R 22 5
miRNA K- i Ge it 45 FR 0, SRR 24nt K P21 miRNA f5 & o FH8EE 4P 1) 20 A7 5 2 1 (R 7
GERRRE— 3. 4 HAFFASIRES U@ T 12 AN, RINE T 310 A~ miRNA F1 278 AN

1286



) Usd El AR 2 S16 MR H M T 2

miRNA. —H4LF]| 1 172 4~ DEGs, Tl 1 638 AMHEEE KA1 2999 A EEE PR ) RIAL 55

BRI ARk A 5 T o ) 43 A R E I S5 R S5 S R R AN 52 B B 1) B R 4, W R FE i
BT REIIER . EXTSABROEREIE ZF 22 5 miRNA $EFE K GO ThREE £, BRI ZIEY
WHRERE, BEEMERREZH, EFTZERANEIATER EH RN EYFEE. 78 KEGG @i & 4
ST, MYV EE SRS E SR T RE RN A, AR, miR159 A1 miR319 4L [F#E T GAMYB
R, GAMYB #] LN, GA 15 5 (Gubler and Kalla et al., 1995), i 7E % /R 4 4E ] miR159 7] LLiE i i
5 GAMYB 3[R S ok i 2 MEETE I EL ], UTER GAMYBI1 25 208 I A 1 46 FIMEAE 11 EL 1] P& (Yan and
Xiaolan et al., 2014). miR319 fEEEFT F15 miR159 74 W ALY, AU F &L, TCP4 Al MYB33
AT LABE miR159 A1 miR319 #£[4), ff miR167 # TCP4 F1 MY B33 #Ifil| % 1A (Rubio-Somoza and Weigel, 2013),
MR ZE T ARF6 F1 ARF8 3X AN A8 5 BRI ) 0K . miR167 F1 miR319 ilid #[a] FTIP1 §20 FT &K
[f1221A(PEREZ-QUINTERO and LOPEZ, 2013; #/ii55 % SCH %, 2014; Liu and Liu et al., 2017; Bai and Lin et
al., 2022). miR319 1 miR159 7E HHBRARKME 8 vy BE 3Rk, 7RSS P R IA EAHX K, miR167 WIAH, HEM
X = miRNA S SR 31 43 L B S B F o« miR319 78 2 BT A 7 3 BA 78 R Pk Hh 208 18 FRLAN
EE#AR/NF and Edwards et al., 2003; S and Junyan et al., 2010; F and Heike et al., 2019; Hu and Shen et al.,
2019), (EAEAHFFTH AT miR319 FEEMXE S, XEZAHWTI AR AR . miR156 ¥ SPL &KX
T T A2 28 & 8 A 591 234k (5K 5L 5 3K 745 ; Martin and Asifetal., 2020), 7E#0FgTrHY, SPL3/4/5 RS EL#%1
i LFY, FUL 1 APl %5 MADS-box FEPFRALHEIFAE, SPLO W LAIE[HIEER G305 FUL, SOCI,
AGL42(Levi and Johannes etal., 2010), tHa] LLE miR172 FI65E, MR N miR172 FIRE R, F5H
Y)IF4E. miR172 7] LASE[A AP2(Mehrpooyan and Othman et al., 2012; Ahsan and Hayward et al., 2019), JHF&
AP2 X FT (4MHIEH, f& AT miR156-SPL-miR172-AP2 145 #(Yurong and Yang et al., 2020).
AP IAS miR156 F AT ME S rp RIXAG B, EMESE P RIEMMEZ, miR172 MR, X525
TEH TP B R FF—8. ARFs. AFBs il TIRs 7 l/E A KENEH T RAEKRE T4 S F-box &
F. HsMEngEA, 4553 miR160 Al miR390. miR167. miR393 kA, 7EHBMH X Y
Fft miRNA 7EMEAE 10305 2 0K T AL A &, HENDX DY Fh miRNA G718 I (7] #2218 5 A K 32 110 43 i
MR BE SRR ) 24k, FEMESS R B i B EZE AR, (Rt SARRAREE AL I AR AL . X S5 7EILRG T (Su
and Wang et al., 2020)(Kuhn and Runciman etal., 2019). 7 ii(C and Matthias etal., 2017; ¥ 5 T 4%, 2018).
% *%(Zihan and Qian etal., 2022) . % %%(Dongand Xiangxiang et al., 2022) 25484 th if 75 45 B A% 5 — 2. miR399
FEIKFE T HEF miR156 JE[FFEMT SPLs. A6 2 BE AT 285 Jli A2 2 I 4 QI i 42 5 we A4 5 4 (Yujun and
Xinguo et al., 2021). miR396 I [H) 4K ZBEUA T GRF, M EMAK KWK, ATIREESE
4 (Shuangrong and Zhigang et al., 2020; Mat &s and Manuel et al., 2021; Fengxi and Chugiao et al., 2022) .

miR167. miR164 FJEA miR171 FRLE SABEMKME R 56 8L b b7 B35 72 e, FEMERR: S 7R ME REAE 28 X LE
H1 Foldchange fE A% &1, miR164 #[a] ) NAC £ K SRAE SRR LA MRz dk v CAT 38 158 B ) R st mi i bk
MESSJRIE . MERS R 2RI MRS & B OTHE, 2022), miR171 78 3 I F BE R 7R 8 R A AE K R 1t S A
REEE (RIS R EES, 2019), EHFMPSERAKRE, dRERMMEAE (Kravehik and Stav et al.,
2019; Hanand Yun, 2022) . iX SE3FEHEAEFRATHEN miR167. miR164 Al miR171 A]GE AL HH kAR OME L 5 4 1 51 4>
TEHI <5 miRNA K.
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TR e FE— DRI A R, Forp R s, SRIE, SR DAL SR m il #RSEmi a6 1k i 704k (Hu
and Song et al., 2023). miRNAs 7ER) P55 7314 3 o 41 1 0 5 PR AR 3R AT A3 HL SRR JH o AT Fe 4t
I, miRNA 5 DR 32 ARSI DR A9 3R 3K /K1, T 42 FR 2 e T S mi Vs 04, I LR BT iEfE
S5 TR e AT ey A R AR RO e S ke 2 ) ) e T e PE TR A

4 G

e 7 75 S5 S BB 2 A R 2 T Sy e AR S A T R, RT3 3o 4 ) T R S TR S R e
TEFP HESTIMESS MEREAE P HEAT 7 SRNA JIFPHEST, A miRNA A EERE TS T SRR il 73 4 DL K HE A 56 7Y
WRBERE. MFEREIT 310 2% miRNA F1 278 SHH) miRNA, ik 172 42 F485F miRNA,
F PSRobots Fiillll 14t 638 MELEK . GO ‘B AT R, UK L E S5 T MM, fEKE 5%
KEVF IR, KEGG B EMT R EERLIEIEF MBS SHMMRE5HET. REEFSS T 05
GA, IAAZLMENESHES. W: miR159 ¥a ) GAMYB1. miR390 # [ ) ARF. miR393 #[1ff] GRF
2%, 35 QRT-PCR FEHLIGAE T 9 A2 2R A 1 miRNA, EB T AN ROHEmtE, 5% 4l F B4 2
WrAG T — ARk 20 43 A LR PRI ) 42 D9 5%

g b, FRATA ABRAKE AL 2F miIRNAS T3 A FT, A B T2 — 25X SR T 7316 miRNA 3E4T %
€, AN MEME B ST BRI 10 HLEL, A Bh TR SRS S
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