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Functional analysis of microRNAs in maize responding to feeding stress of

the fall armyworm (Spodoptera frugiperda)

CHENG Yin-Jie', CHANG Hai-Long', LIU Jian-Bai', MAO Yong-Kai', LI Ji-Hu', ZHANG Jian-Hua™
(1. Institute of Nanfan & Seed Industry, Guangdong Academy of Science, Guangzhou 510316, China;
2. Institute of Industrial Crops, Shandong Academy of Agricultural Science, Jinan 250100, China)

Abstract: The fall armyworm, Spodoptera frugiperda, is a major migratory pest of maize, severely
endangering maize yield and food security. To elucidate the molecular mechanism of defense responses of
maize to S. frugiperda feeding stress, microRNA (miRNA) transcriptome sequencing was performed using
high-throughput sequencing technology on maize leaves consumed by the 3"-instar larvae of S. frugiperda,
combined with bioinformatics analysis methods for prediction and analysis of miRNAs target genes. The
results showed that a total of 500 miRNAs were detected in maize leaves after one day (d) and 3 d of S.
Jrugiperda feeding. After 1 d of feeding induction, 317 miRNAs were differentially expressed, of which 93
miRNAs were specifically detected in maize leaves post 1 d of S. frugiperda feeding. After 3 d of feeding
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induction, 309 miRNAs were differentially expressed, with 90 miRNAs specifically detected in maize
leaves post 3 d of S. frugiperda feeding. A total of 170, 003 target genes were predicted for these
differentially expressed miRNAs. These target genes were primarily enriched in categories such as protein
binding, DNA binding, and cell nucleus. Furthermore, these genes were mainly enriched in signaling
pathways related to inositol phosphate metabolism and gene splicing. The upregulated expression of
selected miRNAs in maize leaves at 1 d and 3 d post-S. frugiperda feeding was validated by RT-qPCR,
which was consistent with the bioinformatics predictions. This study enhances our understanding of the
differential expression of miRNAs and their regulated signaling pathways in maize induced by S. frugiperda
feeding, and further reveals the complex regulatory mechanisms mediating insects and host plants
interaction. The findings will provide a theoretical basis for the function of miRNAs in regulating insects
and host plants interaction and offer new regulatory targets for crop insect resistance.

Key words: Spodoptera frugiperda; Zea mays; miRNA; inositol phosphate metabolic pathway; gene splicing
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BEIX (5'UTR) AN5E4 HANGE &, P E W )

FIE 2 D b i 48 i) e 3% DAL 1 [ 42 9 diip 2 g ik
K, fERP R AR . 2T L A YR A Py 1
B K2R R R Z AR ] (Ha and Kim,
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%1 RT-qPCR 3|41
Table 1 Primers used for RT-qPCR

I#/INRNA 44 #K Name of miRNA

5| 4% Primer

zma—miR319a-3p_R+1-RT
zma-miR156j-5p_R-1-RT
zma—miR166m-5p_L-2R+2-RT
zma-MIR169i-p3-RT
zma-MIR169a—p3-RT
zma—miR319a-3p_R+1-F
zma—miR156j-5p_R—1-F
zma—miR166m-5p_L-2R+2-F
zma-MIR169i-p3-F
zma-MIR169a—p3-F

miR-R

U6-F

U6-R/RT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGGGAGCA
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGCTCTC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCCTCGA
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGTGAGAG
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCCAAGAA
TCGGCAGGTTGGACTGAAGGG

TCGGCAGGTGACAGAAGAGA

TCGGCAGGAATGTTGGCTGGC

TCGGCAGGGGGTGTACGTTGGT

TCGGCAGGCATCGGCAAGTTG

TGCAGGGTCCGAGGTATTCGC

TACAGATAAGATTAGCATGGCCCC

GGACCATTTCTCGATTTGTACGTG

47%:

98%., KB Clean reads BY K FETE 18~25 % 12
Z I (T 22 AT TR AL H BRIGAR ) o SRR 2
Dicer [ I T2 7 A2 19 7 47 vh 38 B miRNAs 1Y 81 7Y
KB WK/ R 18~25 M ZAF IR 1 RNA 731 5 &
KSR P FHEATICEE, IR . A4
SCIE 25 90% 917 51 RE 2 167 2 FOK A LRI I

2 EREHSH

2.1 NEFHIBEBRE

FIFH Mumina HiSeq 25003 4 %} miRNA I 5 3C
PEFEATIN Y, ARSI SCEEF- 34 45 1 1 000~1 300
TR TEEY (F2) . Clean reads 5 i iR 52 B 11

&2 miRNA XERFIGEITHER
Table 2 Sequence statistics of the miRNA library

R UaieE €l ME—JPH 18~25 nt/FH]  18~25 ntUTH (ME—JF4)  E/NRNA - Bebf/NRNA

Sample Raw reads Unique reads  18~25 nt reads 18~25 nt reads (unique reads) Total sSRNA  Mapped sRNA
X1 CKD 11561 861 (100.00%) 1669 397 1122316 508 345 194 793 4383
¥R 3 CK3 13421849 (100%) 2295 897 1450 152 508 492 310582 7 403
AEFRITL 13558934 (100%) 2280 895 2394 069 897 479 646 247 10 348
PR3 T3 13 635087 (100%) 2104 354 2248 695 762 433 734 849 9383

T: T1, S GTROORE L dRYEORIT s T3, SEl STROORE 3 d Y ORI Js CKIL, XHRZALEORITH (1d); CK3, XA
HAEKM R (3d). Raw reads, — K I)F /™4 09 r A IR IR %5 5 Unique reads, B8 HX 2 — A7 B B9 )5 24l 5 Total
sRNA, HEFERIE N 18~25 nt (ILEUR . HMFEARITAYBIEEG Mapped sRNA, ] LIBUST SIREASLCH 2% 751 9 sRNA
AR . Note: T1, Maize leaves consumed by S. frugiperda for 1 d; T3, Maize leaves consumed by S. frugiperda for 3 d; CK1,
Maize leaves in the control group (1 d); CK3, Maize leaves in the control group (3 d). Raw reads, All the raw data generated from a
single sequencing run; Unique reads, Sequencing data that could only be aligned to one location; Total sSRNA, Total number of reads
obtained per sample after selecting the reads with a length of 18~25 nucleotides (nt); Mapped sRNA, Number of small RNA (sRNA)

reads that can be mapped to the reference sequence in the sample reads.
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Venn diagrams of detected miRNAs (T3 vs CK3)
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Pl 1 R SRR E A SRR 1 d (A) FI3d (B) ki miRNAs 5 RBUA
Fig. I Venn diagram of miRNAs expressed in maize leaves induced by Spodoptera frugiperda feeding for 1 d (A) and 3 d (B)
e T1, FOHBSTRCEORET | AR Jr s T3, R OTRORIE 3 dRY TR A CKIL, XTIRALFORIEA (1d); CK3, X
L E KM F (3d). Note: T1, Maize leaves subjected to S. frugiperda feeding for 1 d; T3, Maize leaves subjected to S. frugiperda
feeding for 3 d; CK1, Maize leaves in the control group (1 d); CK3, Maize leaves in the control group (3 d).
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Fig. 2 Volcano plots of differentially expressed miRNAs in maize leaves induced by Spodoptera frugiperda feeding at 1 d (A) and 3 d (B)
e T, RSTRCRECE 1 A9 EORM R T3, ROBSTACKIE 3 ARG EORM A CKL, XHRALEORI T (1d); CK3, XA
HEKM A (3d). Note: T1, Maize leaves fed on by S. frugiperda for 1 d; T3, Maize leaves fed on by S. frugiperda for 3 d; CK1,
Maize leaves in the control group (1 d); CK3, Maize leaves in the control group (3 d).



1462 B B e 2A 4] Journal of Environmental Entomology 4734

24 EHEFEHINAIFSEKRMNF B miRNAs $IE
[E Th & 53t

miRNAs #8HE PA 1) D 68 43 471 & ] Gene Ontology
(GO) Wik z, HIGBERS MLLT =K% 4
TUfe . MR A Y A T R I
5 KM A G miRNAs 4§ 58 R By 3 1 T 4%

A GO®E &4
Statistics of GO Enrichment
B RN R (S A 1

Spliceosomal tri-snRNP complex assembly
Xt UV-B IR
Response to UV-B
SRS .
Response to hormone

R, DNA BUR R

Regulation of transcription, DNA-templated &
HEARSE -
Protein binding
ARG, A ERET - i3
Oxidoteductase activiey oxilizing meral ions FER K
4k @ Gene_number
Nucleus e 100
BR&EEIEm - @200
Nuclear cap binding complex
WREEZEY _ . ® 300
Myosin complex ® 400
ARRED AR . ® 500
Lignin catabolic process
S TE o Pl
Iron ion transport P value
HTNRAREE 4E-05
Intramolecular lyase activity
XK R AR AOE RS i 3E-05
oxygen activity 2E-05
AR AR
Glutamate-ammonia ligase activity - 1E-05
DNA Z&HRHTHEE _ o
DNA-binding transcription factor activity
Z5EHEPIRIE S DNA &1 _
DNA synthesis involved in UV-damage excision repair
DNA #ifr g

DNA binding
MBERA2ZAL
Actin filament organization
MHEELES o
Actin binding
1 - BEARMELAY - 3 - BERR S - WAGVETE -
1-phosphatidylinositol-3-phosphate 5-kinase activity L ! 4 {

0.25 0.50 0.75 1.0
4K T Rich factor

E 3 b TR B S oK miRNAs UL KA GO T

H 1A 3554 (P value=2.77E™") . DNA 454 04
2501 (P value=5.48E") . 4 o7 76 40 AEAZ A
5001~ (P value=7.82E™") ([¥3-A), HHAH 134
JE R E 4 7E WLEE 85 R X (P value=4.33E) |
25 L H S AR F B Y] (P value=6.71E) {3
Ffs g - (E3-B).

B S b

Statistics of Pathway Enrichment

L UENSRELKE | g
Ubiquitin mediated proteolysis

AR
Tryptophan metabolism

Spliccosome ~ @

R .

Riboflavin metabolism

o BHREIERS RS . o
Phosphatidylinositol signaling system

R o )
Peroxisome PAH
B G R A A P value
Pentose and glucuronate interconversions 0.16
JUBRAO-RR AL i
Other types of O-glycan biosynthesis 0.12
ot aloo ISR 1 0.08
ther glycan degradation
R A - 0.04
Lysine degradation
Bir B JE R
Lipoic acid metabolism Gene number
AL 1 ol 5
Linoleic acld metabolism
MRS g ® 10
Inositol phosphate metabolism ® 15
HARRH
Histidine méab(jl?sm [” © : 52
MR AR - .

Folate biosynthesis
BRI (IR _ o
Citrate cycle (TCA cycle)
RIS RRI AR
Biosynthesis of unsaturated fatty acids
AR ED TR
Betalain biosynthesis
AREMAR . o
Arginine biosynthesis
o FEEMAERRRA
Arginine and proline metabolism ! | ! ! !
02 03 04 05 06
B HEF Rich factor

BB (A) MIKEGG B E ETRE (B)

Fig. 3 Gene ontology (GO) functional annotation (A) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment annotation (B)

of the target genes of miRNA in maize induced by the feeding of Spodoptera frugiperda
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miRNAAH X} ZRiE 5 miRNA relative expression
H
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Fig. 4 Verification of miRNAs with upregulated expression in

maize leaves induced by the feeding of Spodoptera frugiperda for
Idand3d

TE: T1, R BRARECE 1 d A E K A5 T3, FHb A
WCHCE 3 d i ORI R CKI, X BRZE ok A (1 d) s
CK3, XTHEZ EKnt R (3d). Note: T1, Maize leaves fed on
by S. frugiperda for 1 d; T3, Maize leaves fed on by S. frugiperda
for 3 d; CK1, Maize leaves in the control group (I d); CK3,

Maize leaves in the control group (3 d).
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U4y e i SRNA SCIE, & B0 26 A4 8 3 i
94 I 3 T JE ) miRNAs 38 1 P 5 Z IKEE N (APN)
FESFEE A (Cadherin) S5 SCHEPTMEIL R 1Y K1k,
S A MR B . ) AR R R A A S A
TR IZWFST 38 75 AY miRINA -3 R4 0 46 S 0T &
FF RNA T30 (RNAD) AHTPETR BESR WS FE 4L T 4
A5 =38 B A R E miRNA B sl 5 407,
ARG MV 4 B B R A BURPE B . Zhang 45
(2019b) 2 B M b 7E 2 B 1 B HU/N SR MK Plutella
wylostella I Hk B HR 25 72 1 39 A H A B R4 P R 1iE
) miRNAs, Hrp 244 SRR E Rk . X LRI
miRNAs 1] 3 52 15 ) Fp R s AL i s i RS SR AE K &
A, B miR 162a B UE S FEE o 10 ] /N2 ik 22 24

A DY R R ok I 5 O AL T RE . X — R A
ACERAIE T 1 SE AR 5 A8 £ 1 B HLTR] A4 1 P [
1, BJER AR A AR e T Bt AT
Y miRNAs” — 38 & % B DX AR W) 45 20 R i 4 0
miRNAs, AEEFH X AR T 18 705 B 5 B . AH
BTG AR 2y, o f B T St [ AL AL R T &
A PR Ia AR B IR A SE I PR HOA 5
FEAUE B

AT RRW], R TR R Ok i
%5 T 5001 miRNAs. FEHLFTAREICE 1 dJA ,
A 1170 miRNAs i, 424 miRNAs Fifl; W&
3dJa, 1254 miRNAs FH, 64/ miRNAs il
XS miRNAs (1938 5L P 32 200 AL 7w R LA ittt LA
ESE TS IRYIN PR RN e e e S
M B I IBCR S OR I S O T P AR A
AL AL

B JUL I Jo T — 28 A LS H. 22 Wl 1R A 2 i
RIAE 4> F (Ghosh and Bankaitis, 2011). FEAEHY)
RREAr T e, BRI NUEAE 9 B A 5 —
506, BE 6% X 4 A B | 49 iz i o B2 i A7 0
(Munnik et al., 1998; Laxalt and Munnik, 2002) .
A W) 5o B SR A AR N, BRERR LB A5 5 m] %
20 B 1 5 5 A8 Ak B AE T (Xue et al.,
2009) . Ak, BERRIUEEICH R SEYEERES
WA EAC  flan, KimEe (SA) 1R MY B;
A S o O E B AE S0 T, RERE T T BEIR UL
PR 5ol ) 9 P, T R R R UL 1 AR K P
(Hu et al., 20205 #RE%E, 2024). RZ, Bl
WLBSEAR 5 [RIRE AT LA SA A5 19 B 180 35 PR e sh kA 7
P (Z=2JRFE4E, 1998; Ruelland et al., 2014) .
SRR, AR (JA) MM (B) (55mb
5wk R UL A AF 7 A B A (Tevine and
Osborne, 1973; Mosblech et al., 2011; Chen et al.,
20215 Zhuetal., 2021), EFPEZAA 38 XXE”
AE A% 45 Vb 3 1 AL B0 B AR S 0, A AR RE
WRHEAS ] P 9 AR S R D) R e R B, i i 18>
(R T AR 18 % o B R ZEAE (2020) X T b 7 13 Mk B
BiER 0 TR R SR 7500, RINAE 8 M
PR AR AR G R A 124> 22 S R AR BEIA
HrpJA RN ZFRIXENTERE, £ik44
A, HIR BRIk 33X 3 BI7E B 5T 3 ik IR
PR AT E RPN, JA B R IEE O
YERT, T SA &5 H A AR i3 3R 4 A2 D) kS 21 B [m) A
Mo AT, 20845 HH miRNA BFE L 325
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AR TR LA A DG 115 Sl i . X R
M BRI T BRI RS BT R K A miRNA
Z5 T E AP EALE, X2 miRNA 78 F K £
b BT R IR BT S O R A A
WHEHAKE -MARAUABBEEEAESY
(RNP), i/ NEEMEAZ S B (snRNPs,
B {5 UL, U2, U4/U6 Fil US snRNPs) LA K Ak £k
snRNP 2 H R T4 % (Will and Lithrmann, 2011).
TEAE VBT S W, VF 2 B AR DG IR 23 AR ]
AREYEE L flan, AV S AR AR, S
H5ESH SRR (02 2505 46 8 1
MAPK) ) SRAS 23 3o ] 28 B 4 7 A AN [) S
(Luet al., 2022). XLEHTYIAA]HEEA A R
ECINRE, MUK 409 35 FE W 04 B A A 5 . B
8 B —Fh BT YIK AT B8 2 5 00 01 B 18 52
M7 53— b 5 YA TT GETE J 199 B A 52 iz v & 434 T
QA B AR AE OC L P A 5% 5% (Gassmann, 2008) o
ST HEAR 03 AR B o 23 32 B AR W B A5 5 i R 4
YRR P RN B A AR NS, — S B AR G R
SPS7.Y S QR IE Sy R i R (A e = T s -
i) % 1 RNA BY 2200 MERf M, 12 1 52 i By 260 4
KL A mRNA #9774 (Simpson et al., 2010) .
B, KoLl snRNPs BB MRS T RE R AZ , el
mOA .z FAAB M FI 3 FF b 8 i fet X B D
A ERTA mRNA  (pre—mRNA ) F% 1R 531 A1 55 322 5 i
AL, AR AL PR R Tk, S SR A ) B A BE
71 (Noh et al., 2021; Jian et al., 2023; Ge et al.,
2024) o J JEARAL AT BE T AR Y 4 5 S 1A D) BE LA
A BRY (Duetal., 2024), —E05G AR Y
RIONE 5~ ] LLFE [ R 1) B HE AR Iy, U RNA B
FERE A, (AR AR Y B AR A DG R AL 1% 2 5K 52 21 410 1
(Huang et al., 2017; Jiang et al., 2023). 2,
AU T LA S Aok 9 5 B A SR PR3 R %o g A
AT, A e R B R A DG 1Y B A 2R
1ok 21 0 S B 42, ZE 5 1 00 B AR R PR R Gk
(Shang et al., 2017; Rigo et al., 2019; Godinho
etal., 2024). AHFFER B miRNA FUREREBR T 5
SEAEWEIR U AR G (5 Sl g oh, I EEE
EAE S UIA S E Tl Bg o X Ud B = 21K
IRICE 5 T ORI B )5 22 57 3R I8 1Y miRNAs A L
T VRS BT HE AR N AR, B B R T
ARG 7R BT MR S IR 3 d AT
5 E K B H zma-miR319 . zma-miR156 M zma-
miR166 H 335 Bl AEEW 0 40 b it — 28R

zma—miR156 5 zma-miR 166 7£ T il T 19 £ K
EAE R P RFLL E 1k, 1 zma-miR319a-3p W ZEAR
Tk JBR 3B g v b SR B O, R EOK
miRNA 75 A [] 28 513 v 52 B0 R S 1k 2 ik A =X
(Aravind et al., 2017; Boziéc et al., 2024). {HASTE
BEMSE, zma-miR319 i i ¥ [a] 8] 458 22 SC Bt e S
K2 5 a8 ma N7, 0465 oI 55 R0 7% 1R I 45 1
MYB [HF (GAMYB) FITCP %% F (Teosinte
branched1/cycloidea/PCF) , HAZ.LIIHEW K& 4E 5t
I3 AR AR oy B4R, B X — AL T RE
Z E e A N R 7 5EAE (Aydinoglu and Lucas,
2019).

miR~169 ZE AR H A g BE DR, A
By R E A V) EN e SR AT, X G A 3 e S R
HZHEF-Y I A (NF-YA) B3R FEHTH
o NF-YA NG 55 37 P A9 CCAAT & 1751
as &, SCBX 2N RIB MY (Zhao et al.,
2009; Luan et al., 2014; Rao et al., 2022) .
miR169/NF-Y A BEHAE AR 9 A K& LSO AR AR
Wy 138w e e R, 34 R R A 2 OC AR ]
(Luan et al., 2015; Xuetal., 2016). ItHy, Bozié
A5 (2024) BEXT S HIEE 52V N B FOR T R
JEFF il w0, 2k B 145 2 A miRNAs L
J2 876 A Hi il miRNAs, HH zma-miR169 25T &
KR RMRE B 05 5 e S m . AT R AR R
PRI S R E K R, JTGig e 1 d
W3 d, zma-miR169 B FIRIAEH . X—
ZE R TR, zma—miR169 7E 5 K LA & b 57 7%
I BCRE A S R R Iy B OCHE AR (0. 5T miR-169
FIGAEREY H B E DI RE, I zma-miR169 7] BE
I o 4 K AR I B Y U)o A, BRI Y NF-
YA BB K, LA HRAE F 4 7 43 0 1) I A=
Fo R, HEARAE FHALEA A R — B TR
T

AHEFEAR Byl P B, WA T R
oK AE IV B BT IR B 30 I 22 S R A Y
miRNAs, A2 5 T K 1542 B 10 1 [R] 42 B
AR EE N, DL miRNAs $0E N & 4E 195 538
Bt BIRRINIT R — RGN X AEAR B AT
TR SR AR . O, EERAN B
RNAi HUHUSEmE , T ) 554 55 03 ke e AT
FHOCHE A B dsRNA, il TR FORFE R P ik, 4
R ST JS . dsRNA filt & RNA TR AL,
USRS R . SCBC . 77 B A5 AT 9 AH DG A S i ik
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R, HW, RABFIE miRNAs 8 A 5 4505 500
R A R M B RS ORI R, &
Ft BE A% IR 1 T K R SR A 4 R o 1 ik R il
B, g R A S e LD, 1 R R RN B Ml B
TR LA Rk A FH 4 R M B, s | R L
(45 A PR o, S BT Bl 5% 7 MR A A Y ] 422 9
o B, OFUHIEE TRE AT & B A Y R
HAT AR, AR A2 I 095 R K By A A 56 1Y)
FEH R AR5 30 B, B R T R R A R R A AR
fEH A EA MR MR, P SR
R RE R 25, MU R B3, K
AT R, )G, 454 miRNAs 5803 PR 845 56
RUUSCESERE S E I, i R R 4 o £ AR
AT BT AR N 2% (1 A A Al RS HETRUI O
BT IR, PR R g R i R R AR X
XSG HE L R AT I A, S BN R BT A AT
ARG HE | RO o I Sl A SR AT R D) S N
TR DT ) SR D P S B, M AEY BT LB 4E
TR W L H A R TR A B 7 1) A 9
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