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QM)A 1K S8 B 165 ] 39 358 A — o SR (Chai et

al.,2024;Gao et al.,2024 ),

TuMV : FEFE A MG T ; CGMMV : i RSB AL MG 1% BYSMV . K& B 45 S AE MG 5 s SYNV : i BN 32 W i 27 s TYLCV : 3%
Jin ¢ Ak i 9 7 s TYLCTHV : 2= [E 2 it 2% il i % 5% ; Geminiviruses: X4 )% B o  TuMV: Turnip mosaic virus; CGMMV:

cucumber green mottle mosaic virus; BYSMV: barley yellow striate mosaic virus; SYNV: Sonchus yellow net virus; TYLCV: tomato

yellow leaf curl virus; TYLCTHYV: tomato yellow leaf curl Thailand virus; Geminiviruses: viruses belong to genus Geminivirus.
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Fig. 6 Major functions of small novel proteins encoded by plant viruses

A hy 52 % Bl DR i A9 2 22 o B 1T A0 Y
2 R/ INVE T DR B R A R —
MLl 78 SYNV H 2 B A /INE I A 590 85 2E B AH
KHE M RNA RE R+ PERAEE, BEH
HPHEAWEAE, AE A B E AR AT fEE X ke
B EAEAILGI S s 25 2 D AR T MEE AT P &R Y
Tife, Br LA A 8 B 23 13t Rk & inEl SYNV
AU PVX 5| & BRER , imi BT B 25 (10 B
229EZE SYNV R

GAkE mE/INEATESE S S EHEAY
ke AR AT ERER G A R A TR S LA
559 B AR DGR I AH BAE R 4 O =X, e 2k
JE BRI AR RN 1S B B R 45 AR .
22 RFFENHMEIEREDN

AL 25 T 2 i M 1] 3 22 52 B — 12 3]

T3 — AP AN A AL | A S 1) 2 R EE T/
BHCHEIEI e A% 23 A S 5 —id f .
FERVERR R B RS E A V24, NEAWS
Sedmanienmsssh, i TYLCV I CS 5 V2 B
Vi AR E V2 DA B AZ S O 7 M B 22 b SR 4R By
Bl 75 3 DX 41 DNA 2 8 i 7] 3 22 5 C5 Bk 2k 5 3
TYLCV #£ % FAHY) 1 R G & Z IR, it ik
C5 J5 AT FR 43 [Ab X — B, 45 R B R IH T C5 7R
WD BT A /E ] (Zhao et al.,202252023) ., A,
TYLCV 1 V3 s Ui a5 i A ML [l A% . QiS¢
JITIAR , V3 V25 KB A 200 M 2 B 3 i S ) i ) 2
2N ies R RN L2 ) A AR e S  Bviy d N(T) BU 5]
FELEAHAR A 8] A9 # (Gong et al.,2022) . [H] A,
TYLCTHV ()/NE F BV2 T B @ 7T P4 o A ]
22, gl 2 5% FE ARG EADR LR R
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A1 g 18] 42 3 (Chiu et al.,2022) . 40, L IT4HERK
R IR T/ N LR AR A ST 1932 5 1)
AE , (E St ik 22 11 495 1 7 ik /N 1 R g 3 o P B
LB E NS SR EEE 8 .

25 b W EE/INER 11 o AV T M R) 22 sl R
21 R O 4%, 79 7 i DR AL i 7 A U
FAHABANM, finbe T e T AE A AR Y BOR
YT /N A TEIR B AL G AR, B 1] 3 26 TR 1 (1)
T 10T B A s Ay PR 9 2 A A A AR P R B
W
2.3 MHIF - REE

FERIN AL E S R REPITE R T 220K
AR IE RGO B R e . P RNA TER
JETF FIPUR AR B EEBH LS 2 — R
TEAE AR N RS D B 2R S 1 27 B I S E B 26 . He
T A8 VT 2 A e B /D R L ERRIIE T RE S A
RNA TERID 5 250 T3 — ez B i %, i
HI 55 75 EREY PR EERE T

TERUVE R R, C5/ACS B e s BA TR i
TG, H SR a0 13 m 3 DA G 5 AN [R] 3
I 5 H CS/ACS 11 RNA UTER M RURAFAE 22 577, X
A CS/ACS [ e M i D RE T e 2 Bk R A
2 3215 51 W E 45 (Zhao et al., 2022) . C7 |2
i 3 S5 8 1 S5 P, DRg iR R IR ABESE (Liu et
al.,2023) , X e/ [l o T2 32 RNA DERGR
1 0 AR THR R (1R YL BE 1 RITEAE A 1A P 1 AL 22K
A T T A ERL TR HLE -

— S5 75 /N8 0T ] B S i TGS A PTGS.
TYLCV 1 V3 & F & X FE—AS P ] 7, B RE
REID 1 5% 537K - 25 A 3 H 4 DNA B 3R AR TT
B, SRR A 53 I AR 5T A S 2 RNA BRI
PTGS i %, X i 5 V3 e8P0 25 £ el b HA R
PeFi. SR, V3 ELAAE i o] Fh i 72 523 TGS
PTGS (A ANE 2 HEM 0] G848 T DNA H 3%
R DCL . AGO %51 ERAN. 25 1 1) T BE (Gong
etal.,2022) . LML, WU B ACS/CS /N Il
Jre L 22 2 T S e I R E BT TNMEA ] RNA
UUER , A REIS FIE M A K 2 R KO 45 (Li et
al.,2015;Zhao et al.,2022) . Ht Al WL, f5 i/ NEH
AT DAGH L A1 282 AL X 27 2 g2 St 22 T
T,

B 7 RNAULERIE AR , /NG b ] DA ) 2 32
HBE ML . —2e/NE S5 T a7 B A R AR
B oK Up B R R AR e o A% 7 Beta 1A G i

/N T BV L 0T 75 5 P9 5T I Jilk6 086 UPR, 98
2 EN G N EREE ; 5 LRI, 2 E 40N i ATG18a
TR LML [ W25 AV R, X — 45 SRR T
I B AR 5 A 3 % 22 18] Y B A 2R (Hu et
al.,2025).

SN2 IR EE/INVER (1l S P AF 32 RNA TR AR
BLARIE A 5 55 2P 5 U B G 27 32 B A , i i v
SR R TEAE A AR N R SR A HRE o
24 HEREENFTEEMARNEEES

99 7 AR 1 1 38 R BB 32 25 32 DX 1 e 2 O
P, H £ TR B B S R e R A 1 B A ) i e B
% 5 (Fiallo-Olivé et al.,2021) . i 25 3 K 2H 2
T /INEE A AT BEAR TR R A 32 R B T e 2 B
PE, T BIR RS N 2 R ST . DISUE R 9],
A C4 R — A Z I Re I . AEANA AT
FAHYT, C4HE A RBI R 5 2R, 5
SEFF o C4 FEUB M EINIE , 78 5] — 225
Sl 7 #E AL A K P S5 6E R (Medina-Puche et
al.,2021) . X EL22 2 F 0 C4 B I REMCH T 27 £ it
15 5 R TR EEAE AN R 27 3 p kbt —Fp R TS
)38 IO SRS o LA S i A 1Y) T2 L8R V2/AV2 11
WU sl F B 2 Az B A3 —F 5 AN [] B4 R o 2 1S 26
552 IR S T PR AR 1 V2-2/AUG189 AV2 ZE 1
J&F/INE X — L R iE Bl 2 Fh A L T T BE,
NI 2F 275 5 R W 0 0 ) B O e vl s T
AR AT 5 200 B P S5 X R i) 3 22 v 1 R o R AR
P S T 5 0995 25 11 240 D[R] 97 HCR0 % (Chiu et al.,
2022; Wang et al.,2025) . 47 F40HEHN KT Fas ok
5 R G R A AE 22 5B, BYSMV Zifih (1) PO 25 14 1)
30 I R X o R D AR G A A AR A 2y
ENGE

WA, 9 1 /N 1A 5 2 S A0 R 25 AL ) =22 )
ARSI AVAY 5 . B0, TYLCCNB 4@ 2 5k
FEIECR MR/ INE 11 BV 1 E A THE 4 200 M 174 P 5 1Y
5, 75 5 B0 P A JoiE DO 7 35S N, 8 T e S P
UPR H1 (1) bZIP17/28 38 % ; 1Ml BV J: Bk C i 20 4> 2
FERR R FE ST, K 25 1 00 bZIP17/28 33X e 5
KA g , B0 1t il 28055 (Hu et al., 2020) ,
VAR AV 1 3o IR 3 — 3 [ B 2 AR P 5
M PE B . AR, AV 515 103X — 38 N i
BIHFAETE M. 4 [ WELH]E T ATG18a
PURIEREfR AV =8 B AT BB S5 05 ST A2
i) 1 2 25 -4 (Hu et al., 2025) o SRR B
FW BV ANUHS Bl 75 R F 27 J2 40 M0 25 R 45, [+
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BF SR N A B XA LEI R R REAE AR R HAE LS.

B 5 S P o Y R PR R B A R
oy LR N ()t n] S 1 ok R AR, B
I P 2 S5 2 S R S SR Hh 47 1 XU A
0 T UM TS N AN R 2 R T S B G

Sl K7/ b e B bu e ST RO SR 7/ M
A 1A A8 4 40 A 28 A0 g o g ST L A e Do o
TEANTR] it P FIEREE A5 0F T S REMAIR G , iIX—45iE
B R AT SRS I T e SRR, MR
oK 04 2275 TR TR R AR AL TR AT

3 REHBRN/NEENEERARETE

N TN S 8, HOH 4 S ORF
WS ERAMEARES, OV HEE RN IE R
DRERTSTH R TR PR . P, 3 T 8 5
s R AR S RAYE B BORE M
BORTBe, A RER IR TR BN E H AR R IR R

3.1 EHFRKFRIR

YGUE/ N R 15 B IR A 1 25 A A
B 5% . RNA I ¥ (RNA sequencing, RNA-
seq) LB I THEYI R/ VRIS . A/
P A b ST 15 S RNA-seq B0 1 38 45 X6f 17 [X 35,
FETEEBE A DT i L2 15 0l 7 5 A R HL A St
A FFE . Chiu et al. (2022) % F| 1] RNA-seq 45 &
cDNA 5" A v PR i 7 [ $2 AR (57 rapid amplification
of cDNA ends, 5’ RACE)fiA T TYLCTHV 4wt )
/NER I BV2 L 7R I IE BV2 7E B iR e b &
PR FEAEN] . PR, 3 SRR ml Sy /N )
TR U . LR WFE W AN R R
Yy AR PIRE b R B RNA 3E A7 i 3 2 R I 5
H RNy, S e RN
B4 DX S8R (R 7 SRR 5, LASES 8 T 7 1 2 /N P 3
RIEI7) o

A w B e Ky ¢ mmmn mﬁmﬁﬁ
oy T
RERNA FB PR
RNA extraction RNA fragmentation c¢DNA synthesis ?
F — —_— E D
— _— I
. T T
- —
KRR [piih=e/l)a2 BE

Transcript assembly

Next-generation sequencing

cDNA library preparation

A WIHEER QR A U IR RNA AR 6L 35 /N A S DR SRATE N BT s B R B RNA ST 1 B, 8 T 25
cDNA 5 RIS 5 C K RNA 7 B e 550 cDNA, fR B BRE 9P M5 B 5 D 2 cDNA NI SK IR 48, A et FH T e il ki)
J B0 SCPE 3 B« AT ol H Y , A G e B BRSO 5 F 2 3B MR 2 2 58 PR A 2 B S A W A/ N 10 I R e SRAS I 5 7
TE M HZE & A: Total RNA is isolated from virus-infected plant tissue, providing the template that includes transcripts of small-

protein genes; B: the extracted RNA is sheared into small fragments to facilitate subsequent cDNA synthesis and library preparation;

C: RNA fragments are reverse-transcribed into cDNA, preserving their more stable sequence information; D: adaptors are ligated to

the cDNA fragments and the fragments are amplified to construct a library for high-throughput sequencing; E: the library is

sequenced on a next-generation sequencing platform, producing a large volume of short-read data; F: the reads are aligned to the viral

genome and transcripts are assembled to confirm the presence and assess the abundance of transcripts corresponding to small ORFs.
7 RNA-seq HAR K2
Fig. 7 RNA-seq technology and workflow
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3.2.1 Ribo-seq 2 Al &5 & K4 ) ORF

Ribo-seq ] 422 4 2K Bl 26 b 09 45 & oAk 1y
mRNA F B, TR 51 B 305 BR A /N ORF . AH EL %
SR 53T, Ribo-seq HE S AT HE 1L X 73 WE £ ORF L 1E
A BB B (K1 8) o TESIYREERFFT T, Finkel et
al. (2021) #| I Ribo-seq X} #7 i Jik§ 7 (severe acute
respiratory syndrome coronavirus 2, SARS-CoV-2) [
SL R HEAT T AT 508, A 90 R 4 TF SUREAF
TEZ A DRI AR S E R/ NE H o X5k el ke 1]

A s

Ribosome

LLLLLLLL L

LLLLLUL L)

-

WENF

Deep sequencing

A B R E mRNA _E AR 2R AN , 5 SRS, 5 9 mRNA R BE; B IROMIAZ R AT 25 1 RNA, 3

THIYG TR/ NE I IBFIE . 41 Gong et al.(2025) &
XF CGMMYV 5% H i Yk fifi ] Ribo-seq, I 4R B T
2 T BE I FRUR R /)N ORF Y BHIRAS 5. 75 %2
TR 2, Ribo-seq B4 7 75 245 A E 1R B 2%
AL R g R R A (5 B . il an, w528 1%
ORF B 43 5 1t~ ml O A7 o, Fe A 0 B 28 A5 1Ak
FEULEE IR 776 A 3 o BT s R AR AL, DUHIWHZ /N
EARAEAEY =R,

fERNA
~ Messenger RNA
& (mRNA)

BRE BRI AL

RNase digestion

e

R

Library preparation

-

Bt

Ribosome profile

PR B B AR RS mRNA R BE; C: i AR 19 8 RNA B, U6 570 oDNA -2 B 43k, My gl 3% ;s D - %)
SCPEFEAT vy 5 D P, AR B 1A R 328 e BEA PP 918040 3 E 2 K A 38 P 471 L %o 28 i 5 PR A T T AR AR PR35, P PR 2 v
BAAE I ER /N . A: Ribosomes on mRNAs are immobilized using translation inhibitors, followed by cell lysis to enrich
ribosome-bound mRNA fragments; B: free RNAs are degraded with ribonuclease (RNase), leaving only ribosome-protected mRNA

fragments; C: ribosome-protected short RNA fragments are purified, reverse-transcribed into cDNA, and ligated with sequencing
adapters to construct a sequencing library; D: the library is subjected to high-throughput sequencing, yielding a large dataset of
ribosome footprint sequences; E: the footprint sequences are aligned to the viral genome to generate a ribosome occupancy profile
and identify small ORFs that are actively being translated.
8 Ribo-seq B AR K it i2
Fig. 8 Ribo-seq technology and workflow
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A 38 L o3 B 2 1 AR Y BRBE By L UM R
MR IREF 51, T 23 B /N 2 AP AE . Tl
23 NI BE 1R Y i A AR rp 4 BBUEE 1 o, A TR
it 45 Tl ) b AR IR , B FS >R FH v R U4 A
i, IT SR TE AR 1 9 B R D G D) S R S KB
(K19). Gong et al.(2023;2025)1E TuMV % CGMMV

FESEE R B, IR R T B RS . (EA5— 42

)4 , LC-MS/MS Fl Ribo-seq % 4% & i , 5 A B
UE ; BT IR B 8 A = WA AR, e 30 I B R A
A s LC-MS/MS H AN 31 £ 1 5297, 1fif Ribo-seq fifi
ARBHPEIE RS B, B 5 A W] R e 4 1 ] 5
PEo BLAb, B BRI (RIS B IS B,

12 Y% B M B R A ARG I R T A R rORE XTI Y T /MR ThRER LT 24 &,
A B BEkmE C
Proteolysis
EH | ~~\-0
Protein JirNzte
Peptides
F E D A
/I Baple,
# 3?\ [ :
* ;: e <> —
x/ ot “1'
x:“—:‘"‘
BEHEE 723 T ROV R B B
Protein identification Database search LC-MS

A R SFAEY) A ZUrb SIBUR A 15T B AR 6 & H AR/ N FITE N IR & 5 C .l FH e 52 féEH%% SN P53 il R BRI R
B D 2 i RORAR C 1K A5 IR BE 23125, R FH ER IR B AGHIN 2% IR B ™ A= P RFAIE B350 s E « K 3R A5 1 B Hdls 5 2 1 By 471
R AT HOXS , LARAE KB P S 5 F < AR R S P IR Be Y DE P4 %Eﬁﬁ\ﬂﬁ/l\%ﬁﬁﬁﬁf SEHN HIE R FRIB I 1 TUK
S50 . A: Total proteins are extracted from virus-infected plant tissue; B: a sample that includes the target small proteins is
yielded; C: the proteins are digested into shorter peptides using specific proteases; D: the resulting peptides are separated by high-
performance liquid chromatography (LC) and detected by tandem mass spectrometry (MS), producing characteristic mass spectra for
the peptides; E: the acquired mass spectra are compared against protein sequence databases to determine the peptide sequences and
their origins; F: the presence of the target small protein is confirmed by the identification of its specific peptides, thus validating its

expression at the protein level.

B9 LC-MS/MSF AR KR
Fig. 9 LC-MS/MS technology and workflow

3.2.3 &G B IR P Ae L 9E LA 5 AT HWEL, ARG 5 I i BA TR e b ek 4

A BT X B /N R S D LA LR IE
HIFRMETRIE R, B ARPEENLTHE AR R R
YL AR P A 2RI bR /N 1 R SR AR M
AN %34 (K110) . Zhao et al. (2023) 54 18
b B A BN ESIER] T TYLCV C5 AEAE. 2R
ﬁ'ﬁ thF/NEA S FEAEGEF /N 10kD) , H =

SERI AT B, P A A8 R B 1 By B A T ) R
ﬁi&%ﬁﬁllmﬁﬁ KPRAE . 76 P 20 2 85 40 B K F
NI 53 A 1 S e A A sl S e R AR

UL, MBI/ NE R IZAL & 5 . Du et al.(2014)
HRIE Rt CMV 1Y 2b 25 (1 EE A A A1 bRk,
If 18 13 45 4 /N T 4 RNA (small interfering RNA,
SIRNA ) 5 I 170 55 75 RNA JLER , & (02 7 F ol g
AR IC AN A W) T BT Y, X S S
A AL 3 A0 B /N G AR R A AR N A T Az e R
WA R ABAESEBRERAE b /N 1 [ RE T I A i
IR AL R, 28 A T OB B R
TROBASAL A SRR AR, —Fed i il w5 /NER R ST
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PRARAGIN HAFAEMELL AR AR A 25 2R

VR e
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& EERS B

Protein extraction SDS-PAGE Electrotransfer

D‘%

\ %@k

= V7 W 7
Anti-body probing

5% 3 26

Visualization Chemi-imaging
A IR RE(R QLR A ZUh SR IBUR B 3 BTHE e i s B K B 9 BORE b 7 e SRR 1M — SR DN s TOE PR B JE FL Uk v e T 701 o
KNG 83 C A5 70 B IR 1 SRS 2R IR T AR 3R 1 A8 TS TR s D - B A B LA DR RR 8 55 AR R et/ N
FHUAI —BURBEbR DU, (B L ) AR R S 25 5 R0 B IR E RO B IR Yl — 5t b 42665 55 F
FIHBUR R GAF B F e S 55 A B R/ NE A ERE S A9 R34 . A: Total proteins are extracted from virus-
infected plant tissue as the starting sample; B: the protein sample is separated by molecular weight on an sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE); C: the separated proteins are transferred onto a nitrocellulose membrane to
facilitate subsequent antibody probing; D: after blocking the membrane to reduce non-specific background, it is incubated
sequentially with a primary antibody specific to the small protein and an enzyme-conjugated secondary antibody, so that the target
protein on the membrane is specifically bound and labeled; E: a chemiluminescent substrate is added to react with the enzyme on the
secondary antibody, producing a light signal; F: an imaging system is used to capture the specific band signal on the membrane,
confirming the expression of the target small protein in the sample.

E10 EERENTERARRRE
Fig. 10 Western blot technology and workflow
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