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Abstract: Circular RNA (circRNA) is a class of endogenous non-coding RNA which is widely existed in organisms. It is a
closed RNA molecule formed by back splicing. CircRNAs have highly structural stability, sequence conservation and tissue
specificity. A large number of circRNAs have been identified for the rapid development of high-throughput sequencing and
other technologies in plants, which becomes a new field of non-coding RNA research. CircRNA functions acting as
microRNA sponge, in regulating gene expression and splicing of transcripts. More and more research results reveal that
circRNAs play an important role in organism development and resistance to the external environment. However, at present, we
know very little about the biogenesis, function and molecular mechanism of circRNAs in plants, especially the regulation of
back splicing of circRNAs. In this review, we summarize the advances in research progress of plant circRNAs, mainly
focusing on the alternative splicing of circRNAs and their functions in flowering transition and stress responses. This review
will provide an extended understanding of the regulation of biogenesis and molecular mechanism of circRNAs in plants.
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Figure 1 The formation process of circRNA

Gene transcripts produce linear mRNA or circRNA through different splicing methods. If the 5" splice site of the transcript is connected with
the downstream 3' splice site in a canonical way, the linear mRNA (left side) is generated. The circRNA (right side) is generated through the
back splicing, by which the 5' splicing site is covalently connected with the upstream 3" splicing site. During the formation of mRNA and
circRNA, multiple transcript isoforms can be generated through alternative splicing.
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R EKTFHIERE
CircRNA {7742 F1 3 i 52 31 22 5 T 1) #%[10-11]

AR RNA A 11 75 circRNA Y5 R [ 4 5% 42
R = T ABEE S cireRNA I3, 7R circRNA
() A B AT B FH L PR e 5 2 A7 AE AR B [12-12) . 3 A
FRIELT A circRNA JE7E pre-mRNA #3585 A4
REASIE, WiBH circRNA IR AEE )G s A4,
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HR[11, 13-14]. HILULHH circRNA 7 A 75 5 K1
S G B2 B .

2.2 W) circRNA [FiE#s

Y cireRNA UE P & 1) R m) AN T S 7E
s A g B vkl = AR FH[A5] . 5 H AT R
FEEF IR, CircRNA AR B AS RO I 7 v 0] 32 Py 25
THI R EANFH[2, 16], XA RS A& T K
TR THWAG THKX. TREBREAIRNFE. B9 71
Nanopore DNA il £ T circRNA Wl 22 4 25 143 #7 o
BT cireRNA PN A 2 7 X3 B2 4L, IF H.
N3 P 251 A T I ' R OO B P v R
e HETT RN RNA (A2 R[16]. BLBHEY) circRNA
(AR R A FT RE AT 5 3AS—FE B .

45 Rk, SRR K. M. KE.
Tk, Fhh. BRE, KREAMRESZMEY 45 e
AT circRNA [2, 17-21]. KEBZMHEY) circRNA )
ik BA R E AR SR8 B 1 5 1 DL R 52 A5
IEAPEIS FERRE[L7, 20, 22-25]. WIKFETHAE 27 Ff
CircRNA 7E & 2 T3 fiu L3 b (kR ULRE 1)
Ze[2]e FAMAEREIAE TH 22 4 circRNA 31k
SRR AR, XL circRNA TE R 2E A N A HLA
BIA A MR RR B 52 M A h R
1ERI[26]. 4k, BIREFRKFLE RNA 4545 1 f1 DNA
4“5 HEASE circRNA [AEYI R AE . Blhn, & KH 254
) RNA 4548 FLK F CoHy BriRHE s IR 1 i 4%
CircRNA [ f[27]. (EMRETT flk F1 c2h2 RAGfRH
CircRNA HIFPSEA A= T, BRI L, circRNA 1]
AW AR 52 2 Tl A RSN A R PR R T

3 CircRNA G RE—
Al 2B H;

BRI A4 circRNA A A 55 51 33 poly(A)E,
PESX circRNA %% 53¢ f5 i T (AR 78 8 24 Hn] AR B 42
HHT. CircRNA 531 mRNA 5 [F— AR 5%
FeAE, R cireRNA A LAIOA —FRREER ) RNA 7] AZ B
B, 45RERSY I circRNA 5 mRNA i HIAH [F] (151
L SANBTEENLA . —ANJE [RI ] DAIE I AN [R] BT 4207 5511
EPE, AFFHAFER R 5 B AL p 5 0 3BT HAAL AT,
A BN FE DR = AR P AN B S BA R cireRNA (B D)
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3.1 CircRNA R38BT

54 RNA BIEARRL, RSP LL EANR 1)
CircRNA n[AZ By, fE/E N & TR R 5F0 3k £k
BIRRE Z Fh2R A [11, 15). FFCRIA, AN
H I R 8 DR AT DLd o T AR ) B B AR AN DA
1) CircRNA. 1] AF fz [r] BY 422 75 A8 ) v 35 3l A7 7E
7%-35% ) R AT A=A 2 ANk 2 NELER circRNA
[28].

CircRNA  BYH% 5 F2 75 B0 M0 ) BY #2446 56 i [11] o
B AR — AN BRI R RIS LR, B UL,
U2. U4, U5 1 U6, 5 MZ» snRNP LA K 200 £ FligE
SNRNP 2 (4 41 % [29-30] . X $6 5742 A 13l i 25 (4 )
EEE RS RNA M4 &R K= N &
T %BR[30-31]. H#T LRI A IA B FE T 5
5 circRNA i Lid 2. Houseley 25 AT 2006 41
VIR LB o Muscleblind (MBL) pre-mRNA 55 — /4
A IR circRNA cireMbl [32]. MBL 2 5 145 &
Mt SR AT AR BT 2, RN T SR i sl il AR
W2 5 /E F[33]. CircMbl H & 5 51 A1 3 5 1) v E
A MBL ¥ 345 500 5, MBL 545 & A s &
Ht circMbl HIJE A [34]. SF3a Al SF3b J2& B &k
U2 snRNP ML L E A, 18 circRNA I sl
P 45 /E . SF3a Al SF3b Bk KA G5
CircRNA /K-F L FHRIZE 1 mRNA 7K B#1K[14, 35]. A
540 RNA 4548 11 Quaking (QKI) 7£ pre-mRNA
I R R R IR BT B2 R 7 ) Th g [36]. QK 4 & 3
W& Al e e 5, JF B QKI SRR ple fi
BIREAT AR, 3 circRNA (B . @it ix fhy 2
QKI E A E# T =4r 2 — circRNA I it 2 b & 1
F[37-38] . RNA &i&H H CELF A By & 3 7l
UUUGUUU 277, 7E3E4mtS RNA I LidfEh B A%
ME[39] .

3.2 H#F circRNA YR 1EAE R 2 B4

) circRNA B KEMWAL, AN 1A TR
TR — AR R AT AR BT, BAWG T2 AN IR 1
1k[17, 28, 40-41]. Wang 55 A\ (2019) @i A=¥)ME B
RIS EFEME I K. X FMAERY
(Populus trichocarpa) Z&7E A 1 11 FHEA 1) circRNA
AT M7, R 114574 B circRNA [ 2585 3 3
o WEETT AKFEAE LR 30% circRNA V53 X
HA PR RR LA S m) B e 4, LR I+ A 281
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A~ circRNA 5 5 IR RE % 7= AR 10 A Y
CircRNA [28]. iX LK FEAFTEN circRNA 148 B B 44
B 7RAEY) circRNA T st F mp - i 47 76 o] A8 BT 7 550
BRI 5 I .

24 M1k, XF circRNA A A8 BI04 FHLHIT 72
b HELE TR R 7 B R R AR S8 circRNA FLR 2
RN, MEIT CREB 45448 80 (CBP80) 5
pre-mRNA [ 354251 miRNA 0L, FZ7E pre-mRNA
FANE TR S BIRA R F AR F [42, 43].
CBP80 2k 55 FLC pre-mRNA (IR &1 (UHES
—MNAET) MBIHEACREL, 51 FLC mRNA A
FEAR[44] . MMM 5 ok CBP80 &% 54l m JF
CircRNA [T AN T. . CBP80 FEAZ AN T8 circRNA
BRI, ESH— circRNA TR HAE T8
— AR, i8] CBP8O 7E circRNA [1) By £zt F vk
TERI[27]. & A7 FI A S R b3 43 BT SRR L RS 9 h
A 51 QKI FFE [, XL (T2 pre-mRNA N
AL T AR A R B AN 0 5 A (1 R 87 [45-48]
{HIX UL (275 LE cireRNA I Tk, ©F
Rt — 7
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Y AT S B AN B ST AN A B A% e A
CIrcRNA FAEAE - A HIAZ H T circRNA J# i 3 55 5 RNA
RAHE N (W2, (ks ) R 2R R 1) 215 [49, 50
B circRNA & Be 52 W o JE 55 B AT & mRNA

(pre-mRNA) KI8T H25 N Tt F2[34] (B 2A) . FH ik
CircRNA e 5 YR ALK J H A=) pre-mRNA JERL R
IREER), R IRIEH S 5m BZ IR BT8R . E B R
B, 3R circ-IRX7 3G 17 H 5 YEE IRX7 () R
IREERIRIR A, TELRYE IRXT $E AR R T N & TR
B BAA, BN T Rl AR B AR A [61]

4.2 MR F Y circRNA

R TR ) circRNA T Z4E A microRNA 47
(miRNA sponge) #2{EFI[52] (K 2B) . CircRNA 5
MIRNA JPFIELEIR > HAN, & g4 &
MIRNA [z Dyge, SEMEEm miRNA LR H
[F223% . 7KFE Os06¢irc02797 M MEY 4 K BLEA
mMiRNA 48 I HERY circRNA, Os06¢irc02797 il it 45 &

OsMIR408 i} 0s01g45830 %5 7 AN fE¥EHE K] (1) ik
[53]. HAETZFAEDI 1 circRNA 8 T 2 A 45 &
miRNA 168 /1[54], {HIE 75 B HAR I LI E 3 0 LAE
2. M, circRNA 5 miRNA 4547 J5 18 fE 5 3l circRNA
IEEAS, T miIRNA fI%aE PE[11].

AL circRNA BEE 45 &R 71 RNA 56 EH
(RBP) , Z 5l H H-H H B E H-RNA [8] {41 5.
YEF, 308 A o i 4n sl A i mT LR S
BEATAS [R] (1 2 1 AR R LR R, B T DR B
FLEE R 14 i X % [50] (B 2C) « B MK
B B T AETUN 4> 1 5 RBP 45 41 circRNA 7 £ AT
J¥ %] (Circlnteractome, Circular RNA Interactome,
https://circinteractome.nia.nih.gov/index.html) [50, 55].
KR KB40 circRNA AN BER 2 BB A o RS R
IECH FERT IR X 28 RNA JH RG0S RNA o 1T 4 SR8k
KBk Z IR AR, FELe circRNA AT LUy B 1% B
JIk Bk 2 S AR I [56-60] (B 2D) o — A~ ELREEK
B 7 7w cireRNA f27E mBA B A A 1 g 6 2 gk
CircRNA [ #H 3 [61]. 34k, AL circRNA 7] BLd i
IR 53U B A A AR S BE @ I A AR N
AHAT A A, 75 20 Mo 3 5 L 41 A TR 3 TR S T R A RAE H

[62] (& 2E) &

4.3 HEYIH circRNA FI1EF AL

5wt s Aa L, AT E AT YIS circRNA
)y e LA R A OB T fid ik /b [63] . UL B T
SEPALLATA3 (SEP3) F:[H 4wt —A~ MADS-box #% 3%
KT, 258 ERIENR. H SEP3 & 6 MR T3k
JEHR I SEP3 exon 6 circRNA 2 154N % 52 H Th BE A Y
circRNA. SEP3 exon 6 circRNA fE1% 454 5 SEP3 JE[A]
) DNA EJE & — RNA:DNA R ¥, iXff R 3p 2548
5 SEP3 % 3 T A 45 Ak 2 1) BY £2 IR 1~ #8541 53 31
pre-mRNA [, MIifi#EE SEP3 pre-mRNA KBTI R0R
[64]. 15iHH-530% circRNA 25180, AEAH [ circRNA
BE 8% 18 1 Y52 R (1) RIS RN S P20 in 1o ARG IF A7
FEIT 400 PN FIETE U EZR RNA, X 24 circRNA
5 DLC/HYLL VIS &1k &, w4t HYLL 5
pri-miRNA 1454, 520 pri-miRNA {550 A1 miRNA
I 1 [65] «

REENFSY e 2] TR+ 2 MMEN
MIRNA 45 ) circRNA, {HIZ4 NI AERY %€
DB B miRNA 45 & £7 25 i circRNA .
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ARGONAUTE (AGO) HHZHEZAEY I RNA 4
S RNA WJEE, N miRNA IR E A 5, & RNA
FRUURE AN FZE RS, 15 MR AR R B
P A EEEER . AGO SIS ivESs B R
TFAERAELE 5 4 circRNA, HA 5 14 4> miRNA 45 &
47 £i[66], (EHAE A miRNA W40 D g il i Bk —
AR . BRILZ AN, A A AT T 23 W 3 4T i
HhAETE] ) circRNA. Karimi 25 AT 391 & B0 B 37 - A
(R AME R ZETE circRNA, I H5 5 4 HE B RNA
454%A 7 (GRP7) Al AGO2 454 . GRP7 Al AGO2
HE X circRNA [0 FI/ B R 2 [67]. FHTIX L
CircRNA T] RETEM -5 5 A= 9 (P A LA F R FE 420
TER, WrTaef BhT18 215 SRR .
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Figure 2 The functions of circRNA

(A) A subset of circRNAs play a role in the nucleus, regulating the
expression of cognate gene or splicing of transcript; (B) CircRNAs
in the cytoplasm as miRNA sponges by binding with miRNA and
thus relieving the inhibition of miRNA on downstream target genes;
(C) Some circRNAs acts as a protein sponge in the cytoplasm by
binding to RNA binding protein (RBP); (D) A few circRNAs can
be translated into proteins; (E) Some circRNAs are secreted into
extracellular matrix.

— A (5 B2 T B TR circRNA %5 E |
FEB AT ThREFIYE F HLER 1) SE 369 78 B A B 2 1 45
S4EH1[24, 68, 69]. Plant-circBase AL A ET I 7K A5
TR RFAFEMEZ A % E 1) circRNA {5 2
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FI%E (http://ibi.zju.edu.cn/plantcirchase) [70].
178 #f circRNA 1 S ) BY A7 sUMT 70 A circRNA 14
K75 O AR BISLII0E. 7o, A 1861 Fft circRNA
e T AE 9 miRNA 4% & 1, 1335 Fb
CircRNA-mMiRNA-ZE Kl #% W 2515 LR . 5 —ANEY)
15 B 2% T H CircPlant Chttp://bis.zju.edu.cn/circplant) m]
DL RS T+ A /KR = B RNA-Seq 5080 22 H e Al =
R HT i cireRNA JEFGINIL Dy RE[71]. PlantCircNet
(http://bis.zju.edu.cn/plantcircnet/index.php ) ¥ & i
# CEFEUE T oK ANENKIBENE 8 MEY)
CircRNA-miRNA-J K 1 125 [ 26 43 17 [72] . 1% 28 B ]
LN FCREY) circRNA 1D B F1 43T MLl FR AL 2401
.

5 HY circRNA B4 Thee

5.1 CircRNA AT EY T EER T ILE

HETC B2/ MEY) circRNA FIIHREAS1%E . 8
I AERE Y IS A IR circRNA, 3t H AW D e AT
THFFR[25, 73-75] (£ 1) . WilEEIT SEP3 X% 6
ANNE T E) circRNA (SEP3 exon 6 circRNA) 25
TR EHIR B[64]; PRSI AT5G37720 [ circRNA 7£
MR RE . IR A G M R e AR 78] &
i AR LR SR 1PSYD)F/N\EE ML EMEA
fiff (PDS) 2 KA b & A& BISHF WA 4R . PSYL
Fl PDS i [H % 5% 7= Wl i J ) BY 2 A2 B circRNA
PSY1-circl Al PDS-circl [77]. itk PSY1-circl £l
PDS-circl [ i F St oh FLUF LR 1) mRNA 7KK,
HALLERAM B-H% MRS EY T .

FEAC A SR 8 97 AR K ) AR B AR K 4 11 5K
FRIAAT, 2 R AR R P A4 . CircRNA
MDA R TEMR. MM IF
AT5G37720 Z:[H 5 1 NN & T IMLTE U circRNA £
AR AR EME RS R s
I RIK1Z circRNA SEEU R TFAE IR . RNA 741
RN, W RIA R P AT SRR FT fEN L
800 ™= A 1A KF B35 B [76]. 73 4h, Conn A
AR L. EE I circRNA Datasets #d, %5 3] 7 AFEIFAE
JEEIMHIFE R FLC M1 FLM (Flowering Locus M) 7£ A
1221 MADS-box % s K JE PR T B circRNA [64] .
FLM 1) pre-mRNA £ 0] AF BIE I8 Bl — % .5 BT 4277 4)
FLM-§ F1 FLM-B, 2 5353 FE 05 1 4eAE 78]
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FLM-§ Al FLM-8 & HIE A FE ) cireRNA, I HIEH
FLM-g [ circRNA 3ZfKi7 (16<T) %S, 1H FLM-6 I
FLC 33K ) circRNA =E B R 32 PR B B i

[64], FEMIX L circRNA W] BELE A6 18] 78 5 o 72 A
EEH, HADFIhREM S FHLEIE R R .

* 1 YT A% ER circRNAs LT fig
Table 1 Identified circRNAs and their functions in plants

2K i SReVs ThRE SE R
Name Species Host gene Function Reference
CircGORK Arabidopsis thaliana | Exons 2 and 3 of GORK | £ 5 ABA {5 5@ &I T2 iia; [25]
Between the
0s05circ02465 Oryza sativa LOC_0s05¢04950 and | 2 5 /K Fg 1% 2h 38 BT 5 [53]
LOC_0s05904960
. . Exon 3 and Intron 2 of 5 N
Sk 7 L T T S 2
0s06¢irc02797 Oryza sativa LOC 006904610 Z 5K E; [53]
SEP3 exon 6 . . . .
S E P S
GircRNASEP3 circRNA | Arabidopsis thaliana | Exon 6 of SEP3 ZHERERIKE; [64]
VV-CircATS1 Vitis vinifera Exons 5-8 of ATS1 Z 5% g, [74]
. . LOC_0s05g05160 5 T b T B b -
circR5g05160 Oryza sativa Chr5: 2512798j2514806 | 2 55 7K R B B [75]
PSY1-circl Solanum lycopersicum | Exons 7-8 of PSY1 S5 R FAAEZM B-HHE M ERIER; |[77]
PDS-circl Solanum lycopersicum | Exons 6-9 of PDS Z 50 5 B2 R B M [77]
AT5G37720 circRNA | Arabidopsis thaliana | Intron 1 of AT5G37720 |5 K& JFEH R R 4, [76]

5.2 CircRNA = 5 Y% 135 e i)
M B

— 86 CircRNA 7EAH 47 W6 PR 5% e i 72 A e Ve
(£ 1) o K2 circRNA HJRIAZHINETE S, XL
CircRNA A it 2 540} il Mie i ma N2 [79]. 7R i
HSE ) 854 circRNA 11, 45 163 #f circRNA [ 3&1%
AR 175 5 [80] o K iR 175 5 4 &1 Hh ™ A= 475 # circRNA,
Forp o H ol -3-BE IR - LM A2 M (ATS) BB =41
CircRNA Vv-CircATS1 sENL T A AZ A4 i b,
VV-CircATS1 i 3Rk B 2 2 52 = 40 B R i 3 11
i} 5% 14 [74] . $UFE FF ik R iE circGORK (Guard cell
outward-rectifying K*-channel) 2 7 At Ak X 18 15 et
BER VR R BB, TSR & T R T R
i 5z 14 [25]. CircR5g05160 &k H F7KF& 0s05905160
FEDR ) —Fl circRNA, 757K F8 -5 R o 1 AH B AR FH h g
YERI[75]. WEFE N AR CRISP/Cas9 K 4 i A AT
FLKFE circRNA [I3)EE, &I 0s05circ02465 fi ik &
TEMFB R M Be B A R i £ 1%, T 0s06¢irc02797
IR R AE S v BA RS (2 2E 28 — R R R B [53] - X4
Y circRNA [12EY) 24 ThEE S A FIALEE 75 B R IR NI
55

6 45t

CircRNA —BE U= A F A N I HE R BT 12
{HITAERXT circRNA [RAHICHT Fi i 285G K,
TRT 0T HAR ML A AE Y 2 DhRe B .t T-AEA AN
S M b JE DR 45K LL B2 cireRNA T )b Lk g T F) 2 5
HIZIFED) CircRNA AEW)2EThae A FIMLE 7 TH 07 o
Rk, RECLfEmmsE e 3 7T circRNA,
{HZE A D H circRNA AP0 D) Re A E AL 152
fiEHT - Conn 25 )i ik SEP3 ) circRNA F1HAN 3 Py
TTFRH), EREEIT R RIIERIE H T circRNA, HIK
AT T RIEMY) circRNA LR RERE, KILT SEP3
circRNA 7EJ T {648 B R Bl i) Re[64]. &,
FIF CRISPR-Cas9 [ 4 4w 157 A Dbk 1 /K FaH
K E T AR IX ) circRNA [53]. b4k, & /] LA
H 987 M1 CRISPR/Cas9 2 [F gm B AE 5 circRNA ) 4E
VIR AL AT € RRAR, e SR T S E A
(25 BT s RO RN 285 2, T HIE] cireRNA (774
[81-83]. VA LHiA N A B T HESIAEY circRNA f24E
Y= Dhe KA FABLE BB 7 o

R S 1) K A FLAE circRNA FRZE 4k AR RTBT e i v
EEBEH. EAMSIF, RNA 445 EA QKI @it
FJR R RNA ik, BEESS5HEE =42 —
CircRNA [/ %[37-38]. CircRNA H pre-mRNA i j
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B A, —NEAEWRAEBEAL LR FH
pre-mRNA 7] DU AT AR BT 47 A2 P A~ 202 > mRNA Al
CircRNA (I 1), —#FZ[EEMMHIE, Fik—#HrrE
FEZ B4y 1, H B X 7 AL 7R .
PR BT 5y U2 PAMZ O &4 SF3a F1 SF3b
YT circRNA [ ORI AT AR B 12 [ 14, 35]. R LA TR
AAED IR ST SR 252 B T 24 QKILSF3a il SF3b
SLFRYFFEDN, 2 H AT XX LEIE K ZE circRNA FIFE AN AT
A BT E F SIS ThREIC A RRR AN T AT
H RIS 00 45 L o m 7+ BY #2187 SF3b E A4 77
EAEY A R PR E R, JF B 2 AN THE
FHSEFEIA 1) cireRNA AEW R A Fi ] A5 B B2

Xk T IAE L 1 circRNA BT IR AW AT,
WA BT AT cireRNA (AR 8 9% A= A E AL A
SRR BT RS TTHI T f. TFAC R M i s TRk K
) AR B A K e () DRI, 238 TR RIS R 25 1)
PEIREE, MEYRER B T L AR 2 500 S SRR
FER . U VR YA A AR rh OGS L TR ) SR I8 A0
T Sy ) R AR B PR A AL B 22 O THD PR SR 1
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