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M A B 2 2 AR R /N T AR, i 3 26T
FEE AR DA A A% A2 i 2 240 0 8 G R, AP
BL—AN T AE SE AR AT T BT AL Bk T b
TRRNAFIRZBERE F LASE, I0A7 i 200 R A2 1A 2H 2
[A-FF1#%{"/NRNA(small nucleolar RNAs, snoRNASs)7E
Rk A WA G FE I AR R B 1 25 d g
S IR YA S AR IR IE A K &
Bl E S, i, AT, BRHAR P ez
IR I RAS A H 2 R AR 1 7 A, FRAE
“Ribosomopathies”™. FEAEMINRIITrf, ™5 AR AHA
R AR S PR R, AEBOUAERE & R IH H
AKGREE | RERRIE /N | R AR A R L AR S A5 6],
PR o 8 1 BORS 2 R 3L AL i (protein  arginine
methyltransferase) PRMT3ZAZ MR A Y16 1k A 5 227
PE . PRMT3iH i SR/ NI 5 FHRPS2BHIAH
HAEF, PRIRE AR R AR R R A e A 2
WE R W, RECE R ED &, H91k
R Hhaaa 8, A, A A R LA Sk £ R R %ot A L
WERAR AL AR AL, A58 & B, AtPRMT3-RPS2BE
B2 B A ) 1 0 A K R B B TR o A DG ]
IR, H R AR 578 e A iF v i A DG HE DR IR, DA
TRl R TF e v e UL AN T 8 F1STCH4
(sensitive to chilling 4)/REIL2il i 7GR T 4E4#4%1—
FRNARTAN T, 3858 AL T ¥4 e 0 DG B 53 [N+
CBFs(C-repeat-binding factors)& [H &%, e AL
PRS2 v, AR KR IS & BE, (IR RE A
rRNAFTAR AT KRS 41 i 2 137 I DEAD-box
RNAf#JiERFTOGR 1 (thermotolerant growth required 1)
RERS S BIASE pre-rRNARY S, =il B H BTG Mg o, ff
UE T R R rRNARYIEAAAN T, M T 7K ARG i A )

RNA secondary structure IRES

RNA modification

uORF —

5'UTR

L LTI, AEYIAE A [ PRI I R I3 e A (A
Wy & IR R ) R R A 4 ) 365 1 SR S

2 FRCEDETEI S A %

ARk, B mE PR LR, BhRE kI
mRNA# 7K 5 &8 A UK Z R 76 2 2 0
AHICHE, Bk 22 T4 2R P B R AR X — e A
KIEHEEMERH mRNARYS UTR(untranslated re-
gion, FIRHEL T Z ). 3' UTR(Z ILZEBTZJE)MAE
Ui (R poly(A) & T A AR 4 idh 1 51) 38 &5 4 1% 2 b B R
Juff. fian, 5" UTRAELE LT 5 EEHE (upstream
open reading frame, uORF). WIFPHZMHAIE AL S (in-
ternal ribosome entry site, IRES)A K 52 22 YRNA 2 2%
M4, 3" UTRAP &4 miRNAZE S0 545, IAh, RNAK
Wi B A7 AE X BERE IR = A S (P U1, S 5T
XITmRNAFGE M FE R R 40 e £ 4 HoA F 2L
PP RENe
2.1 LU RE

W EE AT AE TS UTRIG— B AL
Feol. BFFE R, wORFIEZRIADI(CINAZE . /IR 2R
WE L EERER R T A I AR, U DR
AT BEmE A ). ARG uORFA L %08 T 1 7 &,
UORF T[4 327l 5 mORF(main ORF)ANHE)
uORF . 5 mORF#4}# & 1uORFLL K& AL &% mORF [
uORFP!'L wORFIYE I EHS T 1 Je 43S TlL i &2 4
PN, B G 5 60S M IR I 5L 20 25 Sy 8OSAZ W 4k L ik
FTuORFHYHHFE, uORF b MHIAGH 2% T Ji#mORF
(I BIEEC AR = A 22 SR, R IFmORFB R £l i
Kk F1 4 (leaky scanning), 55 BHPF B BEL 4 197

miRNA binding site RNA binding protein
| Y

CDS
) 3'UTR

B 1 I mRNABFRCRAIEE IO, X TGS I F(m7GpppN) . RNA &5 . NI RIHANE AL . IR 24E . RNAE

i, miRNAZE A . RNAZS 75 A Fpoly(A) B 45

Figure 1 Regulatory elements contributing to translational control in mRNAs. These elements include 5’ Cap (m7GpppN), RNA secondary structure,
internal ribosomal entry sites (IRESs), upstream open reading frames (uORFs), RNA modification, miRNA binding site, RNA binding protein, and poly

(A) tail, etc
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PRI, S A uORFI G AR A W AR b 38 1o ek
P EAEZEY)EE. BN, $UFGITHEAT SHOCK FAC-
TOR BI(HSFBI) it & —BfR5FJuORF, TEIEH ¥
BRIREET, 1ZuORFIIH FIEHSFBINEIPRE, e &k
T HAMRIE S, SEHSFBIFE RN, @ i 5t
ZHRNA-seq FI I Ribo-seq i R AIBFFE KL, TEZM
IR MR R T SR RHIRRCR, (B3R T uORFs
(R RHPRRLCR, RIS M0 3 oL A HFuORFs i B4 il
T DR A B

2.2 RNA -Z&5K

RNAG> T — 575138 52 I B X I Jl e i) —
GrhH, ITRNAXEEFIL A5 55, X655 2 i 25 kel
RNATE 15 AMEIL IR A FEVE . 2R, 1 TFRNAZY
K Eh 25254k, S Z BN s AR 5 AR L i 52
e, ARG T I R IR M, UTAESk, 4 afbfhric ik
(AnSHAPERIDMS) 5 il 5t P B AR, W58 # Reg 7
SIEHAUKT T RS E 2 RNA R L5, ik sbsh
FITERNAFEG SR | PR, B, BEmAvE e A
HEEINEEDL Fin, RS RHAY R NE, H
B SR R KGR A OG. 3B AT RNA Z 20451
AR BT AR & B/ N2 R N A mRNA 0 254
FEPLH Y L 2 AR SRR, 3 R AR S R S 1 T
DRI B 2 S A E R 6

T SRS M RNAYT S 1 AR R, XK 2L
HIKERNA TR LM iR, o i pe g s 4T
RNA " 45 R R () 36127 57 UTRA AT RETE
B R EE R LS I g5 R . R K (riboswitches)
FIRNA G-PUEEA(RNA G-quadruplex, rG4s)25:28, Hir
RICEER T WA 454, i, PIF7(phytochrome
interacting factor 7)f%5" UTRTEIE# ML &1 F &IE
RNA & I2548, D] FiiFmRNABIPE; M7E27°CHY,
LIRS 2 e A Ak, STPIR 7RIS, &
R IR AR AR 2E R Al ST, AT
5 LR L FLC (flowering  locus C)FI LA
BEIEZMISRNA COOLAIRWLIE /R T 2RMARAE. XFCOOL-
AIRT] 7 B P 503 T RNA S0t & B, A[A]
() COOLAIR V] ZE YY) P 1) Ge % 2h 25 el 28 HRNA — 2%
SR LA R PR AR AR O,

2.3 poly(A))2

poly(A)JE ZmRNA R Uiy 1) — Bt 1 1) i 17 2 17 51,

e 3f 174 TR ZBEAZ A YImRNA . 3" A fipoly(A) &
EL AT AR mRNAABE MR, IS I mRNA R 22
M, PREEIERCR, TS R A mRN A A= i &)
/ﬁ)ﬁ[m.

L S AE LU poly(A) A TIU T, JTAERK, 45
A=A, fNanoporeFlIPacbio, — Z %1% poly
(A)RBARTBI T H AR IT %, HlUNFLEP-SeqMIPAlso-
seq L BRI, AENEFLBY IR T 1 R R G
R, poly(A) K BEZBNAZN; B TR,
poly(A) i nJ LA 2 PN 53 AR i Y Al IE A%k i 52 i 7
PR XU ST R D RERTSE & BE, poly(A) 8 i
FEAEARZITIR, Hoh Gy L, HGrl it % AtPAB
IS5 AN RON T I mRNARIBIFRCREY. BRTAEK
RESE T Poly(A) KK SIS, K
.32 BIHMFR A 5 O,

2.4 RNAZLEA

5" UTRif 1 5 BAZAE P iR I ¥ (eukaryotic initia-
tion factors, elFs)45ar, AR BRI Gh 25 ] Ay B 2EAX A1
M5 B FEEE R A RITINEF450, A Kpoly(A)
2545 HPABP(poly(A) binding protein) 5SmRNA poly
(A)REEARE, BRI b, B4 AR
S B IA N TeIFAER S 8 HelFAGAH Y, —
F S fitiiEmicIFAA . PABPLL Mz elF3—H i mRNAF L,
HorhelF4ATE N — P i e, BEAES EHIBY A F
elF4B— & H mRNA FIE R —4hty, MImHEZEm
FURE AWI(43S pre-initiation complex, 43S PIC), T
A A YITEMRNARYS UTREEATHT, ERHRBIAUG
ARG 078 B R B T B A B A5 TR,
IH AR 22 B 4R DR e AR M b K Rk B NG s
IR EA YRR Fan, BisE ST R R
elFSB/HOT3RAL 5 1t 25U K A B, LU E R
TR R, BFIE & BlelFSB/HOT3A S 4 g
Jo T PR A U RE S 2 O S AR A ) A AR B AR
HqBQAO]-

AR, AFAE— S AR AR RN AL & 8 A, BN
IR FFGLYCINE-RICH RNA-BINDING PROTEIN 7
(GRPY)FEIRIEIA S T RETE BUEE R (A (condensates), 5
R AYIEL R RE G e Fh I 42 . GRP7AEAN LB b W -1 AH
43 (liquid-liquid phase separation, LLPS)A BhTh 4
WORE AT B, 120 U 4 SERN A L B 1 4 TR
elFAE1 IV K 58 45 F1(COLD SHOCK PROTEIN)CSPI
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MICSP3, FHZAMHIFIEN. KR AET(adaptation to
environmental temperature 1)3:F 578 JG7E B IRIAEE T
RIUNIERT . /DRSS SRR R AL, AR TR
A TH SR AR 8 R R INAET I 4t
tRNATS SRS, — 7 T REAS (2 pre-tRN AT ) &
AR, D3 — 7 TH RE 8 45 G AR K R L I
OsARF19MOsARF23, 38 2 S 2 00 9 35 % i 1
g w142,

2.5 RNAf&If

RNA [ AFERE T 100Fh 28R A4k 22081, |12 A
TmRNA, tRNA. rRNAKHAtAESRIIRNA |- iX 2L/
T 2A AR A A5 NO- T BE AR (V® methyladenosine, m°A), i
PR 1T (pseudouridine, W), 5-H JEJIMERE(5-methylcyto-
sine, m’C)F12"-0O-H #£fk(2'-O-methylation, Nm)%:.
RNABME) 12 2 5RNAG E: . fuetE . 0454
£, DA EmRNABFRCRE ] AR 2 R IR IR L 2 Fh
RNATR AR, A5 S ) 09 A= 4K A& B 36 e
N AR,

wan, KRS FEmMRNAREA M AB K AR,
mOA P SRS A A AR R A REAG, £ L IR A B
PRRICR R AEOAR, WIS M A4 IR TR A ROTRAS T fB
PRAFAEMJERNA T 3 52 fe iy BT, KR4 e
17 OB R 1A il (pseudouridine  synthase)PUS1EEMS 5
2R AR IRNAFASS 5 IR R H M, KR T, Os-
PUS 1Dy RE B 2K 3 B 2R r RN A FiF AR 57 B SR AR
HATRNAWD, FEO SR A T AR A W5 A BRIk
AZETH, FHEMROSEE, RAMMKREN A
RIS KRG OSNSUN2JEmRNA - m C H 3L 45 7 il
OsNSUN2ii i i35 /K FEmRNARIm C& i, TS
SRARFOCHE I mRNA,  DAAERFK RSB s i R Y IE
WK, EEIRAMT, osnsnu2 &7 PRI H-S4A T BE
AL, I FEOEMMBIIE AR R NAD IR &1
RNA(NAD -capped RNA)E#SEEE] 276 TIRZ
Yidh e AR SR iR, JFAERNALCIEAITAE 2K
RH P EAEEREY

Hn (RNAPE T IR IE AR, FmRNAFE T
TAREAR. EARNAGTH, t(RNATARNE
B SRR B, X SRR R 2 - S R
TSRS HPE . AEFHRNAZEFFE M S 2 FEmRNAF
PRARR AT KA BRI KRS S #
PLEIOTROPIC DEVELOPMENTAL DEFECTS(PDD),
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PDDZi iBtRNAE S 5K FE ML ARNA  mnm’s*U
B4, XTSRRI A K K BAT AR AP, K
W Slender Guy 1(SLGI)#RIStRNA 2-FifbHE 142
(RCTU2), HIRRER FHOKFEAR N RNAG LK
BibE, R TR, AL, SLGIEAA ARG A SRR
5, HR s X Rgmag X 51 25 5 36 [R5 1 Rl
FURE RS AT P 22 53 02, S ARk, o3l Bl e R 4B 7R
HE A N AAAE R EERNAST A BL(tRNA-derived  frag-
ments, tRFs)EtRNATTA AY/PRNA(tRNA-derived small
RNAs, tsRNAs), fJtREsTEN XTHREEING . 2 54
S5 AR AR EAE A I SR Je SR R I SR % R
P )5 T e A T DL,

3 B S IR E
3.1 EAHE

FEF6 IR Y AN F & (photoperiod/thermo-
sensitive genic male sterile, P/TGMS)%E 7. Al R 4438
IKFEHAR, SEA A K FEAR L0 AE. X ER
A HTEGR B H A N R HEE T F I T
HICEIE, MEmRek H AN R
RGO SR UM AT RN R o, o iY
i PR 284 1l B 1 A ST B (critical - sterility-indu-
cing temperature, CSIT). W CSITR S s ATaE, &5
ES Q=R 2o N Wk ES TN Ry B 5
R TERIRAER S ST, Mo RAk, MHGIRE
BAT R, JLHERBIZAT R0 AR A G 17
BN, 25T RILZSSKFE TR R T B XU
I, TR HE ML 2.

3.2 BbEApCR TR RS

W 2R 24 22 A8 A R A 9 5% R AR TR T i
TR T B oms S AT &, IR T tmsSTEW
RGBT DML, BF9T & B TMSS St %
R Nase Z5'07 {0 H &I RE A - FHLTIA R
AL IR L L [ AL IR B AR T R T
A LIYKE tms STASVRE PE RG-S 8Ll 3 [
G AR A A o e A i (RQC ) 38 B A DG Ay 28 1 o
CSIT15¥ | CSIT2/0sHel2 1 F10sRqe2[Y, 4%
RQCHHEAETMSS A 0 & Py i A v A F 2 RE.

TEEFL R, AL mRNA MR, #5447
FIETR RN A i &% T 5 mRNA I i % 5 1B



X, SERUREE G R AR N A AR B S S
Al RS BN ERE A BPE 22 IR AE A, HE IR0 b
A i 783l (ribosome-associated quality control, RQC)
RYE. ZRGUE IR AN . AR/ N AR
YRS SEHVEIREEZ AR, (RNABE FIIEER
SR, DR AR E ARRA RQCHE 4N
JH A JOEXoF S 1R B S ) B PR /5 1, LAV R S 1)
AR IKEE,  FFAR IE A0 R 7 L 73 25 TR N AR 78 4 A1
631

TEKFE PRI SE 2 B0, CSITIZRIYE3Z Kk 1,
7302 FACBIRAS R SR R S 2 IKEY. csiT2/
OsHel2fENE3Z RGNS, T EAEE A RIS
LR A, (R RN S 2, it
BE— R PERNA Y 250 3 e e KR B A R A e
ST R BRI f5= s 4 A L PR 22 4t (ribosome stalling repor-
ter system) & B, i T OsHel2 7 HNEHRINGZE 143k,
() BTG A0 i A LR RS, P BUmRNA b #i 5
PIAZMEA IR 132,  MATTRRAIR T RQCH i i [|] 7= 472", 3 - 34
BRRNAM P10 55— A~ 7 OsRqe2 8 14 & A ok
ZE7F (T5521) T 85 A (RN A B FR 2 FIAE B A IREEC R
VT VRS I8 R TR ) R 35 A AR O,

3.3 tRNAfEH
AT TMS S 42", 3 - g, RERSEA

A

¢ & |
‘1

]

)

ro |

v

OsHel2

mature

A
c
C
L

pool

By

i
Splitting I
—_— ->

J OSTRNT1 §§
tRNA et & e

A A 5T 1t 7 T R Q G [ 7™ A= 1y v ] 7 4992, 3 - Il -
tRNA, MIMEZHRNATEARF . & ABERNA
(RcP-RNA-seq) Fil 4 KARNA(FINE-tRNA-seq) = i F: 1]
FHEARKI, FEtmsSTEARF2 3 -IABE-tRNA T FEFL
R, miRF VAR E N EH, RAFEA
RNAFFEFEAL, THIE N ZIRRNAGRNA-Ala) )+
WETRE DA tms SRR R IKRNA-AlafE
AR IR HAERY B PE, TR PR R QCIE 6 Hh 7= A B -
tRNAREFOsVms1, FEIRFBE-RNAR A2 AT LSS 2K
SR N imsSHRAARBIAE B M, R TMS5 55 334
IHERNAE I, TS EUAR N BUWRNAR =,
BARFHIRAKT R AL, W T msSERA T W E
BRI 2 FRRA, DL BTSSR R T TMSS S5A%0H
AT B 4 T 38 B R 7 A P ) R AR TR U N
(A 0TI T AT 42 o 4% (1 2).

4 Ry

T T RSN 2RI B Ak, e BN W
A= KR AU o 107 PR B 2k, T B PR I A A
— B RIEE B, AR TR PR
AAFIT,  AZMEA REAL T B sl i A G mRNA B
VLA A AR i Shi R Ayl S A P R
R R, PR T A TS ER R A, e
WA BT T R ST, LAZERR IE 3 A A A 3.

gsv 51
g :

o i Ph
u

OslLtn1

e

OsRqc2

3"-0H 5 2,3'-cP
T™S5 } |
o

jg tRNA repair ”m:g

Bl 2 TMSSFIRQCIE FTERNA S FFEER L A T & HEIREAY AEAECE . SR AR AR RS I, OsHel2 U 5=l RUBOHAO I B /NI
FEfft 5. OsRqc2, OsLinl FIOsVms IR A5 B60SFHE E I MRQCH 234K, OsVms il 7K fift 57 4 7 A= I A S IRTSE-(RNA, 537 AR S A
PFER LRI, [R5 A2 3"- PR -tRNA. 27,3 - S TMSSIE R B3"-OH, &5 TEOsTRNTHAE A T XHRNAARIHAMCCA, JEBURZARNA, 4
FHANRNAR S

Figure 2 The working model of TMS5 and RQC in tRNA repair and recycling. When ribosome stalling occurs, OsHel2 recognizes the stalled
ribosome and promotes the dissociation of the large and small subunits. OsRqc2, OsLtnl, and OsVms1 sequentially bind to the 60S large subunit,
forming the RQC complex. OsVmsl releases the nascent peptide chain from the ribosome by hydrolyzing the peptidyl-tRNA at the C-terminus,
producing a 2',3"-cyclic phosphate tRNA. The 2',3'-cyclic phosphatase is repaired into 3-OH by TMSS, and then the CCA nucleotides are added to 3’
end of the tRNA by OsTRNTI, forming the mature tRNA, thereby maintaining the intracellular tRNA homeostasis
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ARk, BEE BRI R AT RIRA, AT 3h
L) B A S A S RE AR AL AT T S5 B A AR,
XX TFRTTNSEE NS B R AT E B
B4n, EmRNAJF I rPAEAEVE 2252 0 B R R F oo,
BT AR ALR AN, MR SE LR T VR P B
W —AEBH AR, Horb, A b S

(uORF) A3 [ 25 4 LA 2 AR PR LA 3 2 A ]
AT TR, FHTuORFAEBHIE KT LA
PEUURE FINPRIAYZRIR, USRI T /KA ) (4t
PERRE, IR LR T HAR ZHRAR S50 O Bt X
PEOCIFIIREIT TS AR AL, ARACREATE Z Um0
PRI, 9031 T Rl R P 4t S 8.
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The regulation of gene expression is a multifaced process that encompasses transcription from DNA to RNA, and
translation from RNA to protein. This intricate system involves multiple layers of regulation, including transcriptional,
post-transcriptional, translational, and post-translational mechanisms. Plants, as sessile organisms, are particularly
vulnerable to fluctuations in environmental conditions, with temperature being a key factor influencing their growth,
development, and geographical distribution. Fluctuating temperature conditions can have a substantial impact on crop
quality and yield, thereby posing severe challenges to agricultural production and food security. To cope with these
variations, plants have developed sophisticated regulatory mechanisms to adapt to changing temperatures. However, the
translational aspects of this process remain less explored. In this review, we summarize recent advancements in our
understanding of translational regulation and its role in environmental adaptation in plants.

Ribosome represents a central organelle during this process, essential for decoding the genetic code into functional
proteins. Ribosome biogenesis, primarily occurring in the nucleolus, is one of the most complicated and energy-consuming
processes within the cell. This process involves the transcription of pre-ribosomal RNAs (pre-rRNAs), and subsequent
processing, modification, and assembly with ribosomal proteins, facilitated by numerous assembly factors. Once
assembled, ribosomal subunits are transported from the nucleus to the cytoplasm, where they undergo final maturation, a
critical step for forming fully functional ribosomes capable of executing translation. During translation, ribosomes utilize
mRNA as a template, with transfer RNAs (tRNAs) delivering specific amino acids to the ribosome. There are lots of cis-
regulatory elements commonly present in mRNA affecting translation efficiency, including the 5" untranslated region (5’
UTR), 3’ UTR, 5’ Cap (m7GpppN) at the 5’ end, poly(A) tail at the 3’ end; RNA secondary structure, upstream open reading
frames (UORFs), internal ribosomal entry sites (IRESs), etc.

However, when translation mistakenly stalls, it can lead to the generation of incomplete or defective polypeptides. In
such cases, the Ribosome-associated Quality Control (RQC) system is activated, playing a crucial role in maintaining
protein homeostasis. The RQC system identifies stalled ribosomes, separates ribosomal subunits, ubiquitinates and
degrades aberrant nascent peptide chains, repairs and recycles tRNAs. Collectively, these actions prevent the accumulation
of faulty proteins and ensure proper cellular function. The accurate orchestration of ribosome biogenesis and translation is
vital for the normal growth and development of organisms, as well as for their ability to respond to environmental stresses.

Here, we highlight the essential roles of ribosome translation in stress responses, drawing on numerous studies that have
shown how defects in ribosome biogenesis and translation impair responses to extreme temperatures. One notable area of
research is the two-line hybrid system, a leading technology in hybrid rice breeding that relies on photo-thermosensitive
genic male sterile (P/TGMS) lines, where both temperature and photoperiod influence plant fertility. Recent advances in
understanding thermo-sensitive genic male sterility in rice have identified TMS5 as a major gene regulating current TGMS
lines. Forward genetic screens have revealed several suppressors encoding components of the RQC, and subsequent
experimental evidence has highlighted the importance of RQC and tRNA recycling in TMS5-mediated TGMS in rice. This
offers valuable insights for improving TGMS in hybrid crop development. The interplay between ribosome function,
translation regulation, and environmental response underscores the significance of this research. This review aims to
provide a comprehensive overview of the ribosomal translation process while emphasizing the regulatory roles of the
ribosome in plant growth, development, and stress responses.

translational regulation, ribosome-associated quality control, plants, temperature response
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