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Abstract: Cytokinin response factors (CRFs), as unique transcription factors in plants, play
crucial roles in regulating development, phytohormone signaling pathway, and stress responses. In
this study, we identified nine CRF genes from the rice genome by conducting a BLAST analysis
using the protein sequences of twelve Arabidopsis AtCRFs. These genes are located on seven
different rice chromosomes. We conducted a comprehensive analysis of the conserved domains,
physicochemical properties, secondary structures, and phylogenetic relationships of rice CRF
proteins using various online tools and local software. Additionally, we analyzed the exon-intron
structures and cis-acting elements of OSCRFs, and found an abundance of elements relevant to
phytohormone response and stress response on the promoters of rice CRF genes. Spatial-temporal
expression pattern analysis revealed that four of the OSCRFsS were barely expressed in all tested
samples, while the other five were highly expressed in the leaf, panicle, or seed of rice. Microarray
data showed that OSCRF genes are regulated to varying degrees by abscisic acid, auxin, cytokinin,
and jasmonic acid. Furthermore, through analyzing the RNA-seq data, we found that OSCRFs are
primarily involved in plant response to temperature stress (chilling and heat), with several OSCRFs
also implicated in drought response, while hardly any respond to salt stress. This study provides an
important basis for the functional characterization of rice CRF family genes.

Keywords: rice; cytokinin response factors; gene family analysis; expression profile
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KIN, AtCRF2 Fl AtCRF6 1] 5 4 K K hh i) #%ia
FRAMIE PINL FIl PIN7 )5 s 7454, @it
WHFSBRREEARKREERNG 4, 206
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&: 010-64807509

VR X 73k 5658 T /KRG CRE ZESEIN, X H 5
G R BT . R R . SRR ARG
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Information Resource, TAIR, https://www.arabidopsis.
org/) F# 12 4~ AtCRF & [1(AtCRF1/At4g11140,

AtCRF2/At4g23750 , AtCRF3/At5g53290 .
AtCRF4/At4g27950 . AtCRF5/At2g46310 .
AtCRF6/At3g61630 . AtCRF7/At1g22985 .
AtCRF8/At1g71130 . AtCRF9/At1g49120 .
AtCRF10/At1g68550 . AtCRF11/At3g25890 H
AtCRF12/At1g25470)N LR T4, )\ Phytozome
B % (https://phytozome-next.jgi.doe.gov/) T #
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T 2 B R K FE AR B .
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OB R T A F
1.3 BUMRE ZREWIHF

¥ OsCRF % H M EILR ¥ 5 i A Expasy
ProtParam (https://web.expasy.org/protparam/) ¥
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X ZE (A 2 11951 . N Phytozome U4 72 T 2K
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i A\ TBtools #f4, #EAT R S5 H Y PTHAL
L5 BEshFoh

FEes OsCRF [N B E iR 11~ ATG I
Ji 2 000 bp ) DNA J¥41, ZJ5% A PlantCARE
I 3k (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) FM AR FH oG, G de Al 0
F OB B A AHOCH) T, IFiEE TBtools %K
PR HAE G 3+ B A AT T Ak
1.6 BZEREGHFLETRIREER D

TE/KREFER FER 5% RED (http:/expression.
icdr.org/index)f; & OSCRF J:[H , 0 5% HAE A
arE A g BRSO . B R R
BIRIAERE . JHIE IS AR R AN D ) rp i 2Rk B
T T A B0k 1Y B of B O R S Ry R B

(fragments per kilobase of exon model per

Fz 1 qRT-PCR S FTFHS4

million mapped reads, FPKM){H, £ log, bnifEfk
JE 2 2 W RIS . K AR 3R 38 1 Ei s e
RiceXPro (https://ricexpro.dna.affrc.go.jp/) T %k
OsCRF AERTERIYIM R ABA, KK CK L
Je JA G PR S 5L BRI 7 B , AT Microsoft
Excel 203U R I 2 AR &
1.7 EEYMIB THRERX D

F NCBI ## % (https://www.ncbi.nlm.nih.
gov/) N #/KFELEY 38 (GSE67373)!8 | ik
18 (GSE144566)" | T 2} if1 (GSE74465)°11
e 38 (GSE109617) P 1% st 4 I e 44t
FE L OsCRF 2 [ 1% 2 145 7 H 4l FPKM 5 T-4>
B 9 e SR 1 T RS 12U reads (reads per

kilobase of exon model per million mapped reads,
RPKM){f, i A TBtools #f4Hl B HIA]

1.8 4B T OsCRFs FiAHER BRI R
£ 2 PCR (quantitative real-time PCR,
gqRT-PCR)%& iE

AR 2 FBKRR(H ARSI 4T 4 °CY%
AL R, 24 hJExbH BT AT O . ]
Jb e aEYH AR A BR/A F] EasyPure® Plant
RNA Kit #2HCE RNA, DLtk ok #8554l i 2
TransScript® One-Step gDNA Removal and
cDNA Synthesis SuperMix 2 % 53815 ¢cDNA
DL OsActinl YENINZ:, Bt BEEES 1519
(% 1), FIFH TransStart™ Top Green gPCR SuperMix
#E17 qRT-PCR 5240, FiR#RAES# Ui B 43
AT Romimad 274 B R I IR B A X R

N 1=}

k.

Table 1  Primers used in qRT-PCR analysis

Gene name Forward primer (5'—3’) Reverse primer (5'—3")

OsCRF1 ATTTGGGGCTGTCGTCTCTG GACGAGTTGCAATGCGACGA
OsCRF4 CTGAGGGTCCAATTATCCGTAA ACCTTACCAAATCAGGTCACAT
OsCRF5 GCAACCAGCAGCAATGTTATTA GCCACCACCATTTACTACTACT
OsCRF7 GCTTTGCTTCTCCTGCATTAGG GTCAACACCACAATGTCACAACT
OsCRF9 GATTTCGATGGGCGCTGTTC AACGCATCTGCAAGCCTAGT
OsActinl TCATAGGAATGGAAGCTGCG AGGAGCCAAGGCAGTGATCT

http://journals.im.ac.cn/cjben
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2.1 7k CRF RIEEFAMEEREFT

=

=SS

WU R I+ CRF 25 )7 41 5 7K Fef B R 40 28 1
FERHEAT A HL BLAST FeX}, 45 H 4k e 15 3
9 4~ CRF L [H, RIS A TEKRE 7 AU ek
2 1 SRak EafiE, N34 3.
5.6.7.8 M9 SREI EEEH 14 CRF A
Bl o N5 G Bem 9, % 5 I 3 AR IR i 44
54 OSCRF1-OsCRF9. #|H Phytozome (¥ 2
Xf 7K AE CRF JE R 4 M5 B T TR R D k.

&2 KTECRF RIEEEMFIER

OsCRF % [K 1) DNA K JE7E 9393 467 bp Z [i],
Hrh OsCRF8 1741 i 45, T OsCRF9 Y751
K. CDS KEETE 726—1 143 bp Z[8], M
J& OsCRF4, 4y 241 NREEMR; K&
OsCRF2, %t 380 N2 FEFA -
2.2 CRF &EBM% F5 b3 R ARF &5
o

FIH Clustal X Z A4 X ARG 77 F1 /K FF ) CRF
EABIT 2RI, I AR A,
K1 s, B AP2 S5fik =z 4h, FTA R AtCRF
1 OsCRF &R A 1 AMRSFI) CRF 454438, i
— UL TR BERIR 9 NIRRT CRF &Kk

Table 2 Sequence information of the rice CRF family genes

Gene name  Gene ID Chromosome Start End Gene length ~ CDS length  Peptide
(bp) (bp) length (aa)
OsCRF1 LOC_0s01g04020 1 1746 415 1748549 2134 1017 338
OsCRF2 LOC_Os01g12440 1 6813713 6 815 546 1833 1143 380
OsCRF3 LOC_0s01g46870 1 26 734 013 26 735516 1503 900 299
OsCRF4 LOC_0s03g60120 3 34192416 34 193 650 1234 726 241
OsCRF5 LOC_0s05g25260 5 14 662 778 14 664 671 1893 846 281
OsCRF6 LOC_0s06g06540 6 3067 708 3068 737 1029 1029 342
OsCRF7 LOC_0Os07gl2510 7 7139 565 7140 775 1210 849 282
OsCRF8 LOC_0s08g27220 8 16 620 170 16 621 109 939 939 312
OsCRF9 LOC_0s09g13940 9 8199 883 8203350 3467 957 318
CRF domain AP2 domain

AWCRF10 TGP ! A S - - - - KVPKPRE] SRS INEPSMVE

AtCRF12 DSL PBA , PRRVK- - - - - - - -

AtCRF11 ILKT! PYATRYSSSEEBE- - - - - - - - RSERRE- - - - - - - -

AICRF] -- - - Rl LRI SVTBP YATBSSSBEBEEVCFBALS TKRRRVE- - - - - - - -

AICRF2 THQT

AICRF3 @KSLKKVST CYTEPBATESSSBEBEE- - - - DFLFPRRRVK- - - - - - - -

b
........ B 550 wm 5o I

1 PIEFFFKIE CRFEAHZ FFI LT
Figure 1

&: 010-64807509
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Multiple sequence alignment of Arabidopsis and rice CRF proteins.
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2.3 7K#% CRF EERBLERS ZREW

F| F Expasy ProtParam 1. H. X} 7K CRF %
T B I SR AR B AR S R AT S0 A B (3R 3).
OsCRF % 1Y% T £ 30.33-40.51 kDa 2 [i]
OsCRF1., OsCRF2. OsCRF3. OsCRF6 LA}
OsCRF9 S AL T 7, MRl 4.48; H
4 44 CRF EEAMBLEEH S 7 UL, s
1021, MAEFNZERAEE, OsCRF HEH M
ARERREBIET 40, WA AR EER . [H
i, Brfi CRF AR IRA TR ECER/NT 100, H
SRS {E (grand average of hydropathicity,
GRAVY)/NTF 0, ] OsCRF & (34 MAgAEPEE
JKHE M, 72K CRF IR &bty , Joiml
Lth 5w, N 46.15% (OsCRF1)-61.41%
(OsCRF4) , H W & o 2, &5 2021%
(OsCRF7)-37.87% (OsCRF1), #RJ5 &AL fiisk,
17 9.36% (OsCRF3)—16.99% (OsCRFS), B
Fe A A, AUH 2.37% (OsCRF2)—6.73% (OsCREFS).
24 CRF EEMARRHUXENS

FIH MEGA #4: LA JF MK RS CRF
I 24 B IR 7 A A R G . BT 2 AT
F i, OsCRF8 5 HiAth CRF 5 £ 4 ¢ R,
L F—A-Bph 5332, AR CRF & A 43

&3 K¥E CRF ZEEMBEUSHE ZREWY

2 MR, WK1+ CRF %%, A 84
AtCRF 1 6 4~ OsCRF & [, H/KFE IR I+ Y
CRF Zr5lJE T 2 1332, RUIZW KT CRF
R EA — MR Rk REIH A
& 4 > AtCRFs F1 2 4~ OsCRFs, 2 /K#H CRF
% 1 (OsCRF1 #il OsCRF9) 5 #lFi I+ AtCRF9 7% %%
KRB, —FHMT 1 415 i AtCRF10,
AtCRF11 il AtCRF12 fi FH 40 1 My
2.5 k¥ CRF R ERFEW

FE DRI S5 76 43 B8 PR L3 G5 45 TR T 1y
WG ZFEVE . AR A T K A A ik PR 4 3 R S
4, %t OsCRF J:H YA TN & Fa5 1T
ToFr. WK 3 R, KAE 9 4 CRF L 1 2
X IH 1 e TR, OsCRF6 Fil
OsCRF8 G dF & 15 X (non-translation region,
UTR)/¥41 ; OSCRF7 A% 5'UTR,{H 54 3'UTR;
OsCRF1 il OsCRF9 (1) 5'UTR X5 N & T ¥4,
HE#ERZBENGFRE, Xd/& OsCRF9 %
DNA JPhlKm A, Hae 4 AEEHE
(OsCRF2. OsCRF3., OsCRF4 % OsCRF5)f 5’
i A 3 A A L AR EAER UTR X, DLk
LRI, OSCRF LA 7EdE (b FE v = A T 5%
F P Z e

Table 3 Physicochemical parameters and secondary structures of rice CRF proteins

Protein Molecular pl Instability GRAVY Aliphatic ~ Secondary structure (%)

weight index index Alpha Beta turn Random  Extended

(kDa) helix coil strand
OsCRF1 36.53 4.75 58.83 -0.526 61.66 37.87 6.21 46.15 9.76
OsCRF2 40.51 4.83 57.78 —0.322 71.39 29.21 2.37 57.63 10.79
OsCRF3 31.54 4.48 64.35 —0.404 59.50 28.09 3.01 59.53 9.36
OsCRF4 25.49 10.21 59.87 —0.421 68.92 20.33 5.81 61.41 12.45
OsCRF5 30.33 9.72 68.12 —-0.579 61.32 29.89 3.56 56.94 9.61
OsCRF6 36.46 4.85 65.86 —0.432 65.18 26.32 5.26 51.75 16.67
OsCRF7 30.60 10.12 90.17 —0.664 70.67 20.21 4.96 60.99 13.83
OsCRF8 33.36 9.15 69.00 —0.568 63.04 22.44 6.73 53.85 16.99
OsCRF9 35.68 5.36 51.80 —0.606 75.41 33.02 4.72 46.23 16.04

http://journals.im.ac.cn/cjben
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— Clade I

AtCRF12

AtCRF11 =

® OsCRF8

—

0.1

B2 HEIFFKTE CRFEAMAZHELXR
Figure 2 Phylogenetic relationships between Arabidopsis and rice CRF proteins. The OsCRFs were marked
with black dot.
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Figure 3  Gene structure of rice OSCRFs.
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2.6 7K#E CRF ERFE IR AER T2
CRF LN 2 2 5HYig &5 5 g Ak
A E AN R T AR OSCRF 2 [H ] g
AP diae, WS 3 X R AE oo
AT T 0 M (E 4). 18 OsCRF Z:H (R 31 FIX,
RILT R A S N oo, Hod
ARHIB A ABA I Gl ABRE, MeJA I
WG CGTCA-motif 5 TGACG-motif, B/~ 7K
i CRF JE R 7E X 2 PR 15 538 i rh R 4 —
ERVERT A, 53R 0 S B F iR A A
fib 3% 2% (4 e N T, A EE AR K R o Y o 1
(TGA-element, AuxRR-core). 77%% 2 Wi/ oG
(P-box . GARE-motif) DA & 7K 4% B2 i W JC 1F
(TCA-element). JEA=HHraa o oG AF 32 24 IR
AT ARE. TR2iFI0F MBS, KN
e LTR FAI5 0 6 WUN-motif, ‘&14]
AN LA T34 OsCRF KL (1 I 8 71X .
2.7 K7 CRF ERE RIRZ= RTiXE

M RED ## F #ok 54 CRF LI ZEAA]
E R FGREE, 2HZRERAERE 5).
ZE R IR, 4 D3 [H (OsCRF2, OsCRF3, OsCRF6
5 OsCRF8)TEA -4 H A 3 LRI,
Mmsh 5 AREEASRZEHHIE —EE
ik, HERFKFEAZESR. OCRF7 HRikT

41V 1B R4 R LA s OsCRFS ZEF -+
Rk, HIREEFEE MRS,
OsCRF9 £ i A M F Rl B i 1) 46 17 Hh 3Rk 1
% . OsCRF4 il OsCRF1 R AEHEET
HAt EH, Hh OsCRF4 7E it hrh ik &
I s T OSCRFL 7EFR AT ALY . JFAEI 1Y)
UL RB RS, TS5 TKHE
AR E B, LRSS REN, KFE CRF 3
NP REES S EMAER LTS EE —ERN
2.8 ARIMELET OsCRF EEBFIE
B

H5EIEH, CRF REINBEW AN T ZFIEY)
WMENG S SE K, W OsCRFs &7
i O 2R AT, ASHIFSE 3 A e 2R S RS d
AT TOKFERE bR RIS R 5 DT
ABA 4K ZE | CK il JA AbBRF 1y ik 481k .
BARRTE , AR LA R A BN A R
FXARRAHE . OsCRFL 3R K/KEE ABA.
K EA CK X 3 F R A5 A KRR
1E JA AE3E W RIS TS EARE RN RER
##(E 6A). OSCRF4 7E ABA AbFE 3 h J5 Rk it
TR, EREE R K JA LGP Z
J IR Y Rk e A ()32 4 T R (&] 6B). OSCRF5

OsCRF3 1— +— 8 1 I ABA responsive

OsCRF6 —H i—t f —i—il Anaerobic induction
osCRF? —HIE—H—1H—H1HH1—1—1+H1+—1 i I Drought-inducibility
OsCRF5 i fl } = g I MelA responsive

OsCRF4 ] | H—1i+i1 81— I 1 ow-temperature responsive
OsCRF7 — - —4 —i1 i HH — I SA responsive

OsCRF! —}—1—i14 i 44—k Auxin responsive

OsCRF9 —H—HHH4+—1—0—1 i Gibberellin responsive
OsCRFé?Sr | [ i+ “3’ I Wound responsive

0 200 400 600 800 1000 1200 1400 1600 1800 2000 (bp)

B4 k% CRF EE B zFXEIR=IERTH

Figure 4 cis-acting elements on the promoters of rice CRF genes.
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e - o + @ ©® (OsCRF? ® 2.00
4.00
. . e » L + QOsCRF3 . 6.00
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— * OsCRF6
= . OsCRF8
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OsCRFY9
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5 k¥ CRF EREBHELARIEER

Figure 5 Tissue expression patterns of rice CRF
genes. Panicle-1: The panicle 7 d before heading;
Leaf: Mature leaf; Panicle-2: The panicle 7 d after
flowering; Shoot: 7 d seedling shoot; Root: 7 d
seedling root; Seed: Mature seed.

Fil OSCRF7 7E R ALHE T Ay ik HA 0
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Figure 6 Expression patterns of rice CRF genes under phytohormone treatment. A: OSCRF1. B: OsCRF4. C:
OsCRF5. D: OsCRF7. E: OsCRF9. Cy5: Cyanine 5, Cy3: Cyanine 3, ABA: Abscisic acid, CK: Cytokinin, JA:
Jasmonic acid. * and ** represent significant difference at 0.05 and 0.01 level, respectively.
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in color patches denote FPKM values).
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