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METABBERZRREFEM FIALHICE

Z#, XNHAR, Bk, ZM, BRF, 2H, FRYE

PN KRR ZRE, SHERMIEY 2 TEMEARRE, SINESSERRROLEALRE, 51 550025

WE 9l B et 3 5k R 9878 6] Ul 7 7T (Arabidopsis thaliana)ff i A B #1555 B 14 (152 0w, DLET A= B4 (Col-0)Ff 7

Pl T IE ML TE AL N AR, T AN G BT 328 41 )% Al & il (35°C) R i & o phyB S8 A48 f b 1& B 7E 1 6 A 40 06 3 5 R AR IR
(15°C)RIE R (25°C) R A&, WA IE B AE R H.(35°C) R K » phyCoE A fA R -1-3% B 7F bk 6 35°C LA 11 R0 e I 3R 355 R
Ko phyDEkphyEZEA8 fRFh 1% R AEGIR (15°C) MG HE(25°C) N B R, MANE R SR (35°C) PRk, &AL LR
W%, TIAE RAE BIG ML Rk . 5P A S, phyB. phyCHIphyD #5838 f i T 1] 6532 2 J6iR M & B8 /1, Tiphy AN
phyE RSB AFN 7 AW ROLIRIE A B8 H1. 45 b, SRR SRR R 98748 S ECM T8 &5 IG5 IR3E B e AR, @i

L e A O A € 2R S B T R T A B RO AN ) A A PR AR S 1 1

X e OR, MR, Mk, O, R, EFIERE
T, XIFR, Biui, R, HRT, ZH, ZRE (2024). BFETFOCRE R R AR50 & HOG R BUR . YR

59, 752-762.

W FF AR EE RS, 3SHEERSEN
3-13°C, 4H/9-20°C, 5H N14-25°C, H ¥
fIC T 1E ¥ Fh ¥ 85 K (1 3& 5 IR BE (temperature, T)
25-30°C, A A2 BRI B SR VR Bl i R 3 22
B 1o X T BT, SR FIREEE2 cmbl b
B, BRI SEHE L g IS 2, BRIBLEE AN, TR
PhrEgk, HIGRAESZBAER. Bk, #F76RE
YA T RO T SO B A T R A By

Yt Hi (i & (phytochrome, Phy) &4k —35 &
HPERAR, TN (red light, LA RIFRR)M
T4 t(far-red light, LAUFRIFRFR)MIZLAL, RENSIESZ
HAE 5= 5 MR 2 Fh A O R (9 52 S5,
2019). 7E4LFg 7 (Arabidopsis thaliana), Y&
FREE R AL 554 B 2 (phyA—phyE), A1 73 44T
Kk (1) phyA; () phyBFiphyD; (lll) phyC; (IV)
phyE (Alba et al., 2000; Sharrock et al., 2003). 74K
HOG A BBl HT &, e R 2 K phyARTphyB

Wi H 391: 2024-01-15; #5252 H#1: 2024-07-14

S/ ] (Shinomura et al.,, 1994, 1996); 14k,
phyC. phyDAHIphyEt 2 54571 & (Hennig et
al., 2002; Franklin et al., 2003; Dechaine et al.,
2009; Strasser et al., 2010). £ {5 & 742 1 -1
By R, phyARIERBEIAEE T (M1 85 %, phyEf€i
FEVS IR EE T B FR 71T A T phy B il ) 22 5K 5
BN (Heschel et al., 2007). 4K, WFE R
phyB7R RN S A5 5, 9Ll 5+ 117 % (Pisku-
rewicz et al., 2009).

R B e S HE B 1. 2016 4,
Science “HRHEH " WA T BT ZLIRIZ
. FEM T, CA B R Y] phyBE &R 1E 5
BRI R, AR (BRI %) B K (darkness, LA
T RIARD) A T WK B AT, phyBi SRR
AP L 1R, 3k T 2 2F Fh 5 i & (Arana et al.,
2017). {EfH %L (Nicotiana tabacum)H, 20°Cik iR 45 14
TOGREEE I R A, fEDS& A T 30°C it B 2 41
FRFHE K (FE R4S, 2001). NtPHYBLH 45 3

BeTH: EK A AR 54 (No.32060512, No.31860420). ot/ A FHLTHRI(No. B ELGF- & A A (2018157815 ). St /M MMAIEY 7T
B PP S T H (No BSR4 v 51 #[2023]008 )l 5 1 44 1 45 2 AR D e AR Ml 7 p 256 % 93 H (No. B4 #4[2023]0075)
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AR FEAS 5, R 45 0 P 7 R, 7R AR IR [X ]
(<15°C), i FEHIHIFh 78 A, JefE 5 i1 T
i 7EIE IR (£125°C) X [A], 5 FE AT DA 5 08 5 o
K, MeAE 5 AE RS T, 76 &R X [ (>30°C),
Fh-F I R SRZIMIR T OG5 S 2 5 (FIRES, 2022).
SR, YEBUEE 3R R B =2 BN SIS 5 1A
EERF A RATIANERE -

HREA BRI, gtk
KV 326 AIR B R 4%, Pe-Pfr B 35 1%, 1M Pfr-Pr
Pr-Pri R B 4% v, RATFRA] R IH 30 4 % v i 3%
Ag T i FE R 4% Pfr-Pfr 21 Pfr-Prif) 4% tL 45 2218,
2 Pfr-Pr|Pr-Prif) 47 L 21V id (Klose et al., 2015;
Halliday and Davis, 2016). Y&t 254 i i fI3E P
KPR AR 22 57 B, fESRD %
£ phyE & 14 K ~F e s, 1 phyD I 1 7K ST 82
fiKo phyBAER PG AT s, MAEFR NI MK 4L
fiCo MbAk, Jaftn 3 50 A TR A B B — 54k,
phyB/phyC . phyB/phyD 5 phyB/phyE, H. 7E ft /b
phyB#1 4L, phyCrIFEEE M~ % (Viczian et al.,
2021). JE4E3K, Chen%(2022)F 5t & B1, phyBi it it
ST PR Prie) AR BN LR AR A 5 .

gr b, G R KRR A ThRe > 8%, AU
Tk 3 A A A R 35 A 2 S M AR /R SR R KR
B A B OGRS SRR TR TR 2 . R,
AW B 2 3 T7 22 0 i, DAAUL R O B AR R
phyA. phyB. phyC. phyD#IphyE A fAFl ¥ AL 56
MRE, W LEHAE12F iR PR RN E S, Hh
EPED. Ft(white light, LA fEIFEW). FREIRPYFH
5T AT REALL b E AN [F)REG S5 A TN RO R A L, 2RI
7 B -5 645 5 B BRI B (Casal and Jorge,
2013). #%&FF15°C. 25°CHI35°C IFk il & n] 4Dl ff 1
A HBFEMKEEAE T R K IR (Footitt
et al., 2013), i A TP X B i FE o 1
. JE It 2 R 5 2 5 Hrphys & B BRI & TR
SRR MR E R, BERSEBERK
i3 TR] A %o 400 R I T A R T N P PR S

1 #HR5EZE

1.1 SEIadHR
AT 5T i FH B R P64 kLU R T (Arabidopsis thaliana

D et W Tt R AR MR T TR DGR BURTE 753

L.), & B4R (wild type, WT) Col-0 (Columbia-0)
L phyA—phyE L RAGAAM B, phyA (B ZR5: Atl-
g09570; F4 k%5 SALK_020360C). phyB (3£
%5 At2918790; RAAY 5 SALK_022035C).
phyC (JEPH %5 : At5g35840; RALALH 5 : SALK
057517C). phyD (%:[H%i*5: At4gl6250; KA1
‘5 SALK_027956C)FlphyE (3£ [ %i5: At4g18130;
RAFR Y5 SALK_092529C) ) 148 M 52 4 5 44
BHE A RA FSE . BT SRR R 2 PCRYE &
A Al A TR ().

12 SWHE

1.2.1 Wit

DN FUSE IR AL L 6 5 R ot HU R I R R RS
PASCEATZ M IAR BAE R, Sk 3 &k, HE A
N6, 3 HIAWT KphyA. phyB. phyC. phyDAl
phyE B4 Fh 75 S A L ELFGA/KF, 30 W
D. FRFIR; A A HE3/KF, 43 51°415°C. 25°C
FIB5°C. JE i Lh i 6 K B A7 7E 1 2Rk il 244
BRI R 2258, AT HIERIRIRN . SRR . Sk
7 PA K BATT 22 160 ) AR 2508

122 BHARE

A AR 2 7 AR A FT I O R R B 7 VR (B IR A,
2022). 4i—HRWBOGR B — SR, KB R OR
TFLEACHKMTEMA R, FHRIRITH G, T#iEa
1 FH 0.5% it B2 H 1 0O Fob - 1247 1573 b 1A v 2 A0 2,
FZEK B Pk, 2R HERR. REHIH
JELR TR IR Sy, % H . BCHi0.8% M B igE
W, FFEATRIE R KE . B KRG RERE B R
N9 emEEFR L, WIVESRIE R ZFIR. N T IRIESEES:
PR FENE, FEANACERR3IRE S . R E A H 1004
B, FFLL10 x 10RL AR 35 50 A5 1% 72 B IR 3R
. 285, FEEFRIBCELEN TAMBEEF, FAE
Heliospectra RX30 (Heliospectra, Fii it )i & A~ & f)
IR, FHRHR R N80% . o AR B A B Ak 1 B AR
SR IfE o ANIEDE I AR WA AR,
688 76 B 9201.6-235.9 pmol-m™2-s™; R K K
660 nm, 3t [E68.08-97.60 umol-m2s™"; FRIJ
WK K735 nm, JtiETEHE1.67-2.33 pmol-m™-s™,
EZJETRF, GeitFp v B ag RGO, AR IR
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Gk R RN 1 b, LR B BN BEAT
Giit o BT A I b v AR SRV L I AT
e Rl LLS4R A7 R B AT et 704, DA
IRIGHEAEE R .

1.3 HigshiE

FExcel¥ {4 144, #|HIBM SPSS Statistics 25
BAF AT G . IR M FEfR R, AAREM
FEEERIAL . SERANGE . N T VPR D AR
£ VLR EATT 18] () B b Wi R IR s, FRATTR
— Lk 1A (general linear model, GLM)H 14 A
TR, HAEAINESE AT 2 R R Z 0. H
, JEDRVRY IR BEAND BT DL EAN T T8 A AT RE Y H
YRR A A [ 72 R K H Duncan’s 2 8 L2 70 it
6 I R RLAE 1 2Fh A 85 T IR K 22

2 ZR5Te

21 PHYsERHERES HAEMFIHLNIIEE
=3
oL s RR W, phyARBARFIF7EW (15°C. 25°CHI
35°C)FIR (25°CHI135°C) N i & % i 3 iy T ¥y £ 7Y,
FEFR (15°CAHI35°C) N i K % i 1K T BF A B (A,
C, D). phyBRA{AHMT1E35°C (WHID) T &&= T
AR, MAE15°C (WAHID) Nk 52K T B 2R 7
(1A, B); 7EFR (15°C. 25°CH135°C) N i & % &
m T AER(EMD). iR R, phy Ak FE0R
TFAEFR (15°CHI35°C) T HIHA K 2 FFAK, 1fi phyBik
K S ERFAEFR (15°C. 25°CHI35°C) K i & H T+
5 1£35°C W'F, phyAsiphyBH i S 80k 18 & %
Thi; #£15°C WR, phyABsk S8R 185 & R T+,
M phy Bk & FHUM 11 K& ZF#(IK. phyB&A T 3Fh1
#£35°C D R K # S+, MifE15°C DR R F K.
phyC oA AFh W (15°CHI25°C). D (15°C.
25°CAHI35°C). R (15°C. 25°CH135°C)FIFR (15°C.
25°C f135°C) T My K % 3% m T AR B, T 7
35°C W Rt & % 587 A A 0 8 3% 2% 72 (E1A-D).
phyD R4 A FfF7£25°C (W, D. FRFIR). 15°C (W
FID)FI35°C (DFIFR) A K 2 0 3 vy T B AR 2 (1]
1A-D). phyERZ4AFT-7E25°C (W RFIFR)F115°C
R T K2 B2 m T AR, £35°C FRTFH

R 2 F LT B A4 B (K 1A-D). K phyCHtk 5
FORPFAEV RO IR AR (BR35°C W) FIIHT R K T+ .
phyDk 2k S8 fl 7 7£25°C (W, D. RAIFR) R85 &
R I M phyEG R S8 M7 #E25°C (W, RFIFR)
FAF N IETR T .

2.2 PHYsREFMFHELZNESEM
W45 R, 7E12F0O6 IR IR B T Fh 1 57 & 1 41 1)
BIERI phyAfphyBE B AE R R E Z R, (HE
i1 & 2 /N F phyC . phyD 1 phyE (P<0.001 &,
P<0.05) (%1), #¥phyC. phyD#phyE7E4s % f 1
i R I AR AR T B R A K, T phy AT phy B 2R 748 %
T R AR S T B RZ I A tiphy C . phyDAIphyE
3%, phyCHIFN R 2 KT phyDFIphyE, #iBAR
B 16 AP RE HH phy C 9 AR A i1 (14 A 745 T S A B o

5y 4 Y (Col-0) P11 A Kk 26 4E15°C (W, DELR)
MI25°C (W) EE T IR KA, 17E35°C (W, DL R
BUFR)IAEE N HHI/IME(FR2). BRI R, B4
H(Col-0) A& Ri35°C (D W. RHMFR)IIE, HiFE M
15°C (W. DAIR)F125°C (W) 5.

phyAZR AR Tl -1 1) # K R AEW (15°C. 25°Ca}
35°C)MIR (25°Cal35°C)IHe T & 2 iy T HF A Y, 1
fEFR (15°CH(35°C) ¥ T R (L T ¥ A M. HAE
15°C (WELR)M25°C (WEKR)IFEE F H IR KAE, 1
7£35°C (W. DEiFR)MI25°C (FR)FFEE T i 3iAkME
(#%2), RHphyARZBMAERNR (15°C. 25°CHI35°C)
W, AERNFR (15°C. 25°CHI35°C)H s, i MW
(15°CH125°C), ANi&EMW (35°C)FID (35°C).

phyB J& A5 B 1 (11 K FIEFR (15°C. 25°CHk
35°C)M135°C (WELD)F L T & v TEF AR, TfiifE
15°C (W/D)#EE BT8P 4E 8. HAE15°C (W, D
BR)M125°C (W)IE: I H LA, MifE35°C (W
D. RE(FR)IEE T H B /IME(R2). LHiRLEF R,
phyBR A A &R 15°C (W. D. FRHIR)HI125°C (FR
AW)IREE, ARiER35°C (W, D. FRFIR) 5.

phyC %R A% f Ff - (1 8 & % /ED/IRIFR (15°C.
25°Ca35°C)FIW (15°Ck25°C)I i T i 2 /T 5
AR, HAE15°C (WEER)HI25°C (WELR)FF 55 T HBI
W KAE, M7E35°C (W. D. REGFR)IEE T H LA
B . LA 25510 B phy C 98 748 44 B3 3 fR 35°C WEA AP
IR A5 .
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Figure 1 Effects of genotype, light, temperature and their interactions on seed germination in Arabidopsis thaliana
NS indicates no significant difference; *, *** and **** indicate significant differences at 0.05, 0.001, and 0.0001 level, respectively.
Different lowercase letters indicate significant differences among the treatments (P<0.05).

phyD S A Ff-1- [ & K 7E25°C (W. D. Rk
FR). 15°C (WEkD)A135°C (DEiFR)¥# 1% T &&= T
AR, HAE15°C (W. DEER)AI25°C (W)REE T H
P KA, MiFE35°C (W. D. REGFR)FEE TN HHK
/ME(F2). DL 455100 phyD 98 748 f A3 i& )9 35°C
(D. W. RFIFR). #i&15°C (D. WHIR)F125°C (D-
WAHIR) 85

phyE RAS A& 1 # K % 1E25°C (W, REFR)
M15°C (R)#EE T &3 m T AA, MAEFR (35°C)
HE N B THAEM, HE15°C (WHR)FI125°C
(WELR)IFEE T H B E, MifE35°C (W, D. REk
FR)PREE N H B ME (22). LL_E 45 H 35 B phyE 528
AANER35°C (D W RFIFR)M %, &R 15°C (W

FIR)A125°C (W. RFIFR)MEi(#£2).

ZE LR, phy AR T B0 10 RIS 1 AE 250
JO7 P 38 5, S FRIA B 1) AR 2508 B ek 55, phy Bk 2k
SEM TSI (15°C) M H . (25°C) FFRATW I 5
AR S IE B I 5 . 7E i T, phyARIphy BRI A= 74
TN L . phyClR 2 SR T & R FRW 35°C
PAAN G IR IR . phyDAIphyE B2k 5 kb 17874 i
(15°C) & I (25°C) A5 v (1 A 25 1 o 1 5 sk 1 4,
T i (35° C )R HH 114 AF 25 18 B 14 B A1

TEAZHCALFET, 6 I R AR 1 % 1) 26 (] 548
RKIVARMWIG 2.3 7 5, (HEA1¥EE & TFRAID
FAF o TEASSICREBETR, 603 R BUFh 71 Ak i 4 1)1
HRIA15°CHAT T 2% = T25°CHI35°C. £



756 fEYEM 59(5) 2024

R/OEFA, OUIRANR A E R H N ZE R

Table 1 Comparisons of mean difference within the genotype, light, and temperature treatment

Source | J Mean difference (I-J) P-value Standard deviation
Genotype Col-0 phyA —4.12 0.069 30.15
phyB -2.87 0.104 24.32
phyC -16.98 0.000*** 30.61
phyD -10.42 0.000*** 28.95
phyE -9.28 0.000*** 31.18
phyA phyB 1.25 0.682 27.13
phyC -12.86 0.000*** 32.44
phyD -6.3 0.01* 31.10
phyE -5.16 0.03* 33.22
phyB phyC -14.11 0.000*** 27.29
phyD —-7.55 0.000*** 25.60
phyE —6.41 0.046* 28.13
phyC phyD 6.56 0.000*** 30.46
phyE 7.69 0.000*** 32.73
phyD phyE 1.14 0.060 31.67
Temperature 15°C 25°C 8.75 0.000*** 29.72
35°C 55.76 0.000*** 29.99
25°C 35°C 47.01 0.000*** 29.21
Light Darkness White light -8.89 0.000*** 29.79
Red light -12.55 0.000*** 29.99
Far-red light 16.13 0.230 30.11
White light Red light -3.66 0.272 30.18
Far-red light 25.02 0.034* 29.67
Red light Far-red light 28.68 0.000*** 28.79

¥ ORI IR AR 4E0.05. 0.01/10.0017/KF % R B3 .

*, **, and *** indicate significant differences at 0.05, 0.01, and 0.001 level, respectively.

ARG TR 1- 4 8 R IONEWHRIR F D AIFR R B3&E B
WA FEA I T RUR R A RIS T HEIE K. 16
35°C Rl PRI T, P50 ot - 11 114 55 M B e B
R o AN SRR R R (35°C) i FRIFEE T,
KAL) R AL, YW T A1 AN B AE35°C K
FREAM NI R, HAEMImIAEE T, Sl iR RI A
RO b8 K AR R AEAE FIRRUN Z 57

2.3 PHYsREFMFEAXBESHRS

WEFL S5 SRR, phy AZRAR {4 15 B AR R b1 i %6 2 )
3 2 5 (P<0.001), H 32 6 HE (S 5 w2
(P<0.001), =HFEAEA H A (P<0.05). S5phyAss
ARARIEALL, phy E T AR 1A L B A= B 1 i 2 AR R 2
7 5 (P<0.001), H 52 J6HE EAS 5 158 2L &2 (P<

0.001), =#FHAF1EAZ HAEH(P<0.05). S5phyAfiphyE
RAKAIE, phyB. phyCHlphyD 545 i Ff-1 i & %
HAR 5 B A RUTEAE 22 573 (P<0.0018% P<0.05), {HF A
MEYRES = F B LR E LERN. Ak, phyC
RAFR BT 5 6 A7 7E BAE(P<0.001), H5 X H
PERLNL(#3).

RS R K, phyAFIphyEFE [K 948 1] g H: A
S PR A e E S, MiphyB. phyCalphyD %A%
R maFl 7 1 e iR B A e ), LR phyCRAE )5,
Tl 7l A AUA BB OGIRE AR, 1 H5 M
HAEHAE R,

24 WHieE5%ie
P8 & 46 T WK 1k T RAR 5 i (Finch-Savage and



2  physil G AT A S 2R T EE K

et WA IR R WA T IR DGR BURTE 757

Table 2 phys regulates seed germination in response to signals of light and temperature

Germination ratio among
different genotype (G)

Environmental combinations of light and temperature

Significantly higher than wild type

phyA WT15, WT25, WT35, RT25, and RT35

phyB DT35, WT35, FRT15, FRT25, and FRT35

phyC: WT15, WT25, DT15, DT25, DT35, RT15, RT25, RT35, FRT15, FRTzs, and FRT35
phyD WT15, WT25, DT15, DT25, DT35, RT25, FRT25, and FRT35

phyE WT25, RT15, RT25, and FRT25

Significantly lower than wild type

phyA: FRT45, and FRT3s

phyB WT45, and DT15

phyE FRT35
No significant difference

phyA: DT15, DT25, DT35, RT15, and FRT25

phyB WT25, DT25, RT15, RT25, and RT35

phyC: WT3s

phyD: WT35, RT15, RT35, and FRT15
phyE: DT15, DT25, DT35, WT15, WT35, RT35, and FRT15

Maximum

phyA: WT4s, RT15, WTgs, and RTas

phyB DT45, WT45, RT45, and WTys
phyC WT15, RT15, WT25, and RT25
phyD DT15, WT45, RT45, and WTos
phyE: WT4s, RT+s, WT2s5, and RTas
Col-0: DT15, WT15, RT15, and WT25

Minimum
phyB: DTss, WT3s
phyC: DT35, WT35
phyD DT35, WT35
phyE: DT3s, WT3s
Col-0: DT3s, WT3s

phyA FRT2s5, FRT35, DT35, and WT3s
, RT3s, and FRT3s
, RTss, and FRT3s
, RT35, and FRT35
, RT3s, and FRT3s
, RT3s, and FRT3s

IR (TR N AR B RN 5, BRI (D). AYB(W). ZDE(R)FLZE L (FR) 7 2R 65 2%

The subscript numbers of temperature (T) indicate the temperature conditions; darkness (D), white light (W), red light (R), and

far-red light (FR) represent the light quality conditions.

Leubner-Metzger, 2006; #Alg5 %, 2021), & %%
FE )25 i ) B I 46 (B IRUER 55, 2023). D6 AT B 2
PN EEIAE R T, 755 E (Lactuca sativa), %L
AL I+ 5 R I T O iR EAE R R R LR
(Borthwick et al., 1952; Arana et al., 2017; ZEJR4E
&, 2022). B BRI EA RIS BV IR R F& 15-20°C
(Wei et al., 2020). 7£20°C. D&M FEER I A
HPET100%, H{E>27°C. D&MF R & EM PR %
0], 5774 B R RIS AR Z PN, HAE
32°CIf 5 A RHE SR T FH ) O3 AN FE I 2, ]
A3 I B 52 HEARE R B o i B 4R T 31 34°C (Saini
et al., 1989). A HLFh 71 & i B i AL Y 2
25-30°C (EE 5%, 2009), wmiKiEE A8°C, &
IR 2 940°C (EM 2 F3E L, 2008; F B2 55
2009). E20°C &1 T WHE I M E P78 &, 1M 4ED
26 AT 30°C 1 Tt B2 W 5k 4100 ok 0K 5 o W K (48 R A
S, 2001). f0hFE T MR T IE B R K I iR FE T [ 2

22-28°C (Qian et al., 2023), &AL E N10°C (5K
B 5F, 2007), i 40°CH 40 I Bl 5 A Be B K
(Qian et al., 2023). 15°C/23°CAZ & il & b F w1 5
ARG TR 1B R B B (Arana et al., 2017). A&
WEF IR R BURIR P FIDA B Tl S+ M ik, A5
BN FEAF A, 12705 ] B PR W B R 5 K i R
35°C T A U B T A 7 A B EIE ], HERA
Frift— 2ot

ROMT (20 ) G i Ak B8 AT () 5 495 it 32 Ak 26 o1
KA IEAEH, 1FRAD & i K 0 F 7 85 &
(Wilson et al., 2014; Arana et al., 2017). A5
KU, 0 I 8 LN EWHR T BDAIFR
FEIE B A FEV BT R R AN AR EE N B3
Ko AR TAZEMF1E =il (35°C) DERFRM 8L T,
RFRI I PG, UL I M AN & B AED A iR
(35°C)EkFRZ& M T &, (AR AT LYk D 2% A1 X 40,
BT AR A DB R E A R R
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|3 AR SGIRONIR B R TR T R AR A 2 R K 0 2 b
Table 3 Multi-factor variance analysis of the interactions among genotype, light, and temperature in the regulation of seed
germination in Arabidopsis

Source Il class sum Degrees Mean F Significance
of squares of freedom square
phyA  Light 15567 3 5189 209.187 0.000***
Temperature 38280.25 2 19140.125  771.606 0.000***
Genotype 304.222 1 304.222 12.264 0.001***
Light x temperature 7754.083 6 1292.347 52.099 0.000***
Genotype x light 1510.111 3 503.37 20.293 0.000***
Genotype x temperature 285.194 2 142.597 5.749 0.006**
Light x temperature x genotype 598.472 6 99.745 4.021 0.002**
phyB  Light 4195.819 3 1398.606 65.051 0.000***
Temperature 32368.583 2 16184.292  752.758 0.000***
Genotype 147.347 1 147.347 6.853 0.012*
Light x temperature 3413.972 6 568.995 26.465 0.000***
Genotype x light 670.597 3 223.532 10.397 0.000***
Genotype x temperature 524.694 2 262.347 12.202 0.000***
Light x temperature x genotype 239.861 6 39.977 1.859 0.107
phyC  Light 6708.819 3 2236.273 118.217 0.000***
Temperature 48960.194 2 24480.097  1294.102 0.000***
Genotype 5185.014 1 5185.014 274.098 0.000***
Light x temperature 3795.139 6 632.523 33.437 0.000***
Genotype x light 1587.028 2 793.514 41.948 0.000***
Genotype x temperature 67.819 3 22.606 1.195 0.322
Light x temperature x genotype 259.639 6 43.273 2.288 0.051
phyD  Light 8161.597 3 2720.532 138.137 0.000***
Temperature 42934.194 2 21467.097  1090.008 0.000***
Genotype 1953.125 1 1953.125 99.171 0.000***
Light x temperature 5383.361 6 897.227 45.557 0.000***
Genotype x light 181.708 3 60.569 3.075 0.036*
Genotype x temperature 715.75 2 357.875 18.171 0.000***
Light x temperature x genotype 80.25 6 13.375 0.679 0.667
phyE  Light 10177.944 3 3392.648 183.662 0.000***
Temperature 47446.583 2 23723.292  1284.268 0.000***
Genotype 1549.389 1 1549.389 83.877 0.000***
Light x temperature 5985.306 6 997.551 54.003 0.000***
Genotype x light 528.611 3 176.204 9.539 0.000***
Genotype x temperature 3100.861 2 1550.431 83.933 0.000™***
Light x temperature x genotype 334.139 6 55.69 3.015 0.014*

* PRI I K ORTE0.05. 0.01F10.001 /K FZE RT3,
*, **, and *** indicate significant differences at 0.05, 0.01, and 0.001 levels, respectively.

AL, HIEEACTr 2O AR BT, Pir-Pirlfs AZLEAZRNR, THEPIr-PralPr-Prif A2 LEAGRIE .
Wk, TPfr-PrilPr-Prig A B4 36 1, RAMFRANGRGE SN IR B AR 8 2 01 B 4 9 IR 7T B 4RO o6
WG S P B4R, T B2 1 4% Pe-Pfr 2 Pfr-Prifi e SO ZIE TR AR S,



1EAE AL I, phyARIphyB#7ED K #1
%, HAiphyBr R S A 2. O B AT DL A
phyAF1 phyB ) 7% 2 F1 % J5t 5€ 157 A\ T 5 Wil 48 47 Ot i
R phyBE £ RIGERZMF MM 7k, 1
phyArs £ B )5 EFRE& M T e 3 M-+ 55 & (Shino-
mura et al., 1994, 1996; Vaistij et al., 2018). iRLIEIF
5N phyAfR R 711 &, FEA BT phyE IEA¥E
TR T phy B I 1 SRk [ 5k 922 (Heschel
et al., 2007). 7EubEEAE B, A 50K BlphyAs & 5
Rl T AEFR T AR IR AT 5 IR 2% 4 R B R R BRI
phyB# & T EUF FIEFR T PRI A = 25 1
N R FET R, HIHFRT phyAEE R & ifiphyB
IR FHA A, R phyB{E R A A7 L& B IR
FEIX 8] . F&phyARiphyB 2 4b, 68 2 H e pl i
phyC . phyD Fl phyE t 7E Ff 7 Wi & * & # 1E H
(Hennig et al., 2002; Dechaine et al., 2009; Arana
et al., 2014). {51, phyC ¥ 58 AR TEHEAPfr/Prit %
V6 ] P i Rk e T BT AR Y, B R phy Ci Y. ¥ 471
)18 5 R 784 % (Arana et al., 2014). AW 55t & B
phyCiik 2 F BUF F 76 1150 il 2% 14 (B 35°C W)'F
I & Tt i, 6B phy C 6 8 32 R -1 8 R A7 16 36
MR X 0] o BT L, physhl it 38 7 FF i AR
IR PR 1) 3G L, TR TR A IE R AR % AR
WL,

H R DL AR R R LR, CaEFRR
B phyB# & iR (5 5 RE U r 7+ #6785 K (Arana et
al., 2017), NtPHYBL5 & 3 A i B A 1 2 0 2
Rl 7l & (2RSS, 2022).9R1T, FiphyB4k, et
RRIEH TR AR ESGRGE 5 WM T
RABRIZ Hb o AWK I phy AR phy E 58 A8 44 il 1
W KRG B A RUFAE B2 22 5, Fh A RS2 AR B
5 55 FIRL M (P<0.001), LR 56 = # AR
HAEMH . HphyAfphyERZAARTE, phyB. phyCHl
phyD R AR Fh 1 A K 3 AR S B A AR AE 22 3, {HL
RN HEGET =F LR E BAERR. ko, phyC
KA T 5 iR FEAF1E BLAF(P<0.001), H5%TEH
PERORL. AT I, B 38 50 Jk R R AR W] RE AL 14U
B TR N B SO IRAE T IRE ), (H RIS
T R L R R A R ) v TR R AL N T AR
S HE— IR

FEEEER TR I T YA A UL R T R

PR WHIHOLROR R TI R KDCRBUENE 759

FAERZ HAR M, I8 BB 2 i A S B AN i 75
Pl IR EA BT 1 AT 2 B = R A T I R . TEAR
A=A, T I R R G B B Bk T
1 R B Bt R S BB RS B M, 7 AT O s A B,
WU RAN R E AR R R ke, @O0
FRRIIGL B 2% PR SR B b F AR A BRI K7 AR
IR, R T IR EAE f, IS m Al ik
REANFPRE RN A o 1 ARG BICEE 22 ol 8 45 b~ e A fi
AL A B, A BT R E S G0 MRS N R
AR, B IR A AR R

R T R A A OR RS SRR R
EIThREZ FEME . phyATRAR AR FIEFR T B K R4
I A, TAEW (15°CHI35°C) g &k E T =r; phyA
B S BUR T 5 & B E RIS, T AN E B FRIF 8
phyAZS AR AT i b7 B 45 6 845 5 10 6E J1 . phyB%
A5 ARl AEFRAI35°C (WEKD) N i & 2 % i T =,
MAE15°C (WELD) T i K B IK; phyBHk 2k S EFF
B R 0T FRAIE R 3G 5, phyB RS 184 GRS
SHIRESIE K . phyCORABRFN 1751150 iR 2% A (B
35°C W) T R Z 3T HRAL S 80Rp1 1 &0
YR ZHOCRIAELE RS R, phyCRAE S, FiFA
WABARESR, M SR E/EHRER.
phyD FlphyE 2 48 f4 it - 7£. 25°C AN [H] 6 i (R FRAN
W) T (8 e R Wik T, phy DBl phy ESt 2k 5 SR+
TEA TR (15°C) R H iR (25° C) PR 85 ) A= 253 o 1 3 ik
5, T 7E T (35°C) FR BT A A A S B 1 BRI
phyD €745 5 i Fi 1~ 5 6 5 5 1 RE 71, TiphyEZE
AT R ORIRE SRR . AT, e R
FIRBAAEA [RGB T &35 2 A AEH, HAESR:
e S A PE T IR IR E R 3 IR TR e A R RS
FEAEFEWSE . i, AE35°CRiRdfiE ~, REBOL
HRAERIFHA R ER¥EFEAEH; 1£35°C. FRUEL R,
FEHERNR B R A R EAE R, MRz . I, T#
F6 R R S B T T RE 2 FEVE A B T 0 S B
F 278 F AR IR IAEY) S b

e RHK=HA

B SCHERF LTI, RAERIRCE RS 63 X
AU DHTEURH S S CEEG Bt R, [
MEAZM: 25T R, S RE BT
VER, BB F T R IR R



760 ¥R 59(5) 2024

SE

Alba R, Kelmenson PM, Cordonnier-Pratt MM, Pratt LH
(2000). The phytochrome gene family in tomato and the
rapid differential evolution of this family in angiosperms.
Mol Biol Evol 17, 362-373.

Arana MV, Sanchez-Lamas M, Strasser B, lbarra SE,
Cerdan PD, Botto JF, Sanchez RA (2014). Functional
diversity of phytochrome family in the control of light and
gibberellin-mediated germination in Arabidopsis. Plant Cell
Environ 37, 2014-2023.

Arana MV, Tognacca RS, Estravis-Barcala M, Sanchez
RA, Botto JF (2017). Physiological and molecular mec-
hanisms underlying the integration of light and tempera-
ture cues in Arabidopsis thaliana seeds. Plant Cell Envi-
ron 40, 3113-3121.

Borthwick HA, Hendricks SB, Parker MW, Toole EH,
Toole VK (1952). A reversible photoreaction controlling
seed germination. Proc Natl Acad Sci USA 38, 662—666.

Cai SY, Liu JX, Wang GF, Wu LY, Song JP (2023). Regu-
latory mechanism of melatonin on tomato seed germination
under Cd*" stress. Chin Bull Bot 58, 720-732. (in Chinese)
BORAR, X%, EEK, RWIT, RILF (2023). #EEK
I 2 5% e 38 N B Fh TR R R AL M A 58,
720-732.

Casal JJ (2013). Photoreceptor signaling networks in plant
responses to shade. Annu Rev Plant Biol 64, 403—427.
Chen D, Lyu M, Kou XX, Li J, Yang ZX, Gao LL, Li Y, Fan
LM, Shi H, Zhong SW (2022). Integration of light and
temperature sensing by liquid-liquid phase separation of

phytochrome B. Mol Cell 82, 3015-3029.

Dechaine JM, Gardner G, Weinig C (2009). Phytochromes
differentially regulate seed germination responses to light
quality and temperature cues during seed maturation.
Plant Cell Environ 32, 1297-1309.

Finch-Savage WE, Leubner-Metzger G (2006). Seed
dormancy and the control of germination. New Phytol 171,
501-523.

Footitt S, Huang ZY, Clay HA, Mead A, Finch-Savage WE
(2013). Temperature, light and nitrate sensing coordinate
Arabidopsis seed dormancy cycling, resulting in winter
and summer annual phenotypes. Plant J 74, 1003—-1015.

Franklin KA, Praekelt U, Stoddart WM, Billingham OE,
Halliday KJ, Whitelam GC (2003). Phytochromes B, D,
and E act redundantly to control multiple physiological
responses in Arabidopsis. Plant Physiol 131, 1340-1346.

Halliday KJ, Davis SJ (2016). Light-sensing phytochromes

feel the heat. Science 354, 832-833.

Hennig L, Stoddart WM, Dieterle M, Whitelam GC,
Schifer E (2002). Phytochrome E controls light-induced
germination of Arabidopsis. Plant Physiol 128, 194—-200.

Heschel MS, Selby J, Butler C, Whitelam GC, Sharrock
RA, Donohue K (2007). A new role for phytochromes in
temperature-dependent germination. New Phytol 174, 735—
741.

Klose C, Venezia F, Hussong A, Kircher S, Schifer E,
Fleck C (2015). Systematic analysis of how phytochrome
B dimerization determines its specificity. Nat Plants 1,
15090.

Li ZH, Wang XY, Liu YL, Zhao JH (2022). NtPHYBL inte-
racts with light and temperature signal to regulate seed
germination in Nicotiana tabacum L. Acta Agron Sin 48,
99-107. (in Chinese)

ZiRE, LB, XI—R, BAE (2022). NtPHYB15 )
TS5 AR M B TR, fEY#ik 48, 99-107.
Piskurewicz U, Tureckova V, Lacombe E, Lopez-Molina L
(2009). Far-red light inhibits germination through DELLA-
dependent stimulation of ABA synthesis and ABI3 activity.

EMBO J 28, 2259-2271.

Qian WJ, Zhu YX, Chen QS, Wang SY, Chen LL, Liu T,
Tang HR, Yao HY (2023). Comprehensive metabolomic
and lipidomic alterations in response to heat stress during
seed germination and seedling growth of Arabidopsis.
Front Plant Sci 14, 1132881.

Saini HS, Consolacion ED, Bassi PK, Spencer MS (1989).
Control processes in the induction and relief of thermoin-
hibition of lettuce seed germination: actions of phytoch-
rome and endogenous ethylene. Plant Physiol 90, 311—
315.

Sharrock RA, Clack T, Goosey L (2003). Differential activi-
ties of the Arabidopsis phyB/D/E phytochromes in com-
plementing phyB mutant phenotypes. Plant Mol Biol 52,
135-142.

Shinomura T, Nagatani A, Chory J, Furuya M (1994). The
induction of seed germination in Arabidopsis thaliana is
regulated principally by phytochrome B and secondarily
by phytochrome A. Plant Physiol 104, 363-371.

Shinomura T, Nagatani A, Hanzawa H, Kubota M, Wata-
nabe M, Furuya M (1996). Action spectra for phytoch-
rome A- and B-specific photoinduction of seed germina-
tion in Arabidopsis thaliana. Proc Natl Acad Sci USA 93,
8129-8133.

Strasser B, Sanchez-Lamas M, Yanovsky MJ, Casal JJ,
Cerdan PD (2010). Arabidopsis thaliana life without phy-
tochromes. Proc Natl Acad Sci USA 107, 4776-4781.



Vaistij FE, Barros-Galvao T, Cole AF, Gilday AD, He ZS,
Li Y, Harvey D, Larson TR, Graham IA (2018). MOTHER-
OF-FT-AND-TFL1 represses seed germination under far-
red light by modulating phytohormone responses in Ara-
bidopsis thaliana. Proc Natl Acad Sci USA 115, 8442—
8447.

Viczian A, Klose C, Hiltbrunner A, Nagy F (2021). Editori-
al: plant phytochromes: from structure to signaling and
beyond. Front Plant Sci 12, 811379.

Wang SH, Huang CJ (2008). Effect of low temperature on
tobacco seed germination. China Seed Ind (5), 48—49. (in
Chinese)

ER L, FARIL (2008). IR 00T A0 71 K& .
EFlk (5), 48—49.

Wang SH, Zhao GK, Yang ZQ, Zhang HY (2009). The
impact of extreme temperature on seed germination of
tobacco. China Seed Ind (9), 52-53. (in Chinese)

Fe, BRM, BER, KLHE (2009). K o H
R HE R RSN, T ERNE (9), 52-53.

Wang YF, He HX, Zhang MS, Peng SW, Xu L, Yang XR,
Zhai X (2009). Effects of light, temperature and salt stress
on seed germination of Hongda (a tobacco variety). Seed
28(12), 19-22. (in Chinese)

EEFF, HAR, KWL, BHX, &, BAE, BX
(2009). 't | il 55 R R Joih 18 X £ 4% K4 o1 1 R R R
¥ 28(12), 19-22.

Wei SW, Yang X, Huo GT, Ge GJ, Liu HY, Luo LJ, Hu JG,
Huang DF, Long P (2020). Distinct metabolome changes
during seed germination of lettuce (Lactuca sativa L.) in
response to thermal stress as revealed by untargeted
metabolomics analysis. Int J Mol Sci 21, 1481.

e WA THCHt R R AT IR DGR BUEYE 761

Wilson RL, Kim H, Bakshi A, Binder BM (2014). The et-
hylene receptors ETHYLENE RESPONSE1 and ETHY-
LENE RESPONSE2 have contrasting roles in seed ger-
mination of Arabidopsis during salt stress. Plant Physiol
165, 1353—1366.

Yang LW, Liu SR, Lin RC (2019). Advances in light and
hormones in regulating seed dormancy and germination.
Chin Bull Bot 54, 569-581. (in Chinese)

BSL3C, XM, MER (2019). Hfa 5 5ME RER T
PRI R Uit et 4 54, 569-581.

Zhang HB, Liu P, Liu LH, Lan HY, Zhang FC (2007). Seed
germination characteristics and ecological adaptability of
Arabidopsis pumila, a Xinjiang-originated ephemeral plant
species. Acta Ecol Sin 27, 4310-4316. (in Chinese)
AL, X8, XLk, 2K, KESF (2007). iRk
/N B FF (Arabidopsis  pumila)fh 71 &8 & AR 2
TR AR 27, 4310-4316.

Zhao QB, Song P, Wang GZ, Lii B, Cao XZ (2001). Effect
of light, temperature and phytohormone on seed germi-
nation and seedling growth of Nicotiana tabacum. Acta
Tabacaria Sin 4, 29-32. (in Chinese)

R, RF, EE, Bk, EEHE (2001). o6, &, ¥
FON T WY R M A B AEAC B s b E A R 4,
29-32.

Zhao XT, Mao KT, Xu JH, Zheng C, Luo XF, Shu K (2021).
Protein phosphorylation and its regulatory roles in seed
dormancy and germination. Chin Bull Bot 56, 488—499. (in
Chinese)

BB, BYE, RER, BY), Pk, FY (2021). &
10T B R AL AE 0 5 7 AR B B R AL MR 56,
488-499.



762 ¥R 59(5) 2024

Photothermal Sensitivity of Phytochrome Mutants During Seed
Germination in Arabidopsis thaliana

Yan Luo, Qiyuan Liu, Yuanbing L{, Yue Wu, Yaoyu Tian, Tian An, Zhenhua Li"

Key Laboratory of Functional Agriculture of Guizhou Provinical Higher Education Institutions, Key Laboratory of Molecular
Breeding for Grain and Oil Crops in Guizhou Province, College of Agronomy, Guizhou University, Guiyang 550025, China

Abstract The phytochrome gene family play a critical role in mediating photothermal responses during Arabidopsis
thaliana seed germination. Here we evaluated the germination rates of phyA, phyB, phyC, phyD, and phyE single mutants
under 12 different light and temperature regimes, using wild-type (Col-0) seeds as controls. Our results indicate that phyA
mutant seeds germinate under red light but are inhibited under far-red light and high temperatures (35°C). phyB mutant
seeds germinate at low (15°C) and moderate (25°C) temperatures under both white light and far-red light, but not at high
temperatures (35°C). phyC mutant seeds show consistent germination across all conditions except under white light at
high temperature (35°C). Both phyD and phyE mutant seeds germinate at low (15°C) and moderate (25°C) temperatures,
and under red and white light, but not at high (35°C) temperature, darkness or far-red light. These observations suggest
that phyB, phyC, and phyD mutants may have impaired integration of light and temperature cues, whereas phyA and
phyE mutants appear to maintain this integrative function. Overall, our findings demonstrate that mutations in phytoch-
rome genes can modify seed germination adaptability to varying environmental conditions.

Key words phytochrome, Arabidopsis, seed germination, light quality, temperature, ecological adaptability
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Appendix figure 1 PCR identification of T-DNA insertion mutants in Arabidopsis
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Appendix figure 1 PCR identification of T-DNA insertion mutants in Arabidopsis
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Appendix table 1 PCR primer sequences

Gene name Gene number SALK number Primer LP Primer RP

PhyA At1g09570 SALK_020360C AGGTGGCAAGTATGTGGAGTG CCATGGACCGTAAACATTAGC
PhyB At2g18790 SALK_022035C CATCATCAGCATCATGTCACC TTCACGAAGGCAAAAGAGTTG
PhyC At5g35840 SALK_057517C TTAGGCTTACGTAGCTTCCCC GATGGAGCTGAGCATAGAACG
PhyD At4g16250 SALK_027956C AACCCGGTAGAATCAGAATGG ATCGGTTACAGTGAAAATGCG
PhyE At4g18130 SALK_092529C AAAGAGGCGGTCTAGTTCAGC TATCAGTGGTTAAACCCGTCG
Primer BP LBb1.3: ATTTTGCCGATTTCGGAAC

¥E: LBb1.3 NEITHEHRRETY
Note: LBb 1.3 is the best officially recommended primer

Bf& 2 PCR vtk %
Appendix table 2: PCR reaction system
Reagent Consumption (L)
£ mix 45
519 F 2
R 2
DNA 1

Mt 3 PCR ML
Appendix table 3 The PCR reaction procedure
Temperature (°C) Time
98 2 min
98 10s
56 10s 35 cycles
72 10 s/kb
72 2mim
4 Hold






