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Abstract

Light and temperature are critical environmental signals for the regulation of plant growth
and development. Thus, plants have to properly sense and respond to changing light and
temperature conditions in surrounding environments. In particular, as global warming
intensifies, adaptation to changes in ambient temperatures is considered as a crucial issue
that has direct impacts on plant survival and reproduction. The suite of morphological and
architectural changes induced by elevated ambient temperatures are collectively referred
as thermomorphogenesis, in which representative phenotypes include elongated hypocotyls
and petioles in seedlings, stem elongation, hyponastic leaf growth, decrease in leaf
thickness, and early flowering. Plant red and far-red light-sensing phytochrome B (phyB)
acts as a temperature sensor and phytochrome-interacting factor (PIF)-auxin signaling
module is known to play critical roles for plant responses to high temperatures or
thermomorphogenesis. Especially, PIF4 is well-known to be a key transcription factor for
regulating responses to high temperatures in plants. In general, phyB acts as a negative
regulator of PIF4 at optimum temperature but phyB is inactivated at higher temperatures,
which increases the protein stability of PIF4. Consequently, the accumulated PIF4 induces
thermomorphogenic responses by inducing the expression of genes involved in auxin
biosynthesis and responsiveness. PIF4 is regulated not only by phyB but also by a key
component of the circadian clock, evening complex (EC), constitutive photomorphogenic
1 (COP1), and elongated hypocotyl 5 (HY5). Recently, PIF7 has also been reported as
another essential transcription factor in regulating high temperature responses in plants.
In particular, as PIF7 is known to play important roles in shade avoidance responses of
plants, it is involved in the regulation of thermomorphogenic responses under shade
combined with high temperature conditions. In these conditions, PIF7 is dephosphorylated
(i.e., active form) and induces the expression of auxin biosynthesis genes. In this review,
we intend to summarize the function of phyB and PIFs for the regulation of plant responses
to high temperatures.
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=, A9 7Rl F8AE FHga UV-A 4 % 2|5k= L& E 23 (phototropin)@ I3
E I E(cryptochrome), 24 9 %j.’ﬂi%o A5}kl HES5H= Jfo|EIE(phytochrome)o] ATt
[1]. So]EZEL F& H19o] AM(600-700 nm) L Y= ”(700—750 nm)}& Al F 74
Fel, EZA Pr FHi(red light-absorbing from) % 32“3 Pfr Fel(far-red light absorbing
from=Z ZA3HH2]. Pfr 84 Pl YT S]] 25t 3gHEHphotoconversion) E& 12
Z0l14 @x8Kthermal reversion)olgt Bal= 2k 227 esio] doju} pr B2 Fej7t
HH3,4]. Pr 823 Fele Aol £Aok= v, Pfr €4 Fei= S0 o)Esto] ok Asd
RIAetY] AoAReS Bof R ¥dS 2t o, molEIE 45821 Hphyto-
chrome-interacting factor, PIF= 583t o] ASHGRIAZ OP%EH%*é(skotomorpho—
genesis)& FASHL FFE P d(photomorphogenesis)E FAlok= 715= W
WN(Arabidopsis thaliana) BBA1E= AA7IA] 859 PIF(PIFI—PIFS) 017\]-7]- E_J_Q glon o]
E£-2 bHLH(basic helix-loop-helix) TRl 7HA AARIALOITHS], Wl 2704 PIF 9IAR= Pfr
FH9| mo|ETFZ A Q] A4S Sl QAR o|F FHIFES H 268 ZEEoRE H=
£ &0l E3iErte,7]. PIFS] &/ HEet ofet 2%, HAAA|, &, 121 of7] AE 3229
A= Alojxl= AoE UTHHS]

2L Az T IR ofLjet Aeld B 9 220 FY0 o] JFL i, 53]
A7 Lxdobt Aakgol ufet 3 L dslo] thet 2192 Aj20] At WAl HPHe G
3

HR= F95 FAIZ 79EnH9]. AlEo] Hole 1.2 vhg/dS 7o) FEishy ¢ 124 HslE
FHkk=t], ol& BAste] I12FHEA B EFEHFA(thermomorphogenesis)©l2hal gick
(10,111, H7PPdehe] A%, i2olA SRS (hypocoty) Tt WA (petiole)d] /d7do] Wet Zol7t
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Fig. 1. Phytochrome-interacting factors (PIFs) in plant growth and development. PIFs are involved
in the regulation of plant growth and development, such as germination, leaf and stem growth,
flowering, senescence, and so on. There are 8 PIFs identified in Arabidopsis thaliana, and their
functions are regulated by various external (light, temperature) and internal (sugars, circadian clock,
phytohormones) signals. In particular, PIF4 and PIF7 play important roles for the regulation of plant
responses to high temperatures.
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ZAojA| 2L QIR A E3E Q9] I E F7HAI7 1= A hyponastic growth) =3
g, 9)(cotyledon)olH (rosette leave)Q] W& A WslA] ], ol I2FeHF Ao
5] A8 RS 25K Flo] ofde} 7]#-E0)2Ql P WSS fieslo] T20fA] Aokd7]
| 23t FEE HEe Aoz oA, 121
| EFEB(phyB)= B8A0lHA @ #A]7(thermal senson) 2% 71551 ol= Wit 2%
A5 A2 AEoA WHsHA dfElo] itk A AARITH13,14]. AAZ 2t 25k 354
O= phyB9] F#gt Y FH3 B WshAA Tl 7 Mot RE1, o] 24 (shade)
2004 PIF QIA] 715 2EZ o]ojZict. 12004 phyBi Pfr £4 FeoflA4] Pr EZA Fei=
Zgho] 71&551E] 1, o]{gt phyB 715 Astof 2Jsf PIF4 ©hEo] Z&E] o] S-41(auxin) AJTHA
A 5 BA AR EES SR Ak og 1122 Al ARt STiAA ShfE A
o E108itt o= PIF7 E3F T2004] shfs 2 YT A 248 B4A]] 98-S ok
Ao He4lri4,15,16].
B =HojME 12 AA2A9] phyB 7153 A1E9] T-2FEg 4] 2-QIAK1 PIF4 € PIF7|

ofgt y20jx19] AEo] Y 9 e 2 IS AABHaLA} gitt

2

¢

tlo

1. 8487 phyB(phytochrome B)0| 2J&t Al29| 112 HIZM XX

AE0] AW 9 AAY F=8A|Q] phyBe 3 AAETE opet 25 AlA =2 2-83to] HE|9)rt
[13,14]. o|d phyB9] Z3ls+2 E4491 A3 thermal reversion)°] F23+ F =
AA =R, &, Pir €4 FH2] phyBe @402 EQPYsto] gl Astglo] 2% o4 1
Pfr-to-Pr Ho] Qlsfl Pr B2/ FEIE M= FHS AP ol8ste] 2LE A5 s
4= Qlrt. ofuf Pfr-to-Pr A% HI&-2 A5k HLl(0-30%) HollA 227t S2p7Hd Blgdo=
S7RRItH12]. 53] Pfr-Pfr S5°IFA =AY phyB vl Mo 24/ A vlgo] w2} S7isiaL
250w} Zragith o]2gt phyB THAS] 24 #dk= shlE AR Egtolo] A1E9] 12
933 wiZRRHH4,17]. webA 2571 S21E phyBE Pr 224 dE Hl&o] S71sH =,
oli= phyBell 2J3t PIF4 24 A7} A3tsl= 2TE Zsto] 2189 12FHFdo] A7 &
AcKFig. 2).

o7 tiollA 20T F2f H]sf 30T 12914 phyB2] 8 W photobody(PB) 7|7} Zo}A| 1L
G HAago] ERIEgleH, o] M2oflA BBl 95l phyB2] & Wf F2o] AAGe 24 ]
o] EoltEx= A& AARITH14]. E3t phyB] &SRS T+ TGAR dojdrh= 22 T4 =H,
Pfr-Pfr &olgAolA Pfr-Pr o]EolFAIRY] GHSHET} Plr-Pr ol Fo[=A|oA Pr-Pr &0l
Az o] FAgto] FHTlo] oI5t Pfr-to-Pr HEHECTH #9] 1008H wi=A] &gl AA=ATH18].
oo 429] £ 2k A5 phyB2 EHEHPfr-to-Pr)S 7I&3tot, olE 5dll 4d phyB
/30 oJsff PIF Q1A E&/Jebr} A=A A=) 12 EF vhgol fE 4= ITH19L
ojuff Wojli= FH3tof| 9Jgt Pr-to-Pfr A} BHEKPfr-to-Pr)ol W 33 B (photoequili-
brium)of| oJsf A wlo]E=F tiH] Pfr /4 HIE{(Pfr/Piw ratio)°] 2788 4= Ao, 22 24
Bt} 712 XA Pfr/Pw ratio?} H4ste] PIF Q1A &4do] Ati&oz &4 |42 4= Ut
dhofl= gg 9 48 25 Pfr 4 FejollA] Pr E84 RS Ago] o]Fojx|7|of|, 1.2
ZZ00A] Pfr-to-Pr Zgto] w24 Lojukal Pfr/Pyw ratio”?} Bl% WA F4d=lo] PIF QAF E4do]
o =4 {412 4= Stk w2bA phyBe A3 A5t Pfir 84 FEi7} THEoiAH PIF )IAE
E2/3H AlA A=) P B2 Feoke W, 12 27ojlA= Gigto] o3t Pr E24
FHEY] Hglo] wi2A Uofut PIF QXS] EL/Jel7} HASHHA] PIF QIAlol| 23k S41 4393

i
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Warm temperature Cytoplasm = Nucleus _
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Thermomorphogenesis

Fig. 2. Regulation of PIF4 by phytochrome B (phyB). Under daylight with optimal/normal temperature
conditions, phyB undergoes photoconversion from the inactive Pr form to the active Pfr form. The
photoactivated Pfr form translocates from the cytoplasm to the nucleus, where it interacts with PIF4
and induces its phosphorylation, leading to the subsequent degradation of PIF4 via ubiquitin/26S
proteasome pathway. Under warm/elevated temperature conditions, phyB undergoes thermal rever-
sion from the active Pfr form to the inactive Pr form, which significantly reduces the translocalization
of phyB into the nucleus. Consequently, PIF4 degradation by phyB is reduced and the accumulated
PIF4 induces expression of downstream target genes, which contribute to the thermomorphogenesis
in plants. PIF, phytochrome-interacting factor.

A SRS B Ao S TAR A2 A2BHIA 3ol miE & k. 28
2 12PEQ) AEe] FHEFE Sk $8% F 3 &% A2F phyB F8AIE 01831
AL & U=F Mokd Aoz oA

2. M=0| 112 HIZ2M XTHO| ZAQIX} PIFA(phytochrome-interacting factor 4) 7|5

ollMe dit 250 i A5 WA 2EE F5-8AQ phyBE B3l AAISIAA, To|E
A7 STAEIRE IRl PIF4 GA| FASHGE ofe} AE9] 123 H34 Bk 249 34
HARIAZA 2H5gto] BI1E|QItH4,15,20]. PIF4E= bHLH HARIAIZ theket 519 4-24te] ihed
= A A ST, olE B9 A9 ohilE 9 AR AP R TRt ARt
o] ofgtth21]. £3] PIF4 IRk= 2004 Wdo] oA M A1&9] 12834 vk R
St 71so] B ltkFig. 3). ol2fgt PIF4 QIAe] 23t 112 ¥k 2dol= A9 BAAA
ZZHIAIQI ELF3(early flowering 3), ELF4(early flowering 4), LUX(lux arrhythmo) S2& ¢
/3%l EC(evening complex)°] 9sf F=Ho] deFltH22]. ECe A0 A=Y FAAAE =
Aok 84 F SR IEA qlon, o]&2 2004 PIF4 §4Ae] AAE JAIRc). ELE PIF4
A QFFAdo] ELF3 &4 sfollA] Ro|= Zlo] &afA itk et 12 27dofAf= ECY A
% o<l ELF3°] BBX18(b-box 18) % XBAT35(xb3 orthlog 1 in A. thaliana)?}: /& 2RE851
SH| ARSI B3t Bafy} o]FofA, FEH o= ECo o3 A= PIF4 544 wdo] S71=H
A S4% PIF4ol o3t 129 12 §k3/do] FrEtH23].

PIF4 Q1A 755 Xdoll= 3384 o] Qo] FASHERIAEC| Hofgto] HAEQ=H], of7]o|
= AE9] F "k3A ZHo| Fofdl= COP1(constitutively photomorphogenic 1) ¥ HY5
(elongated hypocotyl 5) ©éi&o] Fa3F AghS 3ty COP12 E3 ligase /8< H-RotL 91O
o, o] gl= oF 204 FFHFE 289 I FARIARI HYS 62 wofichs 92 skl
ol 2 AA ltH24]. wHHol|, A29] Hlo] 9l RAok= F-8Aol 2J3F COP19] B84
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Optimal/normal temperature Warm/elevated temperature

ELFSTLC o -

\
ELF? -

LUX m

Fig. 3. Regulation of PIF4 by a key component of the circadian clock, evening complex (EC). At
optimal/normal temperature conditions, ELF3 reduces the protein stability of PIF4 and forms the
EC with ELF4 and LUX. The EC suppresses the transcription of target genes of PIF4. Under warm/
elevated temperature conditions, ELF3 interacts with BBX18 and XBAT31/35 and undergoes degra-
dation via ubiquitination. Subsequently, the protein stability of PIF4 increases, and the suppression
of PIF4 by the EC is released, which in turn allows PIF4 to bind to the promoters of target genes,
ultimately mediating plant responses to high temperatures (i.e., thermomorphogenesis). LUX, lux
arrhythmo; XBAT35, xb3 orthlog 1 in Arabidopsis thaliana.

siel xR o502 Qg HYS ZARIAZL Bafj=]A] ¢kal & vof Z2=wA Fefdde
FEshe AR EdS @5 "ot ol HYSE 1.20] QJsjiz whao] frEw 241 A4
o Folske YUCKYUCCA 8§ 47 22 e Agoh= PIF4 IRt AAste] PIF4o] Jsf
Z2As= oF9] fAA HAE Ak 7150 BAE|9ITH25]. ESE 12 2704 COP19] Slo=z
9] o}5go] EoH| L HYS BellE £-T 4= 9lZo] BAHTH26]. wbA 1204 COP10]
o= oFate] HY5 QIAE oA 4= 3L, o= HY59] 23t PIF4 JARRE-Z AAIA PIF4
S THAFICRA, A8 T whA/FHHBA WS ok HokFig 4). Iz
COP1& HY5%%t ofy2} ELF3 &sfol& #ofsh, o|5 &5l ELF3°] &J3t PIF4 JAIE sAIAZ
4= Qlt}. &, 11.20] oJ5 Ho g Eoi7k COP1L PIF4 ARG HY5 W ELF3 52 Esigto 24
PIF4 B43& ZHA711, oI5 B3l 241 Al Bofeh= YUCS 59 f4A wel 28E 53
L2 A(IAA, indole-3-acetic acid) 229 9Jst Zo|JA 5o] Fed V2P Hh-go| Yet

LA .

3. PIF7(phytochrome-interacting factor 7)0f 2Jgt AlE9| 12 HISM XX

PIF7 ZAARIAR: Eeff A159] SA13]5g(shade avoidance)oll #ofol= 208 d#izloH, &
A 2 e sk FHE o S0 41 A E v KA TEE 2T
Z GEA ATH27l. SHEAE AE9] SA30Y vhee] BAPY 12 §HA BHY2 A

H w3 Fo] ZA|9} 11-2-F FAlol| Aot Z49] 271E EH 0 & AP Hr} shls:
Aol Bi& T 7ot =Rkl HarE|glow, ofuf Z2|9}F 1204 REF ZEsk= PIF7] o]
HP S Aokt 583 AARIALE AA=AH28].

53], 212904 PIF7 mRNA 452 W}s1A] okl ehildl aanto] Z92 08 F7lehes W=
HrH15,29]. o= A200|4 PIF7 mRNAS] 5'-H[HIEL](5' -untranslated region)oll TFE014]
+ hairpin 20 gJsf HYo] AA|== ¥H, 1-20] &Jsf mRNA 22} 27} HEPE|0] hairpin
TF27F £, oF B9l Y Exlo] fE]7] fjZolcKFig. 5). ol ¥H PIF7 THld 22
YUCS A A4 93 rIReEHN A1E9 12 §HAdE HilsHA Eck

e
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J Thermomorphogenesis

Fig. 4. Regulation of PIF4 by COP1 under high temperature conditions. In the light, COP1 is
translocalized from the cytoplasm to the nucleus. On the other hand, under warm/elevated tempe-
rature conditions, COP1 enters the nucleus and induces the degradation of ELF3 and HY5, i.e.
two representative inhibitors of PIF4, which make PIF4 active. Consequently, PIF4 induced the
expression of YUCS, a key enzyme for auxin (i.e, indole-3-acetic acid, IAA) biosynthesis, inducing
thermormorphogenic responses including elongated growth of seedlings. PIF, phytochrome-interacting
factor; COP1, constitutively photomorphogenic 1.

Optimal/normal temperature Warm/elevated temperature
JL— = ! PIF7
PIF7 mRNA PIF7 mRNA* =
Ribosome Ribosome

Fig. 5. Regulatory expression of PIF7 under high temperature conditions. At optimal/normal tempe-
rature conditions, a hairpin structure is formed in the 5-untranslated region of PIF7 mRNA, which
inhibits its translation. Thus, thermomorphogenic responses are not induced in plants. On the other
hand, under warm/elevated temperature conditions, the structure of PIF7 mRNA is modified, in which
the hairpin disappears, resulting in PIF7 translation. Consequently, PIF7 induces plant responses
to high temperatures, including hypocotyl elongation.
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10 i femshe el el ) 253 WS DEAolekn i, N 52

o fEoIMe] Loldl tiE3 AR, 2] 4%, %) Bl Holxe A, 9 T
2, 27) ek o) mabsick. ojuf A129] A ZHshe ol E2ER(phyB)7t L AN
28, o|E2E ABAEAMPIF)-S A auxin) AT BE0| A20] LGPl Fa
o38g She Ao LeiA ik 59, PIFA: AlZe] 18 w4 2aske 94 AR 2
A Sick AUHAOL phybis 3 SO PIF ) 8 24 TS AT, el

2Lo|A= phyB7} HIE4dS}E] o] PIF4Q] Thilid Qbg/do] J7Isitt Aatdos 4% PlFd+ &
Al Agd 9 9kgAdo] Tl At 59 HEE FEsto] “DS’J 12 9-8/3E ResHA Hot
PIF4 QIAR= phyBaEAE oyt AAAAY F8 74 8491 AY E3HA|(EC), COP1(constituti-

vely photomorphogenic 1) ¥ elongated hypocotyl 5(HY5)°1 M= ZA= o=
PIF7 QIAME 112 ¥k 4o B 4 AARIAE EuEQie}. §9], PIF7 URk= A&2
=4 31 §kgo] 583 AT Sk ASE LA Mo, SAet 20| 9 AHH ZxiA
I2FE P k3] Aof| Hofgith oj#tt 2AA PIF7 QIAk= BRI o] 243t FEj7}
HH, o= SAl A FAF 59 HEE ARt £ =RolAe 489 12 W 2EoA
phyB ¥ PIF QIAHE9] 7|52 Q9FstalAat etk
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