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SHORT COMMUNICATION

Synchronization of photoperiod and temperature signals during plant
thermomorphogenesis
Young-Joon Parka*, June-Hee Leea*, Jae Young Kima, and Chung-Mo Parka,b

aDepartment of Chemistry, Seoul National University, Seoul, Korea; bPlant Genomics and Breeding Institute, Seoul National University, Seoul, Korea

ABSTRACT
It is well-known that even small changes in ambient temperatures by a few degrees profoundly affect plant
growth and morphology. This architectural property is intimately associated with global warming. In
particular, under warm temperature conditions, plants exhibit distinct morphological changes, such as
elongation of hypocotyls and leaf petioles, formation of small, thin leaves, and leaf hyponasty that describes
an upward bending of leaf petioles. These thermoresponsive morphological adjustments are termed
thermomorphogenesis. Under warm temperature conditions, the PHYTOCHROME INTERACTING FACTOR 4
(PIF4) transcription factor is thermoactivated and stimulates the transcription of the YUCCA8 gene encoding
an auxin biosynthetic enzyme, promoting hypocotyl elongation. Notably, these thermomorphogenic
growth is influenced by daylength or photoperiod, displaying relatively high and low thermomorphogenic
hypocotyl growth during the nighttime under short days and long days, respectively. We have recently
reported that the photoperiod signaling regulator GIGANTEA (GI) thermostabilizes the REPRESSOR OF ga1-3
transcription factor, which is known to attenuate the PIF4-mediated thermomorphogenesis. We also found
that the N-terminal domain of GI interacts with PIF4, possibly destabilizing the PIF4 proteins. We propose
that the GI-mediated shaping of photoperiodic rhythms of hypocotyl thermomorphogenesis helps plant
adapt to fluctuations in daylength and temperature environments occurring during seasonal transitions.
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Text

The effects of environmental temperatures on plant growth and
adaptive behaviors are quite complicated. It is extensively studied
that plants respond to stressful high and low temperatures by
altering plant physiology and morphology.1,2 It is interesting that
small temperature changes by a few degrees markedly affect plant
growth and developmental patterns. These plant responses would
underlie the frequently reported alterations in plant morphology
and physiology that occur in response to global warming, an
ecological worldwide issue in recent decades.3,4 Under warm
temperature environments, plants exhibit diverse morphological
and architectural changes, which are readily recognized by hypo-
cotyl elongation, leaf hyponasty, and small, thin leaves.5–7 It is also
known that flowering is accelerated at warm temperatures.8,9

These thermoinduced morphological alterations are termed
thermomorphogenesis.6,7,10 It is widely perceived that the thermo-
morphogenic traits facilitate dissipation of plant body heat and
evaporative leaf cooling, contributing plant adaptation to warm
temperatures.7,10

A large set of molecular genetic and physiological
approaches have functionally identified thermoresponsive
genes and established associated molecular mechanisms gov-
erning plant thermomorphogenic hypocotyl growth.6,11–13

The PIF4 transcription factor plays a central role in thermo-
morphogenic hypocotyl growth. It is activated under warm
temperatures and transcriptionally activates the expression of

the YUC8 gene encoding an auxin biosynthetic enzyme, lead-
ing to hypocotyl elongation.6

Interestingly, accumulating evidence indicate that thermomor-
phogenic growth is mediated by daylength information, reaching
its peak aroundmidday under long days (LDs) but at the endof the
night under short days (SDs).12,13 It is known that the E3 ubiquitin
ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1),
which functions in light signaling,14 conveys temperature infor-
mation to hypocotyl thermomorphogenesis.11,13 It is therefore
anticipated that plants would operate distinct molecular mechan-
isms that monitor daylength information to shape the diel
rhythms of thermomorphogenic responses under fluctuating
photoperiod and temperature environments, which frequently
occur during seasonal transitions in nature.15,16

Plant growth hormone gibberellic acid (GA) is known to
promote hypocotyl growth. Five DELLA proteins, such as
REPRESSOR OF ga1-3 (RGA), GIBBERELLIC ACID
INSENSITIVE (GAI), RGA-LIKE 1 (RGL1), RGL2, and RGL3,
are major repressors of GA signaling in Arabidopsis.17 Previous
studies have shown that the DELLA proteins suppress hypocotyl
elongation by reducing the protein stability and DNA-binding
affinity of PIFs.18,19Meanwhile, it is known that DELLA proteins
play crucial roles in photoperiod-dependent plant defense
responses.20 On the basis of the physiological functions of
DELLA proteins, it is suggested that DELLA proteins are also
involved in the photoperiodic rhythms of PIF4-dependent ther-
momorphogenic growth.
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We have recently reported that the light signaling mediator
GIGANTEA (GI), which accumulates to a high level under
LDs,21 acts as a distinct molecular chaperone in stabilizing the
DELLA proteins at warm temperatures,22 which are otherwise
rapidly degraded through the gibberellic acid (GA)-mediated
ubiquitination-proteasome pathway. Notably, the N-terminal
domain of GI, which harbors a chaperonic activity,23 interacts
with RGA. It is likely that the chaperonic activity of GI either
protects DELLA proteins from the as-yet unidentified ubiquitin-
proteasome pathways or facilitates the formation of active GI-
DELLA complexes. DELLA proteins, such as RGA, act as
a suppressor of PIF4 function.18,19 Therefore, the GI-mediated
stabilization of DELLA proteins causes the suppression of PIF4
function during hypocotyl thermomorphogenesis, leading to
a relatively low thermomorphogenic hypocotyl growth in the
nighttime under LDs. In contrast, under SDs, GI accumulation
is reduced,21 leading to the reduction of DELLA proteins and the
resultant elevation of PIF4 function.

Notably, recent studies have shown that GI regulates the PIF
activity at multiple levels.24,25 Consistent with this, we found
that the N-terminal domain of GI directly interacts with PIF4
(Figure 1). On the basis of the enhanced stability PIF4 proteins
in GI-defective mutants at warm temperatures,22 it is envi-
sioned that the N-terminal domain of GI triggers the degrada-
tion of PIF4 by recruiting E3 ubiquitin ligases, which is in
contrast to its role in stabilizing DELLA proteins. Notably,
the BLADE-ON-PETIOLE proteins (BOPs) form an E3 ubiqui-
tin ligase complex to induce PIF4 protein turnover.26 Thus, it
will be worthy of investigating the potential relationship
between GI and BOPs during thermomorphogenesis.

What is the physiological relevance of the GI-mediated
photoperiodic rhythmicity of hypocotyl thermomorphogenesis?
It might be functionally linked with the GI-mediated flowering
promotion in Arabidopsis. While Arabidopsis flowering is pro-
moted under LDs, it is delayed under SDs.27 The two distinct
GI-mediated processes are likely to be metabolically associated
with each other, and, as a result, saving metabolic resources by
attenuating thermomorphogenic hypocotyl growth would facil-
itate flowering acceleration under LDs.

It is also notable that the GI-mediated regulation of PIF4
function provides a molecular clue as to an external coincidence
model underscoring hypocotyl thermomorphogenesis.28 It has

been suggested that hypocotyl thermomorphogenesis actively
occurs when plants simultaneously perceive warm temperature
and timing signals.13,28 In this signaling scheme, the phyto-
chromes are inactivated at warm temperatures, leading to ther-
mal activation of PIF4,29 while GI conveys photoperiodic
information to attenuate PIF4 activity (Figure 2). The photo-
period-temperature signaling crosstalk would be necessary dur-
ing seasonal transitions, when the synchronization of daylength
information and temperature cues is often interrupted.30
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e1739842-2 Y.-J. PARK ET AL.

http://dx.doi.org/10.3390/ijms14059643
http://dx.doi.org/10.3390/ijms14035312
http://dx.doi.org/10.1093/jxb/erp196
http://dx.doi.org/10.1093/jxb/erp196
http://dx.doi.org/10.1104/pp.112.208298
http://dx.doi.org/10.1073/pnas.95.12.7197


6. Franklin KA, Lee SH, Patel D, Kumar SV, Spartz AK, Gu C, Ye S,
Yu P, Breen G, Cohen JD, et al. Phytochrome-interacting factor 4
(PIF4) regulates auxin biosynthesis at high temperature. Proc Natl
Acad Sci U S A. 2011;108:20231–20235. doi:10.1073/
pnas.1110682108.

7. Park YJ, Lee HJ, Gil KE, Kim JY, Lee JH, Lee H, Cho HT, Vu LD,
De Smet I, Park CM. Developmental programming of thermo-
nastic leaf movement. Plant Physiol. 2019;180:1185–1197.
doi:10.1104/pp.19.00139.

8. Blázquez MA, Ahn JH, Weigel D. A thermosensory pathway
controlling flowering time in Arabidopsis thaliana. Nat Genet.
2003;33:168–171. doi:10.1038/ng1085.

9. Balasubramanian S, Sureshkumar S, Lempe J, Weigel D. Potent
induction of Arabidopsis thaliana flowering by elevated growth
temperature. PLoS Genet. 2006;2:e106. doi:10.1371/journal.
pgen.0020106.

10. Crawford AJ, McLachlan DH, Hetherington AM, Franklin KA.
High temperature exposure increases plant cooling capacity. Curr
Biol. 2012;22(10):R396–397. doi:10.1016/j.cub.2012.03.044.

11. Delker C, Sonntag L, James GV, Janitza P, Ibañez C, Ziermann H,
Peterson T, Denk K, Mull S, Ziegler J1, et al. The DET1-COP1-
HY5 pathway constitutes a multipurpose signaling module regu-
lating plant photomorphogenesis and thermomorphogenesis. Cell
Rep. 2014;9(6):1983–1989. doi:10.1016/j.celrep.2014.11.043.

12. Box MS, Huang BE, Domijan M, Jaeger KE, Khattak AK, Yoo SJ,
Sedivy EL, Jones DM, Hearn TJ, Webb AAR, et al. ELF3 controls
thermoresponsive growth in Arabidopsis. Curr Biol.
2015;25:194–199. doi:10.1016/j.cub.2014.10.076.

13. Park YJ, Lee HJ, Ha JH, Kim JY, Park CM. COP1 conveys warm
temperature information to hypocotyl thermomorphogenesis.
New Phytol. 2017;215:269–280. doi:10.1111/nph.14581.

14. Deng XW, Caspar T, Quail PH. cop1: a regulatory locus involved
in light-controlled development and gene expression in
Arabidopsis. Genes Dev. 1991;5:1172–1182. doi:10.1101/
gad.5.7.1172.

15. Searle I, Coupland G. Induction of flowering by seasonal changes
in photoperiod. Embo J. 2004;23:1217–1222. doi:10.1038/sj.
emboj.7600117.

16. Amasino R. Seasonal and developmental timing of flowering.
Plant J. 2010;61(6):1001–1013. doi:10.1111/j.1365-
313X.2010.04148.x.

17. Tyler L, Thomas SG, Hu J, Dill A, Alonso JM, Ecker JR, Sun T-P.
Della proteins and gibberellin-regulated seed germination and
floral development in Arabidopsis. Plant Physiol. 2004;135
(2):1008–1019. doi:10.1104/pp.104.039578.

18. de Lucas M, Davière JM, Rodríguez-Falcón M, Pontin M, Iglesias-
Pedraz JM, Lorrain S, Fankhauser C, Blázquez MA, Titarenko E,
Prat S. A molecular framework for light and gibberellin control of
cell elongation. Nature. 2008;451:480–484. doi:10.1038/
nature06520.

19. Li K, Yu R, Fan LM, Wei N, Chen H, Deng XW. DELLA-
mediated PIF degradation contributes to coordination of light
and gibberellin signalling in Arabidopsis. Nat Commun.
2016;7:11868. doi:10.1038/ncomms11868.

20. Cagnola JI, Cerdán PD, Pacín M, Andrade A, Rodriguez V,
Zurbriggen MD, Legris M, Buchovsky S, Carrillo N, Chory J,
et al. Long-day photoperiod enhances jasmonic acid-related
plant defense. Plant Physiol. 2018;178:163–173. doi:10.1104/
pp.18.00443.

21. David KM, Armbruster U, Tama N, Putterill J. Arabidopsis
GIGANTEA protein is post-transcriptionally regulated by light
and dark. FEBS Lett. 2006;580:1193–1197. doi:10.1016/j.
febslet.2006.01.016.

22. Park YJ, Kim JY, Lee JH, Lee BD, Paek NC, Park CM.
GIGANTEA shapes the photoperiodic rhythms of thermomor-
phogenic growth in Arabidopsis. Mol Plant. 2020;13(3):459–470.
doi:10.1016/j.molp.2020.01.003.

23. Cha JY, Kim J, Kim TS, Zeng Q, Wang L, Lee SY, Kim WY,
Somers DE. GIGANTEA is a co-chaperone which facilitates
maturation of ZEITLUPE in the Arabidopsis circadian clock. Nat
Commun. 2017;8:3. doi:10.1038/s41467-016-0014-9.

24. Nohales MA, Liu W, Duffy T, Nozue K, Sawa M, Pruneda-Paz JL,
Maloof JN, Jacobsen SE, Kay SA. Multi-level modulation of light
signaling by GIGANTEA regulates both the output and pace of
the circadian clock. Dev Cell. 2019;49:840–851. doi:10.1016/j.
devcel.2019.04.030.

25. Nohales MA, Kay SA. GIGANTEA gates gibberellin signaling
through stabilization of the DELLA proteins in Arabidopsis.
Proc Natl Acad Sci U S A. 2019;116:21893–21899. doi:10.1073/
pnas.1913532116.

26. Zhang B, Holmlund M, Lorrain S, Norberg M, Bakó L,
Fankhauser C, Nilsson O. BLADE-ON-PETIOLE proteins act in
an E3 ubiquitin ligase complex to regulate PHYTOCHROME
INTERACTING FACTOR 4 abundance. Elife. 2017;6:e26759.
doi:10.7554/eLife.26759.

27. Reeves PH, Coupland G. Response of plant development to envir-
onment: control of flowering by daylength and temperature. Curr
Opin Plant Biol. 2000;3:37–42. doi:10.1016/s1369-5266(99)00041-
2.

28. Park YJ, Park CM. External coincidence model for hypocotyl
thermomorphogenesis. Plant Signal Behav. 2018;13:e1327498.
doi:10.1080/15592324.2017.1327498.

29. Qiu Y, Li M, Kim RJ, Moore CM, Chen M. Daytime temperature
is sensed by phytochrome B in Arabidopsis through
a transcriptional activator HEMERA. Nat Commun. 2019;10:140.
doi:10.1038/s41467-018-08059-z.

30. Peng S, Huang J, Sheehy JE, Laza RC, Visperas RM, Zhong X,
Centeno GS, Khush GS, Cassman KG. Rice yields decline with
higher night temperature from global warming. Proc Natl Acad
Sci U S A. 2004;101:9971–9975. doi:10.1073/pnas.0403720101.

PLANT SIGNALING & BEHAVIOR e1739842-3

http://dx.doi.org/10.1073/pnas.1110682108
http://dx.doi.org/10.1073/pnas.1110682108
http://dx.doi.org/10.1104/pp.19.00139
http://dx.doi.org/10.1038/ng1085
http://dx.doi.org/10.1371/journal.pgen.0020106
http://dx.doi.org/10.1371/journal.pgen.0020106
http://dx.doi.org/10.1016/j.cub.2012.03.044
http://dx.doi.org/10.1016/j.celrep.2014.11.043
http://dx.doi.org/10.1016/j.cub.2014.10.076
http://dx.doi.org/10.1111/nph.14581
http://dx.doi.org/10.1101/gad.5.7.1172
http://dx.doi.org/10.1101/gad.5.7.1172
http://dx.doi.org/10.1038/sj.emboj.7600117
http://dx.doi.org/10.1038/sj.emboj.7600117
http://dx.doi.org/10.1111/j.1365-313X.2010.04148.x
http://dx.doi.org/10.1111/j.1365-313X.2010.04148.x
http://dx.doi.org/10.1104/pp.104.039578
http://dx.doi.org/10.1038/nature06520
http://dx.doi.org/10.1038/nature06520
http://dx.doi.org/10.1038/ncomms11868
http://dx.doi.org/10.1104/pp.18.00443
http://dx.doi.org/10.1104/pp.18.00443
http://dx.doi.org/10.1016/j.febslet.2006.01.016
http://dx.doi.org/10.1016/j.febslet.2006.01.016
http://dx.doi.org/10.1016/j.molp.2020.01.003
http://dx.doi.org/10.1038/s41467-016-0014-9
http://dx.doi.org/10.1016/j.devcel.2019.04.030
http://dx.doi.org/10.1016/j.devcel.2019.04.030
http://dx.doi.org/10.1073/pnas.1913532116
http://dx.doi.org/10.1073/pnas.1913532116
http://dx.doi.org/10.7554/eLife.26759
http://dx.doi.org/10.1016/s1369-5266(99)00041-2
http://dx.doi.org/10.1016/s1369-5266(99)00041-2
http://dx.doi.org/10.1080/15592324.2017.1327498
http://dx.doi.org/10.1038/s41467-018-08059-z
http://dx.doi.org/10.1073/pnas.0403720101

	Abstract
	Text
	Disclosure of Potential Conflicts of Interest
	Funding
	References

