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ABSTRACT The plant circadian clock allows the synchronization of internal physiological responses to match the predicted
environment. HSP90.2 is a molecular chaperone that has been previously described as required for the proper functioning of the
Arabidopsis oscillator under both ambient and warm temperatures. Here, we have characterized the circadian phenotype of the
hsp90.2-3 mutant. As previously reported using pharmacological or RNA interference inhibitors of HSP90 function, we found that
hsp90.2-3 lengthens the circadian period and that the observed period lengthening was more exaggerated in warm–cold-entrained
seedlings. However, we observed no role for the previously identified interactors of HSP90.2, GIGANTEA and ZEITLUPPE, in HSP90-
mediated period lengthening. We constructed phase-response curves (PRCs) in response to warmth pulses to identify the entry point of
HSP90.2 to the oscillator. These PRCs revealed that hsp90.2-3 has a circadian defect within the morning. Analysis of the cca1, lhy, prr9,
and prr7 mutants revealed a role for CCA1, LHY, and PRR7, but not PRR9, in HSP90.2 action to the circadian oscillator. Overall, we
define a potential pathway for how HSP90.2 can entrain the Arabidopsis circadian oscillator.
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MANY organisms have evolved an internal timing mech-
anism called the circadian clock to anticipate predict-

able environmental changes. In Arabidopsis, the circadian
clock regulates approximately one-third of genes and 36%
of Arabidopsis promoters show circadian regulation by tran-
script accumulation (Covington and Harmer 2007; Covington
et al. 2008; Staiger et al. 2013). During the process of en-
trainment, the internal circadian clock is reset by daily exog-
enous cues (zeitgebers) to maintain synchronization with the
diurnal cycle. For most organisms, the dominant zeitgebers are
light and temperature changes perceived at dawn (Oakenfull
and Davis 2017). Light input to the clock occurs via multiple
types of photoreceptors; for example, in plants, phytochrome
and cryptochromes control red- and blue-light signaling to the

clock (Oakenfull and Davis 2017). However, for temperature,
the zeitgeber input pathway leading to clock entrainment re-
mains poorly understood (Boikoglou et al. 2011; Bujdoso and
Davis 2013; Anwer et al. 2014).

One current model of the plant circadian clock consists
of interlocked transcriptional–translational feedback loops
(Bujdoso and Davis 2013; Ronald and Davis 2017). At the
center of these loops are the morning-expressed CIRCADIAN
CLOCK ASSOCIATED1 (CCA1) and LATE ELOGNATED HY-
POCOTYL (LHY), and the evening-expressed TIMING OF
CAB EXPRESSION1 (TOC1, also called PSEUDO RESPONSE
REGULATOR1, PRR1) (Mizoguchi et al. 2002; Ding et al. 2007).
Upon being expressed, CCA1/LHY bind to the evening-
element within the TOC1 promoter and directly repress
TOC1 expression (Nagel et al. 2015). At dusk, TOC1 re-
ciprocally represses the expression of CCA1/LHY, generat-
ing a negative feedback loop (Gendron et al. 2012).

Morning- and evening-phased regulators subsequently
regulate CCA1/LHY and TOC1 activity. Starting just after
dawn, PRR9/7/5 are sequentially expressed throughout the
day and directly repress the expression of CCA1/LHY through
the recruitment of the TOPLESS corepressor (Nakamichi

Copyright © 2018 by the Genetics Society of America
doi: https://doi.org/10.1534/genetics.118.301586
Manuscript received September 7, 2018; accepted for publication October 11, 2018;
published Early Online October 18, 2018.
Supplemental material available at Figshare: https://doi.org/10.25386/genetics.
7223579.
1These authors contributed equally to this work.
2Corresponding author: University of York, Wentworth Way, York, UK. E-mail: seth.
davis@york.ac.uk

Genetics, Vol. 210, 1383–1390 December 2018 1383

http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0001-5928-9046
http://orcid.org/0000-0001-5928-9046
http://orcid.org/0000-0001-5928-9046
http://orcid.org/0000-0001-5928-9046
http://orcid.org/0000-0002-8847-0378
http://orcid.org/0000-0001-5928-9046
https://doi.org/10.1534/genetics.118.301586
https://doi.org/10.25386/genetics.7223579
https://doi.org/10.25386/genetics.7223579
mailto:seth.davis@york.ac.uk
mailto:seth.davis@york.ac.uk


et al. 2010; Wang et al. 2013). In the evening, GIGANTEA
(GI) interacts and stabilizes the F-box protein ZEITLUPPE
(ZTL) in a blue-light-dependent manner to promote the deg-
radation of TOC1 and PRR5 (Kim et al. 2007), which supports
the role of protein–protein interactions in stabilizing circadian
period (Schöning and Staiger 2005). Finally, the evening com-
plex, composed of LUX ARRYTHMO (LUX), EARLY FLOWER-
ING3 (ELF3), and ELF4, represses the expression of LUX, GI,
PRR7, and PRR9 (Nusinow et al. 2011; Herrero et al. 2012).

HEAT SHOCK PROTEIN90 (HSP90) is a highly conserved
and abundant protein in prokaryotes and eukaryotes. The
HSP90 family of proteins is involved in the assembly, matura-
tion, stabilization, and activation of proteins (Chen et al. 2005).
Arabidopsis has seven HSP90 isoforms (HSP90 1–7). Of these,
four display cytosolic localization (HSP90.1–4), and the re-
maining (HSP90.5–7) are predicted to be localized to the chlo-
roplast, mitochondria, and endoplasmic reticulum, respectively
(Krishna and Gloor 2001). HSP90.2 has been previously linked
to the circadian clock through protein–protein interactionswith
GI and ZTL (Kim et al. 2011; Noren et al. 2016; Cha et al. 2017;
Gil et al. 2017), and alleles at this locus have pathology phe-
notypes (Hubert et al. 2003). HSP90 and GI are reported to
act as cochaperones to promote ZTL maturation and accumu-
lation (Cha et al. 2017). Inhibition of global HSP90 activity by
geldanamycin (GDA) application or through specific targeting
of cytosolic HSP90 isoforms causes a lengthening of the circa-
dian period (Kim et al. 2011). ZTL and HSP90 have recently
been shown to impart thermotolerance to the circadian clock
by acting as a protein quality control system at warmer tem-
peratures (Gil et al. 2017). GI and ZTL also act as a hub in the
plastid control of nuclear circadian rhythms in a PRR5 andHY5
signaling pathway (Noren et al. 2016). Therefore, HSP90 iso-
forms likely have multiple roles within the circadian oscillator.

In this study,wehave characterized the circadian phenotype
of the hsp90.2-3 mutant. This specific allele at HSP90.2 was
chosen given its strong “poison pill” phenotype, as the null had
no pathology phenotype (Hubert et al. 2003). We found that
hsp90.2-3 has a longer circadian period in both light–dark
(LD)- and warm–cold (WC)-entrained plants. This period-
lengthening effect did not require either of the previously iden-
tified circadian interacting partners of HSP90.2: ZTL or GI.
Phase-response curves (PRCs) in response to warmth pulses
were constructed and revealed that hsp90.2-3 displayed a de-
fect at the morning phase. Further analysis revealed that the
period-lengthening effects of GDA were lost in the cca1, lhy,
and prr7 backgrounds. However, no genetic role of PRR9 was
observed, revealing functional independence between PRR9
and PRR7. Thus, this work has revealed new insights regard-
ing how HSP90 could contribute to clock function.

Materials and Methods

Plant lines

Ws-2 and Col-0were used aswildtype (WT), either harboring
CCR2::LUC, CCA1::LUC, or CAB2::LUC (Doyle et al. 2002;

Farré et al. 2005). The luciferase-containing gi-11, ztl al-
leles, prr7-3, prr9-1, prr7-3/prr9-1, cca1-11, lhy-21, cca1-11/
lhy-21, and hsp90.2-3 have all been described previously
(Fowler et al. 1999; Hubert et al. 2003; Farré et al. 2005;
Kevei et al. 2006; Ding et al. 2007). Before circadian phe-
notyping of hsp90.2-3, it was backcrossed six times to
Ws-2 CCR2::LUC, and in the BC6F2 generation a homozy-
gous hsp90.2-3 CCR2::LUC line was isolated and bulked for
analyses.

Bioluminescent assays

Seeds were surface-sterilized and plated onto MS medium
with 3% sucrose, and then stratified for �3 days. After strat-
ification, seedlings were entrained under either 12/12 LD
cycles (with a constant temperature of 22�) or 12/12 cycles
of 22�/16� (with constant light) for 7 days (Boikoglou et al.
2011; Anwer et al. 2014). On day 6, seedlings were trans-
ferred to black 96-well Microplates withMSmedium contain-
ing 3% sucrose with DMSO and, where relevant, 2 mM of
GDA. Plants were superficially treated with 15 ml 5 mM
D-Luciferin. Seedlings were then reentrained for 1 day under
the respective entrainment conditions before being trans-
ferred to the TOPCOUNT (Perkin-Elmer [Perkin-Elmer-
Cetus], Norwalk, CT). All TOPCOUNT experiments were
carried out under constant blue–red light and a constant
temperature of 21�. Data were analyzed as previously de-
scribed (Hanano et al. 2006, 2008; Kolmos et al. 2009). All
experiments were replicated and provided consistent results.

PRC assays

For PRC assays, plants were grown as for luciferase assays, as
described above, under 7 days LD conditions (12 hr in light
and 12 hr in darkness), and then transferred to a TOPCOUNT
under constant red and blue light for one full day before a 3-hr
long 27� warmth pulse. This was respectively applied every
3 hr to a given 96-well plate beginning at (zeitgeber time)
ZTO. Resultant data were then analyzed using Peak Picker in
the Biological rhythms analysis software system (BRASS)
(Southern and Millar 2005). Here, the first peak after the
warmth treatment was chosen for both pulsed and nonpulsed
plates, and the time difference of the timing of the peak be-
tween pulsed and nonpulsed populations was calculated
(Covington et al. 2001).

Statistical analysis

All statistical analysis was completed using R (version 3.4.2)
within the R studio software package (version 1.1). Unless
stated otherwise, the sample size for determining period
estimates was 48 plants.

Data availability

Seeds are available upon request. The authors affirm that all
datanecessary for confirming the conclusions of the article are
present within the article, figures, and tables. Supplemental
material available at Figshare: https://doi.org/10.25386/
genetics.7223579.
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Results

hsp90.2-3 causes a lengthening of circadian period

To establish if hsp90.2-3 has a circadian phenotype, it (Hubert
et al. 2003) was introgressed with Ws-2 WT plants harboring
CCR2::LUC [also termed GRP7 (Köster et al. 2014)] to generate
the hsp90.2-3 CCR2::LUC line. The free-running period (FRP) of
CCR2::LUCwas then analyzed under constant light after plants
were either entrained to LD or WC cycles. After either entrain-
ment protocol, hsp90.2-3 was found to lengthen CCR2::LUC
FRP (Figure 1, A–D), but the magnitude of period lengthening
was greater under WC entrainment compared to LD entrain-
ment [DLD = 0.78 6 0.05 hr, DWC = 0.92 6 0.05 hr, (P ,
0.05)]. hsp90.2-3 plants also displayed a change in the ampli-
tude of CCR2::LUC rhythms; the amplitude of CCR2::LUC
rhythms increased in LD-entrained plants, while the amplitude
decreased in WC-entrained plants (Figure 1, A and B).

As previously reported (O’Neill et al. 2011), GDA treatment
of Ws-2 CCR2::LUC resulted in a similar lengthening of FRP as
observed in the hsp90.2-3mutant (Figure 2A). To determine if
multiple HSP90 isoforms signal redundantly to the circadian
clock, hsp90.2-3 mutants were treated with 2 mM GDA. For
both WC- and LD-entrained plants, GDA treatment resulted in
further lengthening of CCR2::LUC FRP compared to non-
treated hsp90.2-3 seedlings (Figure 2B). However, unlike the
hsp90.2-3 mutant, hsp90.2-3 in combination with 2 mM GDA
resulted in amore severe period lengthening under LD entrain-
ment compared to WC entrainment (DLD = 1.42 6 0.05 hr,
DWC=1.096 0.06 hr, [P, 0.001]). This suggests that HSP90
isoforms act redundantly within the oscillator, but may contrib-
ute independently to different entrainment pathways.

To confirm the effects of GDA on periodicity, the FRP profile
of Ws-2 CAB2::LUC was also tested. As seen with CCR2::LUC,
CAB2::LUC FRPwas longer when treated with 2mMGDA com-
pared to WT regardless of the prior entrainment condition

(Supplemental Material, Figure S1A). The period-lengthening
effect was also found to not be accession-dependent; Col-0
hsp90.2-3 GI::LUC lines also had a longer FRP than Col-0
WT GI::LUC (Figure S1B). Additionally, 2 mM GDA treatment
of Col-0WT seedlings also lengthened the FRP of bothmorning
(CCA1::LUC) and evening (TOC1::LUC) reporter genes (Figure
S1, C and D). These results suggest that the hsp90.2-3 pheno-
type and the effects of GDA on circadian periodicity are not
dependent on the reporter gene or ecotype used.

HSP90 circadian period lengthening genetically does not
require GI or ZTL

HSP90.2 protein has been previously reported to interact
with the circadian component GI to stabilize ZTL (Kim et al.
2011). To determine if the observed effects of GDA on circa-
dian periodicity required the activity of either GI or ZTL, the
FRP of CCR2::LUCwas analyzed in the previously described gi-
11 or ztl-21mutants (Gould et al. 2006; Kim et al. 2007). gi-11
CCR2::LUC or ztl-21 CAB2::LUCwere entrained to either LD or
WC cycles before being treated with 2 mM GDA upon release
into free-running conditions. Regardless of the prior entrain-
ment condition, GDA treatment caused a lengthening of FRP in
both the gi-11 and ztl-21 backgrounds (Figure 3). To confirm
the ztl result, the FRPs of additional ztl mutants harboring
CAB2::LUC were examined. As was observed with ztl-21
CAB2::LUC, in all but one instance the other ztl mutants dis-
played a lengthening of circadian period under both LD and
WC entrainmentwhen treatedwith GDA (Figure S2). The only
ztl allele that did not show any period lengthening was ztl-30,
but this response was only seen in LD-entrained plants (Figure
S2A). UnderWC conditions, GDA treatment in the ztl-30 back-
ground caused the same period lengthening as observed for
WT and the other ztl alleles treated with GDA (Figure S2B).

To identify if GDA had an additive effect in the ztl or
gi mutant backgrounds, Dperiod changes in response to

Figure 1 hsp90.2-3 has a circadian period pheno-
type. Free-running profile of CCR2::LUC in Ws-2 and
hsp90.2-3 seedlings under constant red–blue light
(LL) after plants were prior trained to 12:12 cycles of
(A and C) light–dark (LD) or (B and D) warm–cold
(WC). Plants were released into free-running condi-
tions at (zeitgeber time) ZT36. (C and D) Mean pe-
riod estimates of (A) and (B), respectively. Error bars
represent SEM. *** P , 0.001. Significance deter-
mined using a Student’s t-test. In each experiment,
48 WT and hsp90.2-3 seedlings were analyzed for
rhythms under each entrainment protocol. All ex-
periments repeated at least once. CPS, counts per
second.
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GDA treatment were calculated (Tables S1 and S2). No sig-
nificance difference in period lengthening was observed for
gi-11 under LD or WC entrainment, or the majority of the ztl
alleles entrained under LD cycles compared to Ws-2. How-
ever, under WC cycles the reverse was seen. Most ztl alleles
had a significantly greater period lengthening effect when
treated with GDA compared to GDA-treated WT plants (Ta-
ble S2). This therefore suggests that the general period
lengthening effect caused by GDA treatment did not require
the presence of GI or ZTL, but HSP90 and ZTL activity could
converge in a temperature-entrainment pathway.

hsp90.2-3 has a morning-phase defect

To identify the point of entry of HSP90.2 to the circadian
oscillator, a PRC was generated for the WT and the hsp90.2-3
genotypes. PRCs test the sensitivity of the oscillator to
resetting stimuli (zeitgebers) at different points of the day
(Covington et al. 2001). Three-hour long warmth pulses of

27� were applied at respective 3-hr intervals to Ws-2 and
hsp90.2-3 plants throughout the day, and then the phase
change in CCR2::LUC expression was recorded. In Ws-2,
these warmth pulses elicited a phase advance of �4–7 hr
during the period from dawn to late morning (Figure 4).
hsp90.2-3 showed reduced phase advances during the same
period; there was no observable phase advance at dawn and
only a maximum phase advance of �2 hr by late morning
(Figure 4). During the later afternoon, hsp90.2-3 showed a
subtler phase delay than was seen in Ws-2 (�0.5 and 2 hr,
respectively). No change in CCR2::LUC phase response was
seen between hsp90.2-3 andWs-2 across the subjective night.
This indicates that the likely entry point of HSP90.2 to the
circadian oscillator occurs within the morning.

CCA1/LHY and PRR7 are a hub for HSP90
circadian activity

The morning loop of the Arabidopsis circadian clock is pri-
marily composed of CCA1/LHY and PRR9/7 arranged in a
reciprocal repressive loop (Bujdoso and Davis 2013; Ronald
and Davis 2017). To determine if the observed period

Figure 2 Geldanamycin (GDA) treatment has an additive effect on
hsp90.2-3 circadian period phenotype. Period estimates of the free-running
period (FRP) of CCR2::LUC in the (A) Ws-2 or (B) hsp90.2-3 seedlings treated
with either DMSO or with 2 mMGDA under constant red–blue light (LL). For
(A), plants were entrained under 12:12 light–dark cycles. Plants in (B) were
entrained under the stated entrainment conditions. For both (A) and (B),
GDA was applied upon transfer to free-running conditions. Error bars rep-
resent SEM. ** P , 0.01 and *** P , 0.001. Significance determined via a
Student’s t-test. In each experiment, the FRP of 48 seedlings was examined.
Each experiment was repeated at least once.

Figure 3 Geldanamycin (GDA) lengthening of circadian period is not
dependent on GI or ZTL. Period estimates of the free-running profile of
(A) gi-11 CCR2::LUC or (B) ztl-21 CAB2::LUC. Plants were entrained under
12:12 cycles of light–dark (LD) or warm–cold (WC) before transfer to free-
running conditions. Next, 2 mM of GDA was applied upon transfer to
free-running conditions. Error bars represent SEM. ** P , 0.01 and ***
P , 0.001. Significance determined using a Student’s t-test. In each
experiment, 48 seedlings of WT and the respective mutant were exam-
ined under each entrainment condition, apart from gi-11 LD (GDA) where
n = 30. All experiments were repeated at least once.
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lengthening effects of GDA required either CCA1/LHY,
PRR9, or PRR7, the effects of GDA on the FRP profile of
the respective mutant was analyzed after both LD- and
WC-entrainment conditions, respectively. cca1-11, lhy-21,
and cca1-1/lhy-21mutants harboring CCR2::LUC displayed
no period lengthening when treated with 2 mM GDA, re-
gardless of the prior entrainment condition (Figure 5). Simi-
larly to cca1 and lhy, GDA treatment of prr7-3 CCA1::LUC and
prr7-3/prr9-1 CCA1::LUC lines resulted in no observed period
lengthening after either LD or WC entrainment (Figure 6).
However, unlike prr7, prr9-1 CCA1::LUC did display a similar
response to WT; GDA treatment caused a lengthening of
prr9-1 FRP and this occurred independently of the prior en-
trainment conditions (Figure 6, A and B). As was observed in
the hsp90.2-3 mutant and in WT treated with GDA, prr9-1
displayed a greater period lengthening when WC entrained.
Together, this suggests that HSP90 requires the presence of
CCA1, LHY, and PRR7, but not GI nor ZTL, to lengthen cir-
cadian period.

Discussion

HSP90.2 is a molecular chaperone previously shown to be
required for proper circadian rhythms (Kim et al. 2011;
O’Neill et al. 2011; Gil et al. 2017). Here, we have confirmed
this result by characterizing the hsp90.2-3 mutant. This mu-
tant was found to have a longer circadian period regardless of
prior entrainment conditions, although there was a greater
phenotypic defect after WC entrainment (Figure 1). Such
phenotypes were not dependent on the Arabidopsis ecotype
or reporter gene used (Figure S1). Our work also supports
the notion that HSP90 isoforms function in a partially redun-
dant manner to the circadian clock, as treating the hsp90.2-3

mutant with GDA resulted in further lengthening of the cir-
cadian period (Figure 2). However, unlike the nontreated
hsp90.2-3 mutant, GDA treatment of hsp90.2-3 resulted in
a more pronounced period lengthening in LD- compared to
WC-entrained plants. This suggests that HSP90 isoforms
likely function redundantly in the general regulation of clock
periodicity, and also that individual isoforms could contribute
to separate light- and temperature-entrainment pathways.

Duality-of-functionasbothacorecircadiancomponentand
separately as a contributor to the entrainment of the oscillator
has now been described for ELF3, PRR9, PRR7, CCA1/LHY,
and GI (Farré et al. 2005; Gould et al. 2006; Ding et al. 2007;
Thines and Harmon 2010; Dalchau et al. 2011; Bujdoso and
Davis 2013; Haydon et al. 2013). The contribution of HSP90
to either light or thermal entrainment of the clock could be
dependent on the cellular localization of HSP90 isoforms.
These isoforms in Arabidopsis are localized to different cellu-
lar compartments and would therefore have different client
proteins, and indeed a host of protein interactions can be pre-
dicted in the regulation of periodicity (Schöning and Staiger
2005; Bujdoso and Davis 2013). For example, HSP90.5 is

Figure 4 hsp90.2-3 has a morning phase defect. Ws-2 and hsp90.2-3
CCR2::LUC plants were entrained for 7 days under 12/12 light–dark cycles
before being exposed to 3-hr long pulses of 27�. Phase-response curves
were then constructed by plotting the observed phase shift in CCR2::LUC
expression against the circadian time that heat pulses were administered.
Positive values represent phase advances and negative values represent
phase delays. *** P , 0.001; n.s., no significant difference. Significance
determined via a Student’s t-test. Error bars represent pooled SE.

Figure 5 Geldanamycin (GDA) fails to lengthen circadian period in the
cca1 or lhymutant. (A and B) Period estimates of CCR2::LUC profile under
free-running conditions in Ws-2 [wild-type (WT)], cca1-11, and lhy-21
mutants treated with or without 2 mM GDA. Plants were prior entrained
to light–dark (A) or warm–cold (B) cycles before being released into free-
running conditions. GDA treatment was applied upon transfer to free-
running conditions. Error bars represent SEM. In each experiment, 48 WT
and mutant seedlings were examined under each entrainment condition.
n.s., no significance; *** P , 0.001. Significance determined by a Stu-
dent’s t-test. All experiments were repeated at least once.
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localized to the stroma, has a light-responsive transcript
accumulation, and hsp90.5 (cr88) has defects in red-light
perception (Lin and Cheng 1997; Cao et al. 2003). The per-
ception of red-light is critical for the entrainment of the
clock (Oakenfull and Davis 2017). Therefore, HSP90 iso-
forms may contribute within separate light- and tempera-
ture-entrainment pathways in a cell localization-dependent
manner.

HSP90 has been previously linked to the circadian oscilla-
tor through direct interactions with GI and ZTL (Kim et al.
2011). Applying 2 mM of GDA to either the gi or ztl mutants
resulted in a lengthening of circadian period, as seenwithWT
(Figure 3 and Figure S2), suggesting that HSP90 does not
require either ZTL or GI to regulate FRP. HSP90 and ZTL have
been recently shown to maintain circadian thermostability,
and GI is also required to maintain circadian oscillations and
the precision of these oscillations under warm temperatures
(Gould et al. 2006; Gil et al. 2017). We did find that applying
2 mM of GDA to either the ztl or gi mutant increased the

variance of periodicity estimates, an effect not seen in
hsp90.2-3 or with GDA treatment in either the Ws-2 or Col-
0 background (data not shown). Therefore, the previously
described HSP90/ZTL/GI module may act as a buffering
agent to maintain clock precision through the regulation
of proteostasis, while HSP90.2 could function indepen-
dently of the GI and ZTL module to regulate clock period-
icity (Figure 7).

PRCs for WT and hsp90.2-3 plants exposed to warmth
pulses were constructed to determine when HSP90.2 regu-
lates circadian periodicity. These revealed a phase defect
within the morning (Figure 4). We subsequently found that
there was no lengthening of circadian period in cca1, lhy, and
cca1/lhy plants treated with GDA regardless of the prior en-
trainment conditions (Figure 5). We also found that prr7 and
prr7/9 failed to show any lengthening of FRP when treated
with GDA after either LD orWC conditions, respectively (Fig-
ure 6). Genetically, one interpretation is that the timing of the
entry point of HSP90.2 depends equally on LHY, CCA1, and
PRR7. In contrast, prr9 did show a longer circadian period
when treated with GDA (Figure 6). This reveals a functional
independence between PRR9 and PRR7 within the circadian
oscillator. Together, these data suggest that CCA1/LHY,
HSP90, and PRR7 constitute a unique morning loop that
regulates general circadian oscillations regardless of the prior
entrainment condition (Figure 7), and that it is consistent
with the morning PRC defects seen in hsp90.2-3 plants (Fig-
ure 4).

It is not fully clear how HSP90.2 signals through CCA1/
LHY and PRR7. HSP90 isoforms have a large client pool of
proteins (Kadota and Shirasu 2012) and many genes become
misregulated when HSP90 function is inhibited, including
PRR9 and CCA1 (Sangster et al. 2007). However, we observed

Figure 6 The effect of geldanamycin (GDA) treatment on period length is
disrupted in the prr7 and prr7/prr9 background. Period estimates of the
free-running profile of CCA1::LUC in the Col-0, prr7-3, prr9-1, and prr7-
3/prr9-1 background. Plants were entrained under (A) light–dark or (B)
warm–cold cycles before being released into free-running conditions.
Plants were treated with or without 2 mM GDA upon transfer to free-
running conditions. Error bars represent SEM. ** P , 0.01 and *** P ,
0.001; n.s., no significance. Significance determined via a Student’s t-test.
In each experiment, 48 WT and mutant seedlings were examined under
each entrainment condition. All experiments were repeated at least once.

Figure 7 An expanding role of HSP90 within the Arabidopsis circadian
oscillator. HSP90 has been previously shown to interact with ZTL to reg-
ulate both periodicity and, under heat stress, the stability of the oscillator.
GI and HSP90 are thought to cooperatively stabilize ZTL activity. Here, we
have found that Hsp90 also signals independently of GI and ZTL through
the morning loop components CCA1/LHY and PRR7. We did not detect a
direct effect of HSP90 on regulating CCA1/LHY expression, and HSP90
was also found previously to not regulate PRR7 expression. Therefore, this
indicates that HSP90 is signaling via an as yet unidentified protein to
regulate CCA1/LHY and PRR7 activity. Purple lines indicate an interaction
(direct or indirect), red lines indicate a repressive interaction, and blue
lines highlight the effect of the interaction on the oscillator.
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no role for PRR9 in GDA’s period lengthening effect (Figure
6), and we also observed no change in CCA1 or LHY expres-
sion levels or patterns of expression in LD-entrained plants
(data not shown). Previous work also found no effect of
GDA on PRR7’s protein stability or gene-expression profile
(Kim et al. 2011). This therefore suggests that the effects of
HSP90 on CCA1/LHY and PRR7 may not be fully direct, and
could occur upstream of these transcriptional regulators. The
activity of CCA1/LHY and PRR7 is modulated by a range of
morning-associated transcriptional activators and afternoon/
evening-expressed transcriptional repressors (Ronald and
Davis 2017). Further screens of the FRP of clock mutants
when treated with GDA will provide further answers for
how HSP90 regulates clock periodicity. In this, it is notable
that physiologically and genetically, temperature and light
set the clock in differing ways (Boikoglou et al. 2011;
Anwer et al. 2014).
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