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AUXIN RESPONSE FACTOR thermostability

Edward G. Wilkinson1,5, Katelyn Sageman-Furnas 1,2,5,
Matías Ezequiel Pereyra 3, María Belén Borniego 4, Jorge J. Casal 3,4 &
Lucia C. Strader 1

Plants use the plant hormone auxin to incorporate environmental cues into
their growth and development to shape the final form. Temperature is an
important modulator of all aspects of plant function and growth. In this work,
weuncover temperature-regulated accumulation and solubility ofmembers of
the AUXIN RESPONSE FACTOR transcription factor family. We determine that
ARF7 and ARF19 proteins rapidly hyperaccumulate in response to elevated
temperature. Furthermore, we find that diffuse concentrations of ARF protein
increase under elevated temperature, consistent with increased solubility.
Temperature-driven ARF hyperaccumulation is not fully dependent on the
well-established temperature response pathways. We find that natural varia-
tion in thermoregulated ARF accumulation is correlated with thermo-
morphogenesis, suggesting that this is a dial switch in plant temperature
response. Regulated ARF thermoaccumulation provides a layer of complexity
in shaping and plant growth and form, allowing plants to respond rapidly and
persistently to elevated temperatures by modulating levels of nuclear ARF
protein accumulation.

Although plants start their lives with a simple body plan, to adjust their
shape to the prevailing conditions, they must incorporate environ-
mental information into developmental and physiological decision-
making. A critical cue in this process is environmental temperature,
which provides critical information about daily and seasonal rhythms
and the risk of stressful conditions. Plants respond to elevated tem-
perature in a suite of growth changes characterized as
thermomorphogenesis1. In addition, amyriadof physiological changes
enables plants to adjust to changing temperatures2,3. Understanding
the mechanisms used by plants to optimize their body shape and
physiological responses in response to increased temperature is par-
ticularly important as our global temperatures continue to rise.

Elevated temperatures input through multiple pathways, see-
mingly converging on increased auxin biosynthesis4,5. Indeed, func-
tional auxin receptors TIR1/AFB, which work in conjunction with IAA3,
and IAA19 co-receptors, are required for thermomorphogesis6–9.
Auxin-driven association of these Aux/IAA repressors with TIR1/AFB
F-box proteins promotes their polyubiquitylation and degradation,

relieving ARF proteins from their repression10. Auxin transcriptional
output is driven by the AUXIN RESPONSE FACTOR (ARF) transcription
factor family, which is repressed by the Aux/IAA proteins in the
absence of auxin. Although these auxin-signaling components are
necessary for thermomorphogenesis, whether ARFs act simply as
interpreters of elevated auxin levels or if they also represent direct
targets of temperature cues remains poorly understood.

In addition to Aux/IAA-mediated repression, activity of ARF7 and
ARF19, and perhaps additional ARFs, is also attenuated by protein
condensation11, which is a rapid and reversible compartmentalization
of proteins12. Protein condensation is a concentration-dependent
process in which proteins in excess of a saturation concentration are
stored in dense bodies, or condensates12. This saturation concentra-
tion is modified by environmental conditions, posttranslational mod-
ifications, and interaction partners, allowing for rapid and dynamic
compartmentalization of cellular components. ARF7 and ARF19 con-
densation is regulated by unknown developmental regulators11, inter-
action with MCTP proteins13, and condensate movement14. Further,
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regulated ARF accumulation is increasingly recognized as a regulator
of auxin response15–17.

Here, we uncover temperature-regulated changes in ARF protein
accumulation, stability and solubility. Further we find that ARF7 and
ARF19 temperature-regulated accumulation correlates with thermo-
morphogenesis in natural Arabidopsis accessions. This ability of ARF
proteins to intrinsically respond to rapid changes in temperatures
adds a new level of complexity to the auxin transcriptional response
and incorporation of temperature cues into plant growth.

Results
Class-A ARF protein accumulation is dynamically regulated by
temperature
ARF protein stability is emerging as an important regulator of auxin
response15,18. To understand regulators of ARF protein stability, we
developed a custom antibody, raised against the ARF7 PB1 domain
(FigureS1), which recognizes bothARF7 andARF19proteins.Using this
antibody, we found that endogenous levels of ARF7 and ARF19 rise
with increasing temperatures (Fig. 1a). ARF7 and ARF19 transcripts are
unaffected by temperature changes (Supplementary Table 1) and are
thus unlikely to be the driver of differential protein accumulation at
varying temperatures. Further, when driven behind constitutive pro-
moters, ARF7 and ARF19 protein accumulation varies with tempera-
ture (Fig. 1b–f, Figure S2a), suggesting that translation and/or stability
of these proteins is temperature-regulated.

In Arabidopsis, there are five Class-A ARFs (Fig. 1f), which are
thought to positively drive auxin-responsive gene expression10. ARF7
and 19 are closely-related,withARF5 as thenextmost-closely related to
ARF7 and 19. ARF6 and8 are additional Class-AARFs in a separate clade
fromARF7, 19, and 519. We examined these additional Class-AARFs and
found that ARF5, ARF6, and ARF8, similar to ARF7 and ARF19, undergo
a dramatic increase in accumulation in response to elevated tem-
perature (Fig. 1g). Thus, all Arabidopsis Class-A ARFs display thermo-
responsive protein accumulation. Because our lab hasmany ARF7- and
ARF19-related resources11,14,15,20–22, including our newly-developed cus-
tom antibody (Figure S1), we proceededwith studies focused primarily
on ARF7/19.

ARF protein stability is regulated by temperature
To assess ARF protein stability, we developed a flow cytometry-based
ratiometric assay. In this assay in which protoplasts transfected with a
ratiometric reporter encoding a P2A self-cleaving peptide (pUB-
Q10:mNEON-ARF19-P2A-mScarlet) allowed the measurement of two

separate fluorescent proteins encoded by a single mRNA transcript
(Fig. 2a, b). Using this assay, we found that ARF19 displayed increased
stability at 32 °C compared to 22 °C (Fig. 2b).

We found that ARF7/19 protein displays a longer half-life at 32 °C
compared to 22 °C using a cycloheximide chase experiment (Fig. 2c,
d). We then treated seedlings at elevated temperature for four hours
prior to a four-hour recovery at 22 °C, with samples taken before and
after elevated temperature exposure and after the recovery period
(Figure S2b–e). In these assays, ARF7 and ARF19 protein accumulation
largely returned to baseline levels after transition back to 22 °C. This
incomplete recovery suggests that protein levels do not revert to their
original levels at the same rate that they accumulate. Overall, our data
show that ARF7 and ARF19 protein accumulation is dynamically
regulated as a function of temperature; these effects are driven by
altered protein stability.

Next, we examined protein degradation mechanisms that might
control temperature-regulated ARF protein accumulation. To date, we
know that ARF protein accumulation is regulated by the 26S
proteasome18 and by autophagy23. ARF7 levels increased at elevated
temperature in both the absence and presence of a proteasome inhi-
bitor (Fig. 2e), suggesting that 26S proteasomal activity is not a major
driver of the effects of temperature on ARF stability. Aligned with this
result, we found that ARF7/19 accumulation was equally temperature-
regulated in wild type and in the aff1 mutant (Figs. 2f, S3b), which is
defective in an E3 ubiquitin ligase that targets ARF7 and ARF19 to the
proteasome24. Further, temperature effects on ARF7 accumulation
were unaffected by the autophagy inhibitor Concanamycin A (Fig-
ure S3a), suggesting that this pathway is also unnecessary for the
altered ARF accumulation in response to changing temperatures.
Finally, to determine if the chaperone protein HSP90 impacted ARF
temperature-regulated stability, we assessed ARF7 protein levels in the
presence of HSP90 inhibitor Glendamycin A (Figure S3c), finding that
ARF7 accumulation remained thermoresponsive in the presence of
this inhibitor, suggesting that HSP90 is dispensable for temperature
effects on ARF accumulation. Given these results, we postulate that
ARF thermostability could be regulated by alternative mechanisms
such as interaction with chaperones other than HSP90 or allosteric
regulation not captured in the experiments performed.

ARF19 thermoresponsive accumulation is conferred by the DBD
and MR regions
We were curious what aspects of ARF7 and ARF19 drove thermo-
responsive protein accumulation. To determine which ARF19 regions
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Fig. 1 | Class-A ARFs exhibit thermoresponsive protein accumulation. a–c
Immunoblot analysis of 4-day-old seedlings after 4-hour treatment with indicated
temperature. Each experiment was performed at least three times; additional
replicates are in Supplemental Fig. 1b. d Time course fluorescence microscopy
images of the hypocotyl of a seedling expressing pUBQ10:YFP-ARF19 after transfer
from 22°C to 32 °C. e Quantification of time course fluorescence microscopy ima-
gesof the hypocotyl of a seedling expressingpUBQ10:YFP-ARF19 after transfer from

22 °C to 32 °C (n = 6). Error bars represent standarddeviation of themean. Arbitrary
units are used. P-value was calculated using a t-test of the linear regressionwith the
df = n-2; p = 7.52E-23. f Cladogram of Arabidopsis Class-A ARFs. g Immunoblot
analysis of 4-day-old seedlings carrying ARF5:ARF5-GFP, ARF6:ARF6-GFP, or
ARF8:ARF8-GFP after 4 h treatment at 32 °C. Each experiment was performed at
least three times; additional replicates are in Supplemental Fig. 1b.
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confer thermoaccumulation properties, we examined ARF19 trunca-
tions consisting of the DNA binding Domain (DBD, ARF191–354), the PB1
domain (ARF19958–1086), and the PB1 domain plus the middle region
(MR) of the protein (MR+ PB1, ARF19355–1086) (Fig. 3a). We found that
the ARF19 PB1 domain does not display thermoresponsive accumula-
tion (Fig. 3b). In contrast, both the ARF19 DBD and the ARF19MR+ PB1
displayed thermoresponsive accumulation (Fig. 3b). Because these
two proteins share no residues in common, we conclude that more
than one region of the protein bolsters protein stability at elevated
temperatures.

We next sought to identify other residues that could confer sta-
bility using an in vivo mutagenesis screen. We randomly mutagenized
the pUBQ10:YFP-ARF19 plasmid using an error prone polymerase25

followed by bulk Arabidopsis transformation with these variants
(Fig. 3c).We then screened transformants on coverslip-bottom culture
plates and a heated stage, identifying ARF19W330L and ARF19R297W var-
iants that failed todisplay thermoresponsive accumulation (Figure S4).
Both mutations are in conserved residues within the ancillary domain
of the DBD (Fig. 3d). These mutations are near a region recently
reported to regulate ARF stability16. To confirm that these variants
impact ARF stability, we assessed variant thermostability using the
ratiometric reporter in protoplasts (Fig. 2a), finding that each variant
displays attenuated thermoresponsive stability (Fig. 3f).

In the ARF19 protein model, W330was buried within the ancillary
domain of the DBD and had a three-way polar interaction with R331
and E51 (Fig. 3e). ARF19W330L is likely to break the polar interaction with
E51. R297 occurs within a beta-sheet of a five-stranded beta-barrel of
the ancillary domainand formsapolar contactwith E353at the endof a
predicted alpha-helix (Fig. 3e). In ARF19R297W, the polar contacts from
the R-group are likely to be ablated. Further, the substitution of a
positively charged arginine residue with a bulky aromatic tryptophan
could disrupt intramolecular interactions in this region of the protein.
Altogether, because thermoresponsive accumulation is displayed by
more than one ARF protein region, we speculate that multiple factors
contribute to ARF thermostability.

To assess the functional role of ARF19 temperature-responsive
accumulation, we created stable rescue lines by transformation arf7
arf19 with UBQ10:YFP-ARF19, UBQ10:YFP-ARF19W330L, or UBQ10:YFP-
ARF19R297W. We found that, similar to what we found in our screen
(Figure S8), the ARF19W330L and ARF19R297W variants displayed less
thermoresponsive protein accumulation than wild type ARF19
(Fig. 3g). However, these stable lines with these variants also displayed
decreased accumulation at 22 °C when compared to wild type protein

accumulation, suggesting that these variants affect ARF19 protein
stability at both ambient and elevated temperature. Expressing
UBQ10:YFP-ARF19 in arf7 arf19 mostly rescued its thermo-
morphogenesis phenotype (Fig. 3h); this partial rescue is likely due to
the fact that this was in the double mutant background, and we res-
cuedwithonlyARF19.Wild typeARF19, ARF19W330L andARF19R297W each
similarlymostly rescued the long hypocotyl developmental phenotype
of arf7 arf19 at 22 °C, suggesting that at this temperature, both variants
accumulate sufficient protein to compensate for loss of genomic
ARF19 (Fig. 3h). In contrast, neither UBQ10:YFP-ARF19W330L nor
UBQ10:YFP-ARF19R297W rescued arf7 arf19 thermomorphogenic growth
defects (Fig. 3i), suggesting that temperature-regulated ARF19 accu-
mulation contributes to temperature-responsive growth. After finding
that ARFprotein thermoresponsive stability activity is encoded in both
the DBD and disordered middle region, we sought to understand how
ARF proteins fit into known temperature pathways, and whether
temperature impacted its nucleo-cytoplasmic partitioning.

Temperature-responsive ARF condensation
Given the established relationship between ARF7 and ARF19 function
and condensation11, we examined the effects of varying temperatures
on ARF7 and 19 condensation and nuclear localization. In phase-
separating systems, temperature frequently regulates solubility12

(Fig. 4a). Because diffuse/soluble ARF7 and 19 are localized to the
nucleus whereas ARF condensates are localized to the cytoplasm11,26,
we examined whether increasing temperature would result in
increased soluble/nuclear ARF protein. This question is particularly
important because in phase separating systems, increased overall
protein concentrations do not necessarily result in increased ‘active’
protein when the protein in the dilute phase is the active form of
protein. In these systems, the concentration of dilute phase protein is
buffered against changes in overall protein levels. We found that the
concentration of nuclear (i.e., diffuse) ARF protein increases with
increasing temperatures (Fig. 4b–d). In time course imaging of hypo-
cotyls exposed to elevated temperature, we observed a rapid increase
in nuclear signal (8min post-exposure) prior to the occurrence of
cytoplasmic condensates ( ~ 31min post-exposure), consistent with a
model in which elevated temperature conditions allow for increases in
soluble/nuclear ARF protein (Fig. 4e, f). Congruent with this result,
Borniego et al. (see companion article) demonstrate that ARF7 and
ARF19 display increased solubility at elevated temperature when
expressed in yeast.
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or 32 °C for 4 h and fluorescencemeasured.bMean ( + SE) ratio ofmNeon:mScarlet
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a significance of p <0.001, 2-way ANOVA with Tukey’s HSD test. c Graphic showing

cycloheximide (CHX) treatment. d Immunoblot analysis of 5-day-old seedlings
treated with the indicated temperature, time, and CHX treatment. e Immunoblot
analysis of 4-day-old 35S:ARF7-HA seedlings incubated 4 h at the indicated tem-
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plemental Fig. 2g.
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In a phase-separating system12, environmental conditions such as
temperature frequently affect the saturation concentration in the
system (Fig. 4a). In these systems, the concentration of the dilute
phase equals that of the saturation concentration of the system, such
that the dilute phase concentration can change with environmental
conditions. For the ARF proteins, the dilute ARF protein resides in the
nucleus where it is transcriptionally active11,14,26. Thus, the concentra-
tion of nuclear ARF protein likely correlates with the solubility of the
protein.

To test whether increased ARF solubility and nuclear concentra-
tion affected transcriptional output, we directly examined ARF7 tran-
scriptional output using a protoplast-based reporter of transcriptional
activity, in which the ARF7 DBD has been replaced with the GAL4 DBD
in a FrankenARF protein fused to mVenus22 (Fig. 4g). In the same
plasmid, theGAL4UAS is upstreamof anmScarlet reporter to allow for

ratiometric analysis of ARF7 transcriptional output. Examination of
ARF7 activity in protoplasts at 22 °C and 32 °C reveals increased tran-
scriptional output at this temperature, consistent with elevated ARF7
levels in the nucleus at this temperature (Fig. 4h).

Our data is consistentwith the possibility that ARF7 and 19 display
upper critical solution temperature (UCST) behavior (Fig. 4a), often
displayed by Prion-like domain (PrLD)-containing proteins27,28. In UCST
phase separation systems, molecules such as ARF7 and 19 display
increased solubility at elevated temperature and thus the dilute con-
centration of the molecule increases with increasing temperature
(Fig. 4a). Enthalpy-driven UCST behavior can bemediated by aromatic
sidechain associations. Analysis of the ARF7 and ARF19 intrinsically
disordered regions reveals residues compatible with UCST behavior
(Figures S5, S6). Indeed, Borniego et al. (accompanying manuscript)
observe temperature-regulated ARF7 and ARF19 solubility in root
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from one another (One-factor ANOVA on the log-transformed data, Tukey’s mul-
tiple comparison tests, p <0.05).
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tissues and in yeast. In sum, our data are consistent with a model in
which temperature regulates the levels of nuclear ARF7 and ARF19
protein not only by altering protein stability but also by increasing
protein solubility.

ARF7 and ARF19 thermoresponsive accumulation is not fully
dependent on known thermosensing pathways
PHYTOCHROME INTERACTING FACTOR4 (PIF4) is a central signaling
hub of thermomorphogenesis and drives the thermoresponsive
expression of auxin biosynthesis genes YUCCA8 (YUC8) and YUC9.
ELONGATED HYPOCOTYL 5 (HY5) acts antagonistically to PIF4 by
competing for YUC8 binding sites29–32. The thermosensor EARLY
FLOWERING3 (ELF3) also negatively regulates PIF433–36. The light
receptor phyB is a thermosensor that interacts with PIF436,37. Together,
these pathways integrate temperature cues to plant physiological
adaptations to temperature5. Ultimately, these pathways result in ele-
vated auxin biosynthesis through the YUCCA family (Fig. 5a). To
determine whether temperature-regulated auxin biosynthesis was
required for our observed ARF7 thermoregulated protein accumula-
tion, we examined ARF7 protein levels in the yucQ and 35S:YUC back-
grounds. We found that ARF7 temperature-regulated accumulation
was similar to wild type (Figure S7a, b).

To ascertain if ARF thermostability was regulated by PIF4 and HY5,
we measured ARF7 protein levels in the hy5 and phyB pifQ mutants,
finding that ARF7 thermoresponsive accumulation was not different
from wildtype in these backgrounds (Fig. 5b, c). We further assayed

ARF7 protein levels in the elf3 elf4 mutant background and in a line
overexpressing ELF3 (35S:ELF3). ARF7 thermoresponsive accumulation
was unaffected in the elf3 elf4 mutant (Fig. 5d). Conversely, ELF3 over-
expression resulted in slightly elevatedARF at all temperatures (Fig. 5d),
suggesting amore complicated relationship betweenARF7 stability and
ELF3, which plays roles not only in temperature sensing36, but also in
circadian clock regulation38. To further investigate the effects of PhyB
and PIFs on ARF thermoresponsive accumulation, we assessed
temperature-regulated ARF7 accumulation in phyB and pifQ, finding
that in these mutants, ARF7 thermoresponsive protein accumulation is
similar to wild type in these mutant backgrounds (Fig. 5e, f).

Elevated temperature results in elevated auxin levels through the
activities of known temperature sensing pathways5.To separate the
effects of increased auxin from ARF7/ARF19 activity, we examined
temperature-responsive hypocotyl elongation of wild type, the auxin
overproducing line 35S:YUC139, and arf7 arf19 with and without the
auxin inhibitors L-Kynurenine40 and Yucasin41.Without inhibitors, both
auxin overproduction and loss of ARF7 and 19 activity dampened
thermomorphogenic response at 28 °C and 32 °C (Figure S8b, c). In
35S:YUC1, auxin levels were likely saturated, limiting further
temperature-inducted elongation. Inclusion of auxin biosynthesis
inhibitors did not fully block thermomorphogenic hypocotyl elonga-
tion in either wild type or in the 35S:YUC1 line (Figure S8b, c). Con-
versely, inclusion of auxinbiosynthesis inhibitors diminishedarf7 arf19
hypocotyl thermomorphogenesis (Figure S8b, c). The auxin reporter,
DII-Venus confirmed that the auxin inhibitors blocked auxin
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Fig. 4 | Thermosensitive ARF accumulation alters ARF nuclear accumulation.
a Graphic of typical temperature-dependent phase diagram for upper critical
saturation temperature (UCST) behavior. C1 and C2 correspond to protein critical
saturation concentrations. In this example, the saturation concentration of the
protein is higher with higher temperature (ie, the protein is more soluble at ele-
vated temperature in UCST systems). b Confocal microscopy images of 4-day-old
root tips of seedlings expressing ARF7:ARF7-mVenus after a 4-hour incubation at
22 °C or 37 °C. To the right are closeup views of nuclear signal. c Mean (±SD)
fluorescence intensity of root tip nuclei in roots of seedlings pARF7: ARF7-mVenus11

after 4 h incubation at 22 °C and 37 °C (n = 148 nuclei at 22 °C and 143 nuclei 37 °C).
****P = 3.02E-13 using two-tailed unpaired t-test. Arbitrary units are used. d Mean
(±SD) fluorescence intensity of root tip nuclei of of 4-day-old seedlings expressing
pUBQ10:YFP-ARF19 after 4 h incubation at 22 °C or 28 °C (n = 24 nuclei at 22 °C and
40nuclei 37 °C). ****P = 8.62E-10 using two-tailed unpaired t-test. Arbitrary units are
used. e Time course fluorescence microscopy images of hypocotyl cells of 4-day-

old seedlings expressing pUBQ10:YFP-ARF19. Seedlings were mounted on a heated
stage at 22 °C that rapidly transitioned to 32 °C. Images were taken at the indicated
time points and, in one example cell, the nucleus pointed out with a puce carat and
condensates pointed out with orange carats. fMean (±SD) fluorescence intensity in
nuclei at the start of treatment and after 31minof treatment. (n = 88nuclei at 0min
and 84 nuclei at 31min from 5 individual seedlings). ****P = 2.51E-18 using two-tailed
unpaired t-test. Arbitrary units are used. g Graphic demonstrating effectors and
reporter in the FrankenARF7 system22. h Box plots of median and interquartile
range of mScarlet signal found in mNeon positive cells; whiskers represent max-
imumandminimumvalues (n = 1340 for the control at 22 °C, 3554 for the control at
32 °C, 2210 for FrARF7 at 22 °C, and 1736 for FrARF7 at 32 °C). P = 1.05E-06 for the
FrARF effector and P = 6.37E-10 for the FrARF reporter using two-tailed unpaired
t-test. Box plots of median and interquartile range of mNeon signal in transformed
protoplasts; whiskers represent maximum and minimum values.
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biosynthesis (Figure S8d, e). The dynamic nature of temperature-
regulated Class-A ARF accumulation (Fig. 1), condensation (Fig. 4) and
roles in thermomorphogensis (see Borniego et al., companion article)
suggests roles for ARF proteins in temperature sensing that are not
directly reliant on their roles interpreting auxin levels.

Natural variation in temperature-regulated ARF stability asso-
ciated with changes in thermomorphogenesis
We were curious if ARF stability was important for thermo-
rmorphogenesis in other accessions. Therefore, we leveraged
naturally-occurring genetic variation within Arabidopsis thaliana to
see if different levels of ARF stability had consequences on hypocotyl
thermomorphogenesis. We chose 15 accessions that have evolved in
diverse environments (Fig. 6a) and compared hypocotyl elongation at
22 °C and 28 °C. We found a spectrum of hypocotyl elongation in
response to the increased temperature (Fig. 6b). We then assayed
thermoresponsive ARF7/19 protein accumulation within these acces-
sions using immunoblotting. Some accessions, such as Ler-1, do not
display a sharp accumulation in ARF7/19 at elevated temperature
whereas other accessions, such as MNF-Che-47, display a robust
increase in ARF7/19 accumulation at elevated temperature (Fig. 6c).
We then analyzed the relationship between thermomophogenic
hypocotyl elongation and thermoresponsive ARF protein accumula-
tion using linear regression and found a correlation between thermo-
responsive ARF7/19 protein accumulation and thermormophogenic
hypocotyl elongation (Fig. 6d). The strength of this correlation was
unexpected, considering the multiple pathways regulating thermo-
morphogenesis and the broad differences amongst accessions; how-
ever, this data suggests that temperature-regulated stability of the
ARF7/19 transcription factors, which mediate auxin transcriptional
output, contributes to the thermomorphogenic response across Ara-
bidopsis accessions.

Discussion
Plants rely on the auxin pathway to tailor their physiology to their
surroundings. Temperature is a prominent environmental cue plants
must register to tune growth, adapt to seasonal rhythms, and to
respond to acute stress conditions. Faced with a warming climate, it is
paramount to understand ways plant response to elevated and rapidly
changing temperatures. Here, wefind that the accumulation of Class-A
ARFs, which drive many aspects of plant growth and development, is
regulated by temperature. Further, although auxin biosynthesis has
long been found to be a key component of thermomorphogenesis, our
data suggests ARF7 and ARF19 contribute to thermomorphogenesis
independent of their role interpreting auxin levels. In particular,
thermoresponsive ARF stability and condensation are rapidly altered
by changing temperature.

Twowell-studiedClass-A ARFs includeARF7 andARF19. These key
transcription factors are required for multiple aspects of plant
development10. In this work, we determine that ARF7/19 thermo-
responsive accumulation is seemingly independent of multiple known
temperature response pathways, raising the possibility that either
there are yet-to-be discovered termperature sensing pathways or that
ARFs directly sense temperature changes. Further, for this increase in
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ARF protein accumulation to drive a thermal response, this increased
ARFmust coincidewith increased levels of soluble-nuclear protein and
transcriptional output. ARF7 and ARF19 undergo phase separation,
and ARF cytoplasmic condensates attenuate auxin transcriptional
responses11. Our collective data (this work and that of Borniego et al.)
point to a model in which ARF7 and ARF19 solubility are temperature-
controlled, providing a rapid and reversible system to contributing to
the integration of temperature cues into plant biology.

Climate change not only impacts average global temperatures,
but also rapid and detrimental shifts in temperature. In these assays,
ARF7 and ARF19 dramatically increased at 37 °C, a temperature more
representative of acute heat stress in Arabidopsis. Whereas the phe-
notypes observed in this study focused on seedlings grown at 28 °C,
the dramatic protein changes at 37 °C could hint at a possible role for
these ARFs in heat stress. Indeed, ARF proteins play a notable role in
abiotic stress in plants42. Understanding the behavior of ARF7 and
ARF19 protein at elevated and rapidly changing temperatures advan-
ces our understanding of how plants respond to elevated
temperatures.

Our data and that of Borniego et al. (accompanying manuscript)
point to another tunablemechanismcontributing to the integration of
temperature cues into plant biology. This thermoregulation of ARF
stability and condensation occurs rapidly and reversibly, on the time
scale ofminutes. This rapid shift in ARF7 and ARF19 adds another layer
in which plants to respond to temperature shifts and primes cellular
competence to respond to temperature-responsive auxin synthesis. In
the future, the ARF system could be co-opted to directly and rapidly
regulate transcriptional outputs to tune plant growth to varying tem-
perature conditions. How temperature might interface with the
recently discovered use ofmovement-generated force to regulate ARF
condensation14 remains to be seen. As our planet warms, under-
standing how ectotherms integrate cellular temperature into tuned
growth output will be critical to predict how these organisms will
tolerate novel growth conditions.

Methods
Plant Growth Conditions
Thermomorphogenesis assays: Seedlings were stratified 4 °C overnight
and plated on Plant Nutrient Media43 solidified with 0.6% agar and
supplementedwith 0.5% (w/v) sucrose. To examine the effects of auxin
inhibitors on hypocotyl elongation, seedlings were grown for one day
under yellow-filtered light prior to grown under dark conditions at
22 °C to encourage hypocotyl elongation. Seedlings were then trans-
ferred to media containing a mock treatment (DMSO), or 50 µM
Yucasin (gift from Jerry Cohen) and 10 µM L-Kynurenine (Millipore
Sigma). Yucasin and L- Kynurenine (L-kyn) are auxin biosynthesis
inhibitors that respectively block the enzymatic activities of YUCCA
and TAA40,41. Seedlings on mock or auxin inhibitor treatment were
incubated at 22 °C, 28 °C, or 32 °C vertically under continuous yellow-
filtered light for an additional 3 d prior to imaging andmeasurement of
hypocotyl lengths using FIJI.

For protoplast assays, 7-day-old seedlings were transferred to
pots containing Metro-Mix 830 media (Sungro) and placed at 22 °C at
16 h light for an additional 7–10 days. For the growth of T1 agro-
bacterium transformants, seeds were placed directly inMetro-Mix 830
at 16 h light for 7 days. After 7 days, positive transformants were
selected by spraying the seedlings with BASTA. After selection, plants
were grown at 16 h light untilmature. Transformantswereharvested as
individuals and their progeny were screened.

Vector Construction
pUBQ10:mNEON-ARF19c-P2A-mScarlet3was generated using thepUBQ-
mNEON-P2A-mScarlet3 backbone. pUBQ10:mNeon-P2A-mScarlet
(using 5′-AACGCATGCGGAAGCGGAGC-3′ and 5′-AACACTCCCACTTC
CAGAGCC-3′) and ARF19 CDS (using 5′-GGAAGTGGGAGTGTTATGAA

AGCTCCATCAAATGG-3′ and 5′-GCTTCCGCATGCGTTTCTGTTGAAA
GAAGCTGCAGCAG-3′) were linearized via PCR (Invitrogen, SuperFi II)
and the ARF19 CDS was integrated into pUBQ10:mNeon-P2A mScarlet
backbone using NEBuilder HiFi DNA Assembly (New England
Bioscience). ARF19 variant fragments were generated by twist
Bioscience in the pENTR backbone and inserted into the pUBQ10:
mNeon-P2A-mScarlet3 backbone using NEBuilder HiFi DNA assembly.

FrARF7 and GAL4 DBD plasmids were generated as previously
described22: A gene fragment which encoded the FrARF7 protein, a
NOS terminator, and 1000bp of non-coding DNA including a multiple
cloning site was synthesized by Twist in the pENTR Gateway compa-
tible backbone. An additional gene fragment encoding 500bp of non-
coding DNA followed by 5X Gal4 UAS sites, a minimal CaMV 35S pro-
moter, and mScarlett-I fused to Histone 2B was synthesized and put
into the pENTR backbone by Twist. The pENTR FrARF7 backbone was
linearized using SacI, and the reporter was PCR amplified to include
20bp overlap with the pENTR FrARF7 multiple cloning site at the 5´
and 3´ ends. The reporter insert was cloned into the linearized FrARF7
vector using NEBuilder HiFi cloning to generate pENTR FrAR-
F7+Reporter clones. The FrARF7+Reporter Entry clone was then
cloned into pLCS107, which provided an in-framemNEON fused to the
N-terminus of FrARF7 driven under the UBQ10 promoter and a nos
terminator for the mScarlet-I H2B reporter, by gateway cloning. The
Gal4 DBD variant was generated by inframe deletions of the ARF7 CDS
by PCR linearization and self-assembly with NEBuilder HiFi cloning.

Immunoblot Analysis
Custom polyclonal antibody was generated by injecting rabbits with
purified ARF7 PB1 domain21 using a standard 70-day immunization
protocol by the company Biomatik.

Fresh tissue from 30 4-day-old seedlings was homogenized using
a 2010 Geno/Grinder (SPEX Sample Prep) at 1500 RPM for 30 seconds
and then placed at 70°C in 2x NuPage LDS buffer (141mM Tris, 2%
Lithium Dodecyl Sulfide, 0.51mM EDTA, 10% glycerol, 0.175mM Phe-
nol Red, 0.22mM Coomassie Blue) and loaded onto a Bolt 8% Bis-tris
protein gel (Thermo Scientific). The gel was run at 80 V for 15min
and then 160 volts for 1 h until proper separation of bands was
obtained. The gel was transferred to a nitrocellulose membrane
(Amersham Protan 0.45 µm NC) using a wet-transfer system.
Loading control was determined with Ponceau solution (0.1% Ponceau
w/v, 5% acetic acid) for 2min, washed in TBS-T solution (200mMTris,
1.5M NaCl, 0.1% Tween-20) until excess Ponceau solution was
removed, and imaged for loading control analysis, or with 1:5000 anti-
Actin Antibody (Agrisera, AS13 2640). The membrane was blocked in
8% milk (Great Value) in TBS-T buffer for 1 hour. 1:5000 Anti-GFP
(Agrisera, AS20 4443) or 1:5000 Anti-ARF7 antibody was added over-
night at 4 °C. The membrane was then washed 3 times in TBS-T solu-
tion for 5min before being incubated with anti-rabbit secondary
antibody at 4 °C overnight. The signal was detected using a Wester-
nBright ECL HRP substrate kit (Advasta) according to manufacturer’s
instructions.

For temperature-dependent assays, 4-day old Arabidopsis tissue
was placed in water pre-warmed to the treatment temperature for
4 hours (unless otherwise stated). After 4 hours, seedlings were dab-
beddryonapaper towel andflash frozen in liquidnitrogen andused in
immunoblot analysis.

To examine the effects of the 26S proteasome on ARF stability,
ARF levels in seedlings treated with the proteasomal inhibitor MG132
were examined. MG132 (Sigma-Aldrich) was dissolved in DMSO and
supplemented to pre-warmed water to a final concentration of 50 µM.
For mock treatments, an equivalent amount of DMSO was supple-
mented to water. 30 4-day-old seedlings were then added to either
treatment and incubated at the described temperature for four hours.
After incubation, tissue was dabbed dry on a paper towel and flash
frozen in liquid nitrogen for immunoblot analysis.
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To examine the effects of the autophagy on ARF stability, ARF
levels in seedlings treated with the autophagy inhibitor Con-
canamycinA were examined. ConcanamycinA was dissolved in DMSO.
ConcanamycinA, Concavlin A, or the equivalent volume of DMSO, was
then added to pre-warmed water to a final concentration of 1 µM.
Plants were left to incubate at the indicated temperature for 16 h. After
incubation, plants were dabbed dry on a paper towel and flash frozen
in liquid nitrogen for immunoblot analysis.

To determine the half-lives of ARF proteins at different tempera-
tures, seedlines were pre-treated at their prescribed temperature for
one hour in a 6-well plate. Then, cycloheximide, dissolved inwater, was
added to each well and lightly mixed to ensure even diffusion of the
chemical within the well. Plants were then collected from each well at
the described time (immediately, 1 h, 2 h, or 4 h later). Tissue was
dabbed dry on a paper towel and flash frozen in liquid nitrogen for
immunoblot analysis.

Protein Screen
An ARF19 mutagenesis library was created using a protocol adapted
from Manel’s 2-plasmid Mutagenesis protocol25. The pUBQ10:YFP-
ARF19c binary vector11 was transformed into competent JS200 cells
carrying the EP pol I plasmid (Addgene). Overnight cultures were
grown statically overnight at 30 °C. The following morning, cultures
were shaken for 2 hours at 180 rpm and 2 µl of each culture was used to
inoculate 5ml of 2xYT media with antibiotics. Mutagenesis was sti-
mulated by placing cultures statically at 37 °C for 15min and then
shaken overnight at 37 °C at 180 rpm. Cultures were miniprepped and
transformed into JS200 cells and plated at 30 °C in a serial dilution to
approximate the number of transformation events present in each
culture. All colonies on the plate were pooled together in LB. Cultures
were then used to inoculate 5mL of 2XYT media and a second muta-
genesis step was performed. The rate of mutagenesis was determined
by transformingplasmids from the error-pronepolymerase intoNEB5a
cells and sequencing. Mutagenized plasmids were then transformed
into agrobacterium (GV3101). Agrobacterium colonies were then
pooled and used to transform Col-0 plants using the floral dip
method44. Positive transformants were selected using BASTA. Trans-
formants were grown as individuals and their progeny were plated on
a glass-bottom 24-well plate supplemented with PNS media. After
5 days of growth, seedlings were imaged when their roots grew
along the bottom of the glass-bottom plate using a Leica DMI8 Thun-
der light microscope using an OKO Lab temperature-controlled
stage at 32 °C. Seedlings were imaged before and after heat treat-
ment. Mutations in YFP-ARF19 were determined by performing a
PCR reaction using primers present only in the binary vector backbone
(5′-CAACAATTACCAACAACAAC-3′ and 5′-ACCTAGGATCATCAACC-3′)
to prevent amplification of the endogenous ARF19 gene and
sequenced.

Protoplast generation and experiments
Arabidopsis mesophyll protoplasts were isolated from 12 to 14-day-old
Col-0 leaves using the tape sandwichmethod45. Approximately 100,000
cells were transformed with 20ug of plasmid containing pUB-
Q10:mNEON-ARF19-P2A-mScarlet3, or variants in which ARF19 was
replaced by an ARF19 variant and incubated for 16 hours in the dark.
Following incubation, protoplasts were either left at ambient tempera-
ture or treated at 32°C for four hours. The Beckman Coulter Cytoflex S
Flow Cytometer was used to score the transformed protoplasts.
Intact protoplasts were identified with a back gating strategy. mNEON
levels were collected using the B525 channel (Ex: 488nm Em:
525 ± 40nm, 69 gain). mScarlet levels were collected using the Y610
channel (Ex: 561 nm Em: 610 ±20nm, 1000 gain). FCS files were gener-
ated using CytExpertsoftware and analyzed with FlowKit46, using
NumPy47 and Pandas48 packages in Python as previously described.
Stability was calculated by dividing the mNEON signal by the mScarlet

signal for each cell. Graphs were generated with seaborn49 and
Matplotlib50 in Python.

Microscopy
All imageswereacquired using a LeicaDMi8Fluorescencemicroscope.
Nuclei of seedlings carrying the pARF7:mVenus-ARF7 or pUBQ10:YFP-
ARF19 reporter were imaged using a Leica DMi8 Confocal microscope.
Nuclei were measured in 4-day-old seedlings in young epidermal cells
with or without a four-hour treatment at 37 °C. Nuclei fluorescence
intensity was quantified using ImageJ Software.

For time course images depicting pUBQ10:YFP-ARF19 thermal
accumulation, 4-day-old seedlings were mounted in water and imaged
on a Leica DMI8 Thunder light microscope using an OKO Lab
temperature-controlled stage at 32 °C and imaged approximately
every 12min over the course of 4 hours.

Natural Variation Assay
Fifteen Arabidopsis accessions were selected for their geographic
diversity. To determine thermomorphogenic hypocotyl elongation,
seedlingswere grownwith continuous illumination under yellowfilters
for 6 days at either 22 °C or 28 °C and hypocotyls weremeasured using
FIJI. To conduct western blot analysis, 30 seedlings of each genotype
were placed in pre-warmed water at 22 °C or 37 °C and incubated for
four hours prior to protein extraction. Relative ARF7 protein levels
were measured using FIJI by quantifying signal within the 37 °C band
and dividing by the 22 °C band.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are either reported in this manuscript or available upon
request from the corresponding author. Source data are providedwith
this paper.
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