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            Abstract
Temperature controls plant growth and development, and climate change has already altered the phenology of wild plants and crops1. However, the mechanisms by which plants sense temperature are not well understood. The evening complex is a major signalling hub and a core component of the plant circadian clock2,3. The evening complex acts as a temperature-responsive transcriptional repressor, providing rhythmicity and temperature responsiveness to growth through unknown mechanisms2,4,5,6. The evening complex consists of EARLY FLOWERING 3 (ELF3)4,7, a large scaffold protein and key component of temperature sensing; ELF4, a small Î±-helical protein; and LUX ARRYTHMO (LUX), a DNA-binding protein required to recruit the evening complex to transcriptional targets. ELF3 contains a polyglutamine (polyQ) repeat8,9,10, embedded within a predicted prion domain (PrD). Here we find that the length of the polyQ repeat correlates with thermal responsiveness. We show that ELF3 proteins in plants from hotter climates, with no detectable PrD, are active at high temperatures, and lack thermal responsiveness. The temperature sensitivity of ELF3 is also modulated by the levels of ELF4, indicating that ELF4 can stabilize the function of ELF3. In both Arabidopsis and a heterologous system, ELF3 fused with green fluorescent protein forms speckles within minutes in response to higher temperatures, in a PrD-dependent manner. A purified fragment encompassing the ELF3 PrD reversibly forms liquid droplets in response to increasing temperatures in vitro, indicating that these properties reflect a direct biophysical response conferred by the PrD. The ability of temperature to rapidly shift ELF3 between active and inactive states via phase transition represents a previously unknown thermosensory mechanism.
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                    Fig. 1: The polyQ repeat of ELF3 is embedded within a predicted prion domain that is essential for thermal responsiveness and modulated by ELF4.[image: ]


Fig. 2: High temperature induces the formation of ELF3 speckles in vivo.[image: ]


Fig. 3: The PrD of ELF3 undergoes a reversible phase transition in response to temperature.[image: ]
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                Data availability

              
              Sequencing data for gene-expression analysis (RNA-seq) and proteinâ€“DNA interactions (ChIPâ€“seq) have been deposited in the publicly available Gene Expression Omnibus (GEO) under accession code GSE137264 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137264). The raw data used in this study are available at https://osf.io/fn5um/.

            

Code availability

              
              The code to produce the figures (Fig. 1dâ€“f and Extended Data Figs. 5, 7â€“9) from the processed files is available at https://github.com/shouldsee/polyq-figures. To enable easier browsing, a static site is hosted at https://shouldsee.github.io/polyq-figures. The inhouse pipeline for mapping is available at https://github.com/shouldsee/synoBio.
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Extended data figures and tables

Extended Data Fig. 1 The length of the polyQ repeat within the ELF3 PrD influences temperature responsiveness.
a, Hypocotyl lengths for transgenic plants with altered ELF3 polyQ tracts grown at different temperatures. At 17â€‰Â°C, ELF3 is required to prevent hypocotyl elongation, but different polyQ lengths do not perturb ELF3 function. At 27â€‰Â°C, the responsiveness of ELF3 to temperature increases with polyQ length. Q0, Q7 and Q17 refer to the length of the polyQ tract; #15 (for example) denotes a particular transgenic line. Each box is bounded by the lower and upper quartiles; the central bar represents the median; the whiskers indicate minimum and maximum values. b, Alignment of ELF3 amino-acid sequences from three different plant species. The region indicated by an arrow was used to create a chimeric version of Arabidopsis ELF3, with the ELF3 PrD replaced by the corresponding sequence of BdELF3 or StELF3. Conserved amino acids are in white in red-filled rectangles. Similar residues are in red surrounded by blue lines. Dots denote ten-amino-acid spacings.


Extended Data Fig. 2 ELF3 expression in the transgenic lines used here.
All transgenic plants were generated by expressing ELF3 under the control of its native promoter in elf3-1 mutant backgrounds. The elf3-1 phenotypes were perfectly rescued in all ELF3 transgenic lines used here. ELF3 transcript levels were determined by RTâ€“qPCR. Gene-expression values were normalized to EIF4A expression. Data shown as meansÂ Â±Â s.d. (nÂ =Â 3). a, ELF3pro::ELF3 elf3-1 transgenic plants without any tag sequences, used for hypocotyl-elongation and RNA-seq experiments. b, ELF3pro::ELF3-FLAG elf3-1 lines, used for flowering-time measurements and ChIPâ€“seq experiments. c, ELF3pro::ELF3-GFP elf3-1 lines, used to observe ELF3-induced speckle formation in planta.


Extended Data Fig. 3 The effects of the elf3-1 allele in A. thaliana are rescued by StELF3 or BdELF3, which lack a detectable PrD.
a, b, Transgenic A. thaliana plants in the elf3-1 background, expressing different forms of ELF3 either constitutively (from the 35S promoter; â€˜OEâ€™) or under the control of the endogenous AtELF3 promoter (ELF3pro), were grown in short-photoperiod conditions at 22â€‰Â°C until bolting. c, Relative expression of FT at ZT8 was analysed by RTâ€“qPCR. Twelve-day-old seedlings grown at different temperatures under short-photoperiod conditions (SDs) were used to analyse transcript accumulation. Data shown as meansÂ Â±Â s.d. (nÂ =Â 3).


Extended Data Fig. 4 ELF4 is required to stabilize the activity of the evening complex at warmer temperatures.
a, At lower temperatures, ELF4 becomes dispensable for controlling flowering, but with increasing temperature, it assumes a greater role. b, ELF4 overexpression greatly reduces the thermal responsiveness of both hypocotyl elongation and flowering time, and this response depends entirely on ELF3. c, At low temperatures, ELF4 is dispensable, and elf4-2 mutants have similar hypocotyl phenotypes to wild-type plants. As temperature increases, the role of ELF4 becomes increasingly important, as measured by hypocotyl length. Overexpressing ELF3 is not sufficient to change thermal responsiveness and ELF3 overexpression has no effect in the elf4-2 background at 27â€‰Â°C, indicating that ELF4 plays an important part at higher temperatures. In box plots, each box is bounded by the lower and upper quartiles; the central bar represents the median; the whiskers indicate minimum and maximum values. b, c, Scale bars, 5Â mm.Â d, ELF3 constructs used. Numbers indicate residue positions. The domain structure of the ELF3 protein was determined using SMART protein domain annotation (http://smart.embl.de). ELF3 does not contain any specific domains except for low-complexity regions, which are regions in protein sequences that differ from the composition and complexity of most proteins with normal globular structure. e, Interactions of ELF3 with ELF4 in yeast cells. Cell growth on selective mediumÂ was examined. The ELF3 fragment containing a low-complexity region, which does not overlap with the PrD, is responsible for the interaction with ELF4. A soluble form of ELF3 peptide, which is used for in vitro experiments, does not include the region required for the interaction with ELF4.


Extended Data Fig. 5 The binding of ELF3 to target genes depends on temperature, and stabilized forms of ELF3 are less temperature responsive than wild-type ELF3.
Average ELF3 ChIPâ€“seq peak signals are measured as fold-enrichment over input (as calculated by MACS2) across multiple transgenic lines expressing the indicated ELF3 variants.


Extended Data Fig. 6 The expression of ELF3-dependent genes is influenced by temperature and the PrD of ELF3.
a, Effects of temperature. We analysed 325 transcripts that show ELF3-dependent expression in RNA-seq datasets from different genotypes at 22â€‰Â°C and 27â€‰Â°C. As expected, ELF3-dependent gene expression is generally suppressed at 22â€‰Â°C (red), except in the elf3-1 background, where genes are upregulated (green). Lines overexpressing BdELF3 show less activation at 27â€‰Â°C, consistent with their later-flowering phenotypes. Replacing just the Arabidopsis PrD with the corresponding region from BdELF3 (in ELF3pro::BdELF3 at 27â€‰Â°C) is sufficient to greatly reduce the upregulation of ELF3-dependent genes at this temperature. Upregulation of ELF3-dependent genes also occurs in an elf3-1 mutant when ELF4 is overexpressed, consistent with ELF3 being necessary for ELF4 action. b, Effects of the PrD. We analysed 325 transcripts that show ELF3-dependent expression in RNA-seq datasets from different polyQ genotypes at 22â€‰Â°C and 27â€‰Â°C. Plants expressing ELF3 with a truncated polyQ repeat (ELF3-Q0) show a reduced expression of ELF3-dependent genes at 27â€‰Â°C, consistent with their shorter-hypocotyl phenotype. c, Heat map showing that ELF3-bound targets that are usually induced by shifting to 27â€‰Â°C (green) become less temperature responsive in backgrounds in which ELF3 is more stable.


Extended Data Fig. 7 The length of the polyQ repeat within the ELF3 PrD influences temperature-dependent speckle formation in vivo.
a, Arabidopsis seedlings expressed GFP-tagged ELF3 variants with no polyQ repeat (Q0), the wild-type polyQ (Q7), a polyQ with 20 or 30 glutamines (Q20 and Q30, respectively), or the PrD replaced by the corresponding region from B. distachyon ELF3 (BdPrD). Seedlings were grown in short photoperiods for 7Â days at 17â€‰Â°C. Roots were imaged by confocal microscopy before and after incubation at 30â€‰Â°C for 15Â min. Scale bar, 40Â Î¼m. b, Quantification of the degree of speckle formation in a. Regions of the roots that correspond to the size of individual cells were selected, and the mean, standard deviation and maximum grey values were measured in ImageJ. We assumed that speckle formation would lead to higher grey values and that a higher frequency of speckles within the analysis region would increase the standard deviation. The lower boundary of each box indicates the 25th percentile; the median is marked by a black line within the box; and the top boundary indicates the 75th percentile. Whiskers above and below each box indicate the largest/smallest value up to 1.5Â Ã—Â IQR (interquartile range) from the hinge, and the red dot indicates the mean. GreenÂ dots indicate the value for each root measured. a, b, BdPrD, nÂ =Â 6; Q0, nÂ =Â 5; Q7, nÂ =Â 5; Q20, nÂ =Â 4; Q30, nÂ =Â 6; all from two independent experiments. c, Relative FT expression in ELF3pro::ELF3-GFP transgenic plants. Twelve-day-old seedlings grown at different temperatures under short-photoperiod conditions were used to analyse the accumulation of FT transcripts at ZT8 by RTâ€“qPCR. Results shown as meansÂ Â±Â s.d. (nÂ =Â 3). The effect of warm temperatures on the induction of FT was weak in transgenic plants containing ELF3 variants with the BdPrD.


Extended Data Fig. 8 Yeast strains show no growth defect after incubation at temperatures used in the speckle-formation experiments, and express detectable levels of ELF3â€“GFP.
a, Temperature shifts do not affect yeast viability. Yeast cells were grown overnight at 19â€‰Â°C and shifted to the indicated temperatures for 30Â min (as in the temperature shifts used for speckle inductions; Fig. 2d, e). Serial dilutions were spotted onto YPD plates and incubated at 30â€‰Â°C for one or two days. b, Yeast cells expressing the indicated ELF3â€“GFP constructs (Q7, Q35 or BdPrD) or an empty vector were grown overnight in selective medium to exponential phase at 30â€‰Â°C. Cells (at an optical density (OD)600 of approximately 9) were pelleted, washed with sterile water, and lysed in 100Â Î¼l SDS-sample buffer with 0.5-mm-diameter glass beads (BioSpec Products) by two rounds of boiling for 2Â min and vortexing for 30Â s. Protein extracts were centrifuged at 13,000Â r.p.m. for 15Â min, and supernatants were analysed by western blot using anti-GFP antibody at 1:1,500 dilution (a gift from A. Peden). Western blot signals were developed using enhanced chemiluminescence (GE Healthcare).


Extended Data Fig. 9 ELF3 PrD peptides show phase-change characteristics in vitro.
a, SDS gel analysis (12% polyacrylamide) of the BdELF3 PrD, ELF3 PrD and ELF3 PrDâ€“GFP. M, molecular-weight marker. Proteins were expressed and purified at least ten times with highly reproducible results. b, Phase diagram for the ELF3 PrD peptide with respect to salt and protein concentration. Examples of each phase are shown on the right. c, Droplet formation is dynamic, with droplets re-entering the soluble phase over time, as measured in two biological samples (mean shown) by changes in A340 after droplet formation is induced by dilution from a high-salt to low-salt buffer (50Â mM CAPS, pHÂ 9.7, 1Â mM TCEP, 500Â mM to 150Â mM NaCl).


Extended Data Fig. 10 ELF3 PrD droplets fuse.
a, Fusion of two droplets over time, with intensity profiles of each droplet shown below the images. b, Fusion of ELF3 PrD droplets. Two examples are shown (one in each row). c, Example of photobleaching and recovery over time. Images were taken (left to right) before, after and at time points 30Â s and 240Â s post-photobleaching. d, FRAP recovery curves for c, showing means (green)Â Â±Â s.d. (tan). Droplet fusions and FRAP experiments were performed five times with reproducible results.
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