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Summary

• Hypocotyl elongation is controlled by several signals and is a major characteristic 

of plants growing in darkness or under warm temperature. While already several 

molecular mechanisms associated with this process are known, protein degradation and 

associated E3 ligases have hardly been studied in the context of warm temperature.
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• In a time-course phosphoproteome analysis on Arabidopsis seedlings exposed to 

control or warm ambient temperature, we observed reduced levels of diverse proteins 

over time, which could be due to transcription, translation, and/or degradation. In 

addition, we observed differential phosphorylation of the LRR F-box protein SLOMO 

MOTION (SLOMO) at two serine residues.

• We demonstrate that SLOMO is a negative regulator of hypocotyl growth, also under 

warm temperature conditions, and protein–protein interaction studies revealed possible 

interactors of SLOMO, such as MKK5, DWF1, and NCED4. We identified DWF1 as 

a likely SLOMO substrate and a regulator of warm temperature-mediated hypocotyl 

growth.

• We propose that warm temperature-mediated regulation of SLOMO activity controls 

the abundance of hypocotyl growth regulators, such as DWF1, through ubiquitin-

mediated degradation.
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Introduction

Hypocotyl elongation is controlled by environmental as well as developmental signals and 

affected by hormones, light, and the circadian clock (Quint et al., 2016; Jin & Zhu, 2019) 

and is a major characteristic of plants growing in darkness or under warm temperature 

(Josse & Halliday, 2008; Casal & Balasubramanian, 2019). Warm temperature-mediated 

growth regulation through chromatin remodeling (Tasset et al., 2018; Xue et al., 2021), 

plant hormone-mediated signaling (Castroverde & Dina, 2021; Li et al., 2021; Zhu et al., 
2021), transcriptional regulators (Leivar & Monte, 2014; Ohama et al., 2016; Quint et al., 
2016; Qiu et al., 2019), and mRNA translation (Chung et al., 2020) is well understood. 

In addition to these mechanisms, less-explored protein phosphorylation-driven signaling 

(Praat et al., 2021; Vu et al., 2021) and ubiquitin-mediated protein degradation (Chiu 

et al., 2016; Liu et al., 2020) also play roles during thermomorphogenesis. In general, 

protein ubiquitination is achieved via sequential action of E1, E2 and E3 enzymes to attach 

evolutionarily-conserved ubiquitin (Ub) to target proteins, with E3 ligases determining the 

substrate specificity (Hershko & Ciechanover, 1998). The structures and mechanisms of 

these E3 ligases are diverse (Chen & Hellmann, 2013). Plant E3 ligases can be divided into 

monomeric and multimeric E3 ligases. Depending on the mechanism by which ubiquitin 

is transferred from the E2 enzyme to the substrate, monomeric E3 ligases are classified 

into Really Interesting New Gene (RING) finger domain-, homologous to E6-associated 

protein C terminus (HECT) domain-, or RING Between RING (RBR) domain-containing 

ubiquitin ligases (Balaji & Hoppe, 2020). In addition, multimeric E3 ligase complexes 

contain a CULLIN protein that serves as the scaffold for the binding of a RING-BOX1, 

which recruits an E2 ligase and a substrate-binding subunit. In the case of the SKP1-

CULLIN-F-box (SCF) complex, the substrate-binding F-box protein is tethered to the CUL1 

(CULLIN 1) scaffold by SKP1; while for the CULLN4-RING ligase (CRL4) complex, 
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CUL4 uses DNA damage binding protein 1 (DDB1) as adaptor and CUL4-associated factors 

(DCAFs) as substrate receptors to identify a large number of substrate proteins (Bulatov 

& Ciulli, 2015). Altogether, there are over 1500 predicted E3 ligases in Arabidopsis 
(Chen & Hellmann, 2013), yet despite this large number only a few have been studied 

in the context of high temperature. For example, the E3 ubiquitin ligase CONSTITUTIVE 

PHOTOMORPHOGENIC 1 (COP1) and its target ELONGATED HYPOCOTYL 5 (HY5) 

could convey warm temperature signals to hypocotyl thermomorphogenesis (Delker et al., 
2014; Gangappa & Kumar, 2017; Park et al., 2017; B. Zhang et al., 2017). In addition, 

the E3 ligase PLANT U-BOX 48 (PUB48) plays pivotal roles during seed germination and 

plant growth under heat stress (Peng et al., 2019), while the E3 ligase XB3 ORTHOLOG 

1 IN ARABIDOPSIS THALIANA (XBAT31) regulates thermoresponsive hypocotyl growth 

via mediating the degradation of the thermosensor EARLY FLOWERING3 (ELF3; 

Zhang et al., 2021b). Finally, CULLIN3 BLADE-ON-PETIOLE1 (BOP1) and BOP2 

E3 ligases regulate hypocotyl thermomorphogenesis via modulating PHYTOCHROME-

INTERACTING FACTOR 4 (PIF4) ubiquitination (Morimoto et al., 2017; Liu et al., 2020).

Here, in a time-course (phospho)proteome analysis on Arabidopsis seedlings exposed to 

control or high ambient temperature, we observed reduced levels of > 200 proteins over 

time, which could be in part due to changes in gene transcription, mRNA translation, and/or 

protein degradation. In addition, we observed differential phosphorylation of the LRR F-box 

protein SLOMO MOTION (SLOMO) at two serine residues. We demonstrated that SLOMO 

is a negative regulator of hypocotyl growth, and protein–protein interaction studies revealed 

possible interactors of SLOMO. We identified DWF1 as a likely SLOMO substrate and a 

regulator of warm temperature-mediated hypocotyl growth. In conclusion, our results show 

that regulation of protein levels, and specifically SLOMO-mediated regulation of protein 

levels, plays an important role in (warm temperature-mediated) hypocotyl growth.

Materials and Methods

Plant materials and growth conditions

The following Arabidopsis thaliana (L.) Heynh. lines were used: slomo-3 (SALK_091125) 

(Lohmann et al., 2010), pSLOMO:: GUS (Lohmann et al., 2010), slomo-4 (SALK_013287), 

dwf1 (SALK 006932) (Youn et al., 2018), ccd4–2 (SALK_097984) (Rottet et al., 2016), 

mkk5–18 (Till et al., 2003), phot1–5 (Kinoshita et al., 2001), and 35S::DWF1:YFP 
(Silvestro et al., 2013). pSLOMO::GUS is in the Landsberg erecta background, the tilling 

line mkk5–18 is in the Col er-105 background, and the other lines are in a Col-0 

background. Seeds were gas sterilized, sown on horizontal plates, vernalized at 4°C for 

48 h, and then transferred to 21°C for germination for 48 h. Plates were then transferred 

to short-day conditions (8 h : 16 h, light : dark; 100 μmol m−2 s−1 photosynthetically 

active radiation, supplied by cool-white, fluorescent tungsten tubes, Osram; and 65–75% air 

humidity). For (phospho)proteome analyses, plants were grown at 21°C for 7 d and at the 

beginning of the seventh night, one half of the plants was transferred to 28°C while the other 

half was kept at 21°C. Samples of plants kept at both temperatures were harvested at 15, 

30, 120, and 960 min in four independent replicates. For phenotypic characterization, plants 

were grown at short-day conditions for 7 d, unless otherwise indicated.
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Protein extraction and phosphopeptide enrichment

Protein extraction and phosphopeptide enrichment were performed according to our 

previously described procedure (Vu et al., 2018b). In brief, 1 g of finely ground plant 

material was suspended in homogenization buffer containing 30% sucrose, 250 mM Tris–

HCl buffer (pH 8), 5 mM EDTA, and 500 mM dithiothreitol (DTT) in Milli-Q water, to 

which the appropriate amounts of the cOmplete™ protease inhibitor mixture (Roche) and the 

PhosSTOP phosphatase inhibitor mixture (Roche) were added. The samples were sonicated 

on ice and centrifuged at 4°C for 15 min at 2500 g to remove debris. Supernatants were 

collected, and a methanol/chloroform precipitation was carried out by adding 3, 1, and 4 

volumes of methanol, chloroform and water, respectively. Samples were centrifuged for 10 

min at 5000 g, and the aqueous phase was removed. After the addition of four volumes of 

methanol, the proteins were pelleted via centrifugation for 10 min at 2500 g. Pellets were 

washed with 80% acetone and centrifuged for 10 min at room temperature at 2500 g. The 

supernatants were discarded, and the pellets were let to dry on air. Protein pellets were 

then resuspended in 8 M urea in 50 mM triethylammonium bicarbonate (TEAB) buffer (pH 

8). Alkylation of cysteines was carried out by adding tris(carboxyethyl)phosphine (TCEP; 

Pierce, Rockford, lL, USA) and iodoacetamide (Sigma-Aldrich) to final concentrations of 15 

and 30 mM, respectively, and the samples were incubated for 15 min at 30°C in the dark. 

Next, 5 mg of protein material was predigested with MS-grade lysyl endopeptidase (Wako 

Chemicals, Osaka, Japan) for 4 h at 37°C at an enzyme : substrate ratio of 1 : 500 (w/w). 

The mixtures were diluted eightfold with 50 mM TEAB, followed by an overnight digestion 

with trypsin (Promega) with an enzyme : substrate ratio of 1 : 100 (w/w). The digest was 

acidified to pH 3 with trifluoroacetic acid (TFA) and desalted using SampliQ C18 SPE 

cartridges (Agilent, Santa Clara, CA, USA) according to the manufacturer’s guidelines. 

The desalted peptides were fully dried in a vacuum centrifuge and then resuspended 

in 500 μl of loading solvent (80% (v/v) acetonitrile, 5% (v/v) TFA). Finally, 100 μl 

of the resuspended peptides was vacuum-dried and retained for proteome analysis. For 

phosphopeptide enrichment, 400 μl of the resuspended peptides was incubated with 1 

mg MagReSyn® Ti-IMAC microspheres for 20 min at room temperature with continuous 

mixing. The microspheres were washed once with wash solvent 1 (60% acetonitrile, 1% 

TFA, 200 mM NaCl) and twice with wash solvent 2 (60% acetonitrile, 1% TFA). The bound 

phosphopeptides were eluted with three volumes (80 μl) of elution buffer (40% acetonitrile, 

5% NH4OH), immediately followed by acidification to pH 3 using formic acid. Before MS 

analysis, the samples were vacuum-dried and re-dissolved in 50 μl of 2% (v/v) acetonitrile 

and 0.1% (v/v) TFA.

LC–MS/MS analysis

For phosphoproteome and proteome analysis, four or three independent biological replicates 

were analyzed using LC–MS/MS, respectively. Each sample was analyzed via LC–MS/MS 

on an Ultimate 3000 RSLC nano-LC (Thermo Fisher Scientific, Bremen, Germany) in-line 

connected to a Q Exactive mass spectrometer (Thermo Fisher Scientific). The peptides 

were first loaded on a trapping column (made in-house, 100 μm internal diameter (ID) 

× 20 mm, 5 μm beads C18 Reprosil-HD; Dr Maisch, Ammerbuch-Entringen, Germany). 

After flushing the trapping column, peptides were loaded in solvent A (0.1% formic acid 
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in water) on a reverse-phase column (made in-house, 75 μm ID × 250 mm, 1.9 μm Reprosil-

Pur-basic-C18-HD beads; Dr Maisch, packed in the needle) and eluted by an increase in 

solvent B (0.1% formic acid in acetonitrile) using a linear gradient from 2% solvent B 

to 55% solvent B in 120 min, followed by a washing step with 99% solvent B, all at a 

constant flow rate of 300 nl min−1. The mass spectrometer was operated in data-dependent, 

positive ionization mode, automatically switching between MS and MS/MS acquisition for 

the five most abundant peaks in a given MS spectrum. The source voltage was set at 4.1 

kV and the capillary temperature at 275°C. One MS1 scan (m/z 400_2000, AGC target 3 

× 106 ions, maximum ion injection time 80 ms), acquired at a resolution of 70 000 (at 200 

m/z), was followed by five tandem MS scans (resolution 17 500 at 200 m/z) of the most 

intense ions fulfilling predefined selection criteria (AGC target 5 × 104 ions, maximum ion 

injection time 80 ms, isolation window 2 Da, fixed first mass 140 m/z, spectrum data type: 

centroid, under-fill ratio 2%, intensity threshold 1.3 × E4, exclusion of unassigned, 1, 5–8, 

> 8 positively charged precursors, peptide match preferred, exclude isotopes on, dynamic 

exclusion time 12 s). The HCD collision energy was set to 25% normalized collision energy, 

and the polydimethylcyclosiloxane background ion at 445.120025 Da was used for internal 

calibration (lock mass).

Database searching

MS/MS spectra were searched against the TAIR10 Arabidopsis protein sequence database 

(35 386 entries, v.14.12.2010) with the MaxQuant software (v.1.5.4.1). The precursor 

mass tolerance set to 20 ppm for the first search (used for nonlinear mass recalibration) 

and to 4.5 ppm for the main search. Trypsin was selected as enzyme setting. Cleavages 

between lysine/argininepro-line residues and up to two missed cleavages were allowed. 

S-carbamidomethylation of cysteine residues was selected as a fixed modification, and 

protein N-acetylation and oxidation of methionine residues were selected as a variable 

modification. For phosphoproteome analysis, phospho (STY) was added as the additional 

variable modification. The false discovery rate for peptide and protein identifications was set 

to 1%, and the minimum peptide length was set to 7. The minimum score threshold for both 

modified and unmodified peptides was set to 30. The MaxLFQ algorithm allowing for label-

free quantification (Cox et al., 2014) and the ‘matching between runs’ feature were enabled. 

For the calculation of protein ratios, both unique and razor peptides (nonunique peptides 

that are assigned to a protein group with the largest number of identified peptides) were 

selected. All MS proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE partner repository (Perez-Riverol et al., 2019) with the dataset identifiers 

PXD035922 and PXD028319.

Statistical analysis

MaxQuant output results were prefiltered for sequences matched with contaminants or 

decoy reverse database. Proteins that were only identified by modification site were also 

discarded in the proteome dataset. For phosphoproteome analysis, only phosphosites with 

localization probability ≥ 0.75 were retained for further analysis. Each phosphosite/protein 

group was analyzed separately by fitting a linear mixed model of the following form:
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yjkl = μ + βj + γk + (βγ)jk + δl + εjkl

where, yjkl = the log2-transformed intensity measured in the lth replicate (l = 1…4) at the jth 

temperature (j = 1…2; 21°C and 28°C) at the kth time point (k = 1…4; 15, 30, 120 and 960 

min).

The fixed part of the model consists of μ, the overall constant (general mean); βj, the main 

effect of the jth temperature; γk, the main effect of the kth time; and (βγ)jk, their interaction.

The random model terms, assumed to follow a normal distribution with zero mean and 

variance σ2, are δl, the effect of the replicate l; and εjkl, the random error (i.e. residual) for 

sample jkl.

To examine to what extent significant changes observed in phosphorylation abundances 

in response to temperature and time were independent from changes in protein level, 

phosphosite intensities and LFQ intensities quantities were analyzed jointly and the linear 

mixed model described above was extended as follows:

yijkl = μ + αi + βj + γk + (αβ)ij + (αγ)ik + (βγ)jk + (αβγ)ijk + δl + εijkl

where, yijkl, the log2-transformed LFQ intensity of the peptide or phosphopeptide quantity 

measured in sample jkl; αi, is the additional main term modeling the phosphorylation effect; 

(αβ)ij, (αγ)ik, (βγ)jk and (αβγ)ijk are the additional interactions; and εijkl the random error 

(i.e. residual) for sample ijkl.

Both linear mixed models were fitted by the residual maximum likelihood (REML) 

approach as implemented in GENSTAT v.19 (www.genstat.co.uk). Significances of the 

fixed main effects and their interactions were assessed by an F-test, and corresponding 

false discovery rates (FDR) were calculated by modelling the probabilities as a mixture 

distribution as implemented in GENSTAT v.19.

Hierarchical clustering

Log2 phosphosite intensities were Z-scored before clustering. Hierarchical clustering was 

carried out in Perseus (1.5.5.3), using the default settings. Both rows and columns were 

selected for the clustering using Euclidean distance. Average linkage is used to calculate the 

inter-cluster distance. Data were preprocessed using k-means, with the number of clusters 

created by the k-means algorithm being set at 300.

In silico analyses

For the Gene Ontology (GO) analysis, GO enrichment analyses were performed using 

Dicots Plaza 4.5 workbench (Van Bel et al., 2018). The significant proteins and 

phosphoproteins regulated by only temperature and by the interaction of time and 

temperature were enriched for GO categories by using the whole species as the background 

model. Significance settings were set at a P-value cutoff < 0.05, and Bonferroni 

correction for multiple testing was used. For the Venn diagrams, an online tool (https://

Zhu et al. Page 6

New Phytol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.genstat.co.uk
https://bioinfogp.cnb.csic.es/tools/venny/


bioinfogp.cnb.csic.es/tools/venny/) was used. For the SLOMO protein sequence alignment, 

Clc Main Workbench 20.03 (CLC Bio-Qiagen, Aarhus, Denmark) was used.

Co-immunoprecipitation

For transient co-agroinfiltration of tobacco leaves, Agrobacteria containing the indicated 

constructs and P19 were grown in 5 ml LB supplemented with appropriate antibiotics at 

28°C for 1–2 d. Then, 500 μl was inoculated in 10 ml LB supplemented with 10 mM 

MES pH 5.6, 10 μM acetosyringone as well as the antibiotics and grown at 28°C overnight. 

The pellet was spun down and resuspended with infiltration buffer (10 mM MgCl2, 10 

mM MES (pH 5.6), 100 μM acetosyringone) to a final OD600 of 1.0. Equal volumes of 

three agrobacteria with selected constructs were mixed well, and the mix was infiltrated 

in tobacco leaves using a syringe. The signal was checked by confocal microscopy after 

72 h to make sure the protein expressed well. Total proteins were extracted with buffer 

containing 150 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 100 mM EDTA, 1 

mM sodium molybdate, 1 mM NaF, 10 mM DTT, 1% NP-40, 1 mM PMSF, and EDTA-free 

protease inhibitor mixture complete (Roche). The protein concentration was measured using 

the Qubit™ Protein Assay Kit (Carlsbad, CA, USA), and an equal amount of total protein 

was used for immunoprecipitation. The 25 μl of pre-equilibrated GFP-Trap®_MA beads 

(ChromoTek, Planegg/Martinsried, Germany) was prewashed three times with 700 μl wash 

buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl and 0.5% NP-40). The homogenates 

were incubated with GFP-Trap®_MA beads and rotated for 2 h at 4°C to maximize protein 

binding. Subsequently, the solution was removed and the beads were washed three times 

with wash buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl and 0.5% NP-40). Finally, 1× 

sample buffer (Bio-Rad) was added to elute protein from beads.

Immunoprecipitation-mass spectrometry analysis

Sample preparation was performed as reported previously (Vu et al., 2021). LC–

MS/MS analysis was performed as described previously (Vu et al., 2016). The 

peptides were analyzed on an Ultimate 3000 RSLC nano-LC on-line connected to 

a Q Exactive mass spectrometer (ThermoFisher Scientific). MS/MS spectra were 

searched against GFP:SLOMO and GFP:SLOMO-Decoy protein sequences and the 

Arabidopsis proteome database (TAIR10, 34 509 entries, version November 2014; http://

www.arabidopsis.org/). To detect the interactors of SLOMO following immunoprecipitation-

mass spectrometry (IP-MS), MaxQuant software (v.1.5.4.1) was used with settings for 

MaxQuant searches as previously reported (Vu et al., 2016). After MS-based identification 

of co-immunoprecipitated proteins, proteins were selected as putative interactors if they 

were present in at least three out of four experimental samples and totally absent in all 

control samples. For the detection of the phosphorylation sites following IP-MS, peptide 

searches were performed using the MaxQuant software (v.1.6.17.0) on the UseGalaxy.be 

server and phospho (STY) was added as the additional variable modification. The MaxLFQ 

algorithm allowing for label-free quantification and the ‘matching between runs’ feature 

were enabled.
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Mass spectrometry analysis for DWF1 ubiquitination in tobacco leaves

Transient co-agroinfiltration of tobacco leaves, total protein extraction, and 

GFP:DWF1 immunoprecipitation were performed as described previously (see ‘Co-

immunoprecipitation‘ in the Materials and Methods section). Following the co-

immunoprecipitation (co-IP), the sample preparation is the same as the sample preparation 

procedure described previously (see ‘Immunoprecipitation-mass spectrometry analysis‘ in 

the Materials and Methods section), except that 750 mM chloroacetamide instead of 

iodoacetamide was used for protein alkylation. LC–MS/MS analyses were carried out 

as described previously (see ‘Immunoprecipitation-mass spectrometry analysis‘ in the 

Materials and methods section). Peptide searches were performed using the MaxQuant 

software (v.1.6.17.0) on the UseGalaxy.be server. A database containing all Nicotiana 
benthamiana protein sequences from SolGenomics and the protein sequences of GFP: 

DWF1 and mCherry:SLOMO was used as the search database. Gly Gly (K) was added 

as the additional variable modification. The MaxLFQ algorithm allowing for label-free 

quantification and the ‘matching between runs’ feature were enabled.

Generation of constructs and transgenic lines

The iProof High-Fidelity polymerase (Bio-Rad) was used for PCR to amplify SLOMO 
genomic DNA (to generate pSLOMO:: GFP:SLOMO and 35S:mCherry:SLOMO), SLOMO 
promoter (1741 base pairs upstream of SLOMO), and the coding sequence (CDS) of DWF1, 

MKK5, and NCED4. The SLOMO-Decoy was synthesized using the BioXP3200™ system 

(SGI-DNA, San Diego, CA, USA) with the SLOMO CDS sequence by removing sequences 

(190–236 bp) coding the F-BOX domain of the SLOMO protein. For the cloning, the 

genomic DNA, CDS, or the promoter of interest were cloned into the Gateway entry vector 

pDONR221 or pDONRP4-P1r and then recombined into the desired destination vector 

(Karimi et al., 2002). Plant vectors were transformed in Agrobacterium tumefaciens C58C1 

using a freeze–thaw method (Clough & Bent, 1998). Plant transformation was performed 

using floral dip method (Clough & Bent, 1998). All transgenic plants contain the Basta 

resistance marker. All primers are listed in Supporting Information Table S1.

Genome editing of SLOMO

To generate the slomo-5 mutant, we used Golden Gate cloning to create the CRISPR-Cas9 

vector following approach as described previously (Decaestecker et al., 2019). Two gRNA 

primers were designed (Table S1), and PCR was performed by using pEN-2xAtU6–26 
as template. The PCR products were run on 1% agarose gel, and the 575 bp band was 

gel purified for following assembling into the destination vector pGGB AtCas9 via a 

Golden Gate reaction. The vector was checked via Sanger sequencing to verify the inserted 

fragment. Selection PCRs were performed with SLOMO_F1_Fwd and SLOMO_F1_Rev 

primers (Table S1) on the genomic DNA of the transgenic plants. The PCR products 

were analysed via agarose gel electrophoresis, and the purified samples were sent for 

Sanger sequencing with the SLOMO_F1_Fwd primer (Table S1) and analysed using 

TIDE (Brinkman et al., 2014). The Cas9-free homozygous slomo-5 line with desired gene 

editing was obtained through sequence analysis at the T3 generation, and phenotyping was 

performed on the T4 generation.
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Histochemical GUS assays

For GUS assays, seedlings were put overnight in 90% acetone and rinsed with NT buffer 

(100 mM Tris/50 mM NaCl), then transferred to a GUS-solution (500 μl 100 mM K3[Fe 

(CN)6] + 600 μl X-Gluc + 28.8 ml NT buffer), and incubated at 37°C in the dark. The 

reaction was stopped by rinsing with NT buffer, and then, seedlings were mounted in 80% 

lactic acid on a slide and imaged.

Confocal microscopy

Seedlings were mounted in Milli-Q water between the slide and cover glass for imaging 

using a Zeiss inverted LSM710 confocal laser scanning microscope, equipped with a LD-

Plan Neofluar ×40/0.6 Korr M27 or C-Apochromat ×40/1.20 W Korr M27. A 488 nm 

laser excitation (at 2% power) of a 20 mW argon laser (LASOS, Jena, Germany) and a 

spectral detection bandwidth of 493–532 or 493–579 nm were used for detecting eGFP. 

For pro-pidium iodide (PI) staining, whole seedlings were mounted in PI solution. The PI 

signal was detected using a 561 nm laser excitation (at 2% power), together with a spectral 

detection bandwidth of 596–645 nm.

qPCR analyses

Three or four biological replicates were performed for each condition. Total RNA was 

extracted with the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. 

DNA digestion was done on columns with RNase-free DNase I (Promega). The iScript 

cDNA Synthesis Kit (Bio-Rad) was used for cDNA synthesis from 1 μg of RNA. 

qRT-PCR was performed on a LightCycler 480 (Roche Diagnostics) in 384-well plates 

with LightCycler 480 SYBR Green I Master (Roche) according to the manufacturer’s 

instructions. Two housekeeping genes, the ACTIN-RELATED PROTEIN 7 (ARP7) 

and the TRANSLATIONAL ELONGATION FACTOR ALPHA (EF1α), were used for 

normalization of the expression level of the tested genes. Data analysis was performed with 

the QBASE+ software. All the primers are listed in Table S1.

Analyses of cellular ubiquitin conjugates

Halo-Ubiquilin protein (DU no.: DU39178; Genbank: NM_ 053067.2) was expressed in 

Escherichia coli at 24°C for 6 h after induction with 1 mM IPTG. Halo-Ubiquilin was then 

purified using Halo beads (Promega; binding capacity 20 mg ml−1) as recommended by 

the manufacturer. Arabidopsis seedlings were ground to a fine powder in liquid nitrogen 

and homogenized in 1× PBS buffer supplemented with 0.05% Igepal CA-630 (formerly 

NP-40), 0.05% Triton, 10 mM NEM, 50 μg ml−1 TPCK, 50 μg ml−1 TLCK, 0.6 mM PMSF, 

100 μM MG132, and 200 μM Phosphate inhibitors cocktail 1 (Sigma). Homogenates were 

centrifuged at 7674 g at 4°C for 15 min to remove cellular debris, and the supernatant was 

further centrifugated at 11 710 g at 4°C for 3 min before incubation with 15 μl per sample of 

fresh Halo-Ubiquilin linked to HaloLink™ Resin at 4°C with rotation for 4 h. The resin was 

washed five times with extraction buffer before elution by boiling in 1× SDS-PAGE sample 

buffer, including 50 mM DTT.
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Western blot

The proteins were separated on 4–20% SDS-PAGE stain-free protein gel (Bio-Rad 

Laboratories Inc.), followed by transferring onto a Trans-Blot® Turbo™ Mini PVDF 

Transfer Packs (Bio-Rad Laboratories Inc.). For blocking and antibody dilutions, 5% milk 

powder in Tris-buffered saline was used. For protein detection, the following antibodies 

were used: monoclonal α-GFP horseradish peroxidase coupled (1 : 5000; Miltenyi Biotech, 

Bergisch Glad-bach, Germany), α-RFP (1 : 2000; ChromoTek), mouse IgG HRP linked 

whole antibody (GE Healthcare, Chicago, IL, USA; 1 : 10 000), α-ubiquitin P4D1 (1 : 2500; 

Millipore), α-GAPDH (1 : 5000; Sigma-Aldrich) and anti-ubiquitinylated proteins antibody, 

clone FK2 (1 : 1000; Merck, Darmstadt, Germany). Image Lab 6.0 (Bio-Rad, Hercules, 

CA, USA) was used for protein band quantification. Volume boxes were drawn around the 

bands of interest in such a way that they include all of the bands with a minimal amount 

of surrounding background. One mock condition band was set as standard 1. Specific 

intensities of each band were normalized against the loading control.

Results

Proteome analysis reveals changes in warm temperature-triggered protein levels

Thermoresponsive growth mainly peaks at the beginning and the end of the night period 

(Box et al., 2015). Therefore, to map proteome changes induced by night-time warm 

temperature in seedlings, a time-course analysis was performed on Col-0 seedlings that 

were grown at 21°C under short-day conditions (8 h : 16 h, light : dark) for 7 d and that 

were subsequently transferred to 21°C (control temperature) or 28°C (warm temperature) 

at the beginning of the seventh night (Fig. 1a). In this setup, the expression of clock 

and warm temperature marker genes reflects the warm temperature conditions (Fig. S1; 

Leivar & Monte, 2014; Zhang et al., 2021a). We collected samples at 15, 30, 120, and 

960 min after transfer to 28°C or 21°C to observe changes in protein abundance and 

protein phosphorylation at early, intermediate, and later stages of the time course. For 

proteome analysis, we identified 4133 protein groups (Table S2A). We retained proteins 

that have at least two valid values out of three replicates in at least one time point 

and one temperature. Through a two-way ANOVA, we identified 93 proteins transiently 

regulated by temperature (P (time × temperature) < 0.05), 90 proteins mainly affected by 

temperature alone (P (temperature) < 0.05), and 222 proteins mainly regulated only by time 

(P (time) < 0.05) (Figs 1b, S2a; Table S2B). Warm temperature leads to 85/90, 87/88, 88/87, 

and 85/90 up/downregulated proteins after 15, 30, 120, and 960 min, respectively (Table 

S2C–E). These changes indicated a dynamic regulation of protein abundance during our 

warm temperature time course. To explore whether the warm temperature proteome was 

enriched for specific processes, we performed a GO term analysis for biological process and 

molecular function (Fig. S3). This revealed that chlorophyll and photosynthesis-associated 

functions are strongly regulated (Fig. S3).

Phosphoproteome analysis identifies warm temperature-dependent phosphorylation of the 
F-box protein SLOMO

We were particularly interested in ubiquitin-mediated protein degradation machineries that 

could regulate the observed changes in protein abundance at warm temperature. Since 
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phosphorylation of E3 ubiquitin ligases affects their activity (Persaud et al., 2014; Perez et 
al., 2018; Vu et al., 2018a), we used phosphoproteome data that was obtained in parallel to 

the proteome data to identify possible E3 ligases involved in warm temperature-mediated 

protein degradation. We identified 10 484 phosphosites mapped onto 7322 phosphopeptides 

belonging to 3172 phosphoproteins (Table S3A). We performed a two-way ANOVA on 5469 

high confidence, reproducibly-quantified phosphosites, which resulted in 353 phosphosites 

transiently regulated by temperature (P (time × temperature) < 0.05), 802 phosphosites 

mainly affected by temperature (P (temperature) < 0.05) and 1296 phosphosites mainly 

regulated by time (P (time) < 0.05) (Figs 1c, S2b; Table S3B). Warm temperature 

(P (time × temperature) < 0.05) leads to 444/557, 444/557, 467/534, and 455/546 up/

downregulated phosphosites and 361/427, 367/434, 382/409, and 362/422 up/downregulated 

phosphoproteins after 15, 30, 120, and 960 min (Table S3C–E). We also subjected the 

significant warm temperature-regulated phosphoproteins to a GO analysis for biological 

process and molecular function (Fig. S4). This revealed, for example processes or functions 

associated with phosphorylation and kinase activity, mRNA splicing, organelle localization, 

and endocytosis (Fig. S4). Comparing 712 phosphoproteins with phosphosites showing 

P (time × temperature) and/or P (temperature) < 0.05 with a list of E3 ligase family 

members revealed 23 candidates (Fig. 2a; Table S3B,F; Azevedo et al., 2001; Downes et 
al., 2003; Lee et al., 2008; Xu et al., 2009; Jiménez-López et al., 2018; Vu et al., 2018a; 

Ban & Estelle, 2021). For further characterization, we selected SLOMO (AT4G33210), an 

F-box protein and component of an SCF complex (Lohmann et al., 2010), that displayed 

differential phosphorylation at two serine sites (Fig. 2b,c). The phosphopeptide containing 

a phosphoserine at position 147 (S147, TVSFGIASSSR) was significantly more abundant 

over time following transfer to 28°C (Fig. 2b). The abundance of the phosphopeptide 

containing phosphoserine at position 983 (S983, RVFSSPNLLQD) increased continuously 

during darkness under control conditions, and was also significantly more present at 

28°C (Fig. 2c). These changes can be either due to altered activity of regulatory kinases 

or phosphatases and/or to elevated levels of the SLOMO protein. Unfortunately, the 

corresponding proteome dataset for the time course did not identify SLOMO; thus, we 

cannot fully rule out that overall SLOMO protein levels increased over time and/or at 28°C. 

The phosphoserine at position 983 is located C-terminal of SLOMO, next to the leucine-rich 

repeat (LRR) domain and in the substrate specificity-determining domain (Xu et al., 2009; 

Fig. S5a), and is, together with S984, strongly conserved in dicots and monocots (Fig. S5b). 

In contrast, the N-terminal region of SLOMO, including S147, is not conserved (Fig. S5a,c). 

The warm temperature-mediated abundance of phosphorylated SLOMO suggested a role in 

warm temperature-triggered processes.

SLOMO regulates warm temperature-mediated hypocotyl growth

Using a pSLOMO::GUS line (in Ler) (Lohmann et al., 2010), we found that SLOMO is 

expressed in the hypocotyl at both 21°C and 28°C (Fig. 3a,b). In addition, quantitative 

real-time reverse transcription PCR (qRT-PCR) revealed a twofold increase in SLOMO 
expression in whole seedlings and in hypocotyls exposed to warm temperature (Fig. 3c,d). 

To assess SLOMO protein abundance and to confirm the SLOMO phosphorylation sites in 

seedlings exposed to warm temperature, we used a slomo-3 pSLOMO::GFP:SLOMO line 

(see below). This revealed warm temperature-mediated accumulation of GFP:SLOMO at 
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28°C (Fig. 3e,f). In addition, following immunoprecipitation mass spectrometry (IP-MS) 

analysis of GFP:SLOMO, we confirmed the temperature-mediated increase of a SLOMO 

phosphopeptide containing S983 (Fig. S6). However, this could – at least upon long-term 

exposure to 28°C – be (partially) due to the increase in SLOMO protein abundance. 

Furthermore, if only a change in SLOMO protein abundance would be underlying the 

change in the abundance of phosphorylated SLOMO, then all phosphopeptides should 

display a similar trend.

The above results prompted us to explore the role of SLOMO in warm temperature-mediated 

hypocotyl growth. Therefore, we analyzed available T-DNA insertion lines (slomo-3 
(Lohmann et al., 2010) and slomo-4 (SALK_013287) (Fig. S7a,b), which did not express 

a full-length SLOMO transcript) and a newly generated CRISPR/Cas9-mediated mutant 

allele with a +G insertion in the first exon and a +T insertion in the second exon which 

caused a +2 frameshift in the SLOMO CDS (slomo-5) (Fig. S7a, c). All lines displayed 

a significantly longer hypocotyl compared with the Col-0 wild-type (WT) when exposed 

to 21°C or 28°C under both short-day and dark conditions (Figs 4a,b, S8). A two-way 

ANOVA analysis revealed that there is also a genotype × treatment interaction (P < 0.01), 

indicating a specific role for SLOMO under warm temperature conditions (Figs 4a,b, S8). 

To further confirm that the loss of SLOMO underpinned these phenotypes, we expressed 

pSLOMO::GFP:SLOMO in the slomo mutants. Since GFP:SLOMO rescued the hypocotyl 

elongation growth of slomo-3 and slomo-5 plants at both 21°C and 28°C (Figs 4a,b, S9), this 

indicated that the loss of SLOMO was responsible for the hypocotyl length phenotype and 

that the GFP:SLOMO fusion is functional.

To assess whether phosphorylation at S147 and at S983 is functional, we 

expressed phosphomutant SLOMO variants tagged with mCherry under the endogenous 

SLOMO promoter (pSLOMO::mCherry:SLOMO-S147A or pSLOMO::mCherry: SLOMO-
S983AS984A) in the slomo-5 mutant. We selected two representative lines with detectable 

mCherry:SLOMO levels for both phosphomutant SLOMO variants (Fig. S10). The 

phosphomutant SLOMO variants could not rescue the slomo-5 hypocotyl phenotype (Fig. 

4c–e). Taken together, our data indicate that SLOMO plays role in warm temperature-

mediated signaling and that phosphorylation at S147 and S983 is vital for SLOMO activity.

SLOMO interacts with a wide range of proteins

Because SLOMO is an F-box protein, we first investigated whether loss of SLOMO 

function affects the total cellular level of ubiquitin conjugates. To examine this, we 

utilized Halo-Ubiquilin tandem ubiquitin-binding entities that pull down ubiquitin chains 

and ubiquitinated substrates with high affinity (Hjerpe et al., 2009). Indeed, compared with 

WT, slomo mutants accumulated fewer ubiquitin conjugates, suggesting SLOMO targets a 

substantial number of substrates for degradation (Figs 5, S11). Next, to identify interactors 

and putative substrates of SLOMO, we used a SLOMO-decoy approach to stabilize E3-

targets interaction for the following detection (Lohmann et al., 2010; Lee et al., 2018; Feke 

et al., 2019). The SLOMO-decoy protein, which lacks the F-box domain, is still able to bind 

to substrates but lacks the ability to be recruited into CULLIN 1 ligase complexes to mediate 

substrate ubiquitination and degradation. We generated a stable Arabidopsis line expressing 
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35S:: GFP:SLOMO-Decoy and performed IP-MS analysis on GFP: SLOMO-Decoy. We 

subsequently retained (putative) interactors based on a stringent criterium (only detected 

in at least 3 out of 4 GFP:SLOMO-Decoy biological replicates and not in the control 

samples) or being significantly enriched in the GFP:SLOMO-Decoy samples vs the control 

samples (Table S4). We identified six heat shock proteins (HSPs), some of which may 

act as F-box regulatory partners (Kim et al., 2011; He et al., 2012; Wang et al., 2016), 

and 200 other putative interactors, including the hypocotyl growth or temperature response-

associated proteins PHOTOTROPIN 1 (PHOT1), PROTEIN PHOSPHATASE 2A SUBUNIT 

A2 (PP2AA2) (Liu et al., 2022), MITOGEN-ACTIVATED PROTEIN KINASE KINASE 5 

(MKK5) (C. Zhao et al., 2017), NINE-CIS-EPOXYCAROTENTENOID DIOXYGENASE 4 

(NCED4) (Huo et al., 2013), GLYCO-LATE OXIDASE 1 (GOX1), UBIQUITIN-SPECIFIC 

PROTEASE 12 (UBP12), and UBP13 (Zhou et al., 2021; Table S4).

To validate our interactome dataset, we performed co-IPs on transiently co-expressed 

mCherry-SLOMO or mCherry-SLOMO-Decoy with two selected candidates with distinct 

functions, namely MKK5 (a kinase) or NCED4 (an ABA synthesis enzyme). We confirmed 

the interactions between SLOMO and MKK5 or NCED4 (Fig. 6), increasing confidence in 

the co-IP data. We reasoned that SLOMO interactors could be novel regulators of (warm 

temperature-mediated) hypocotyl growth. Indeed, a loss-of-function line of the hormone 

biosynthesis enzyme NCED4 displayed a subtle hypocotyl growth phenotype at 28°C (Fig. 

S12a,b). In contrast, a loss-of-function line of the kinase MKK5 did not display a hypocotyl 

growth phenotype (Fig. S12c,d), which could be due to redundancy with MKK4 (M. Zhang 

et al., 2017) or MKK5 is involved in so far unknown SLOMO roles. In addition, we 

also explored whether PHOTOTROPIN 1 (PHOT1), a blue-light photoreceptor involved 

in hypocotyl phototropism (Christie, 2007; Q.-P. Zhao et al., 2017) and another putative 

SLOMO-interacting protein, is also involved in warm temperature-mediated hypocotyl 

growth. However, in our hands, a phot1 mutant did not display an obvious hypocotyl growth 

phenotype at 21°C or 28°C (Fig. S12e,f).

DWF1 is a likely SLOMO substrate

To further narrow down putative SLOMO substrates, we compared the list of putative 

SLOMO interactors with a list of proteins of which the abundance changes in the (warm 

temperature) time course (Fig. 7a; Table S5), which are thus likely targets for SLOMO-

mediated degradation. As we do not know whether SLOMO phosphorylation leads to its 

activation or inactivation, we included both proteins with increased or decreased abundance. 

There are 31 candidates of which the protein level was regulated by warm temperature 

and which are putative SLOMO interactors, including PHE AMMONIA LYASE 1 (PAL1), 

PATELLIN 2 (PATL2), HEAT SHOCK PROTEIN 70 (HSP70), UBP12, and DWARF1 

(DWF1) (Fig. 7a; Table S5).

We focused on DWF1 (Fig. 7b), an important protein for brassinosteroid (BR) biosynthesis, 

cell elongation, and hypocotyl growth (Takahashi et al., 1995; Klahre et al., 1998; Youn et 
al., 2018). Furthermore, BR plays an important role in thermomorphogenesis (Ibañez et al., 
2018) and PIF4-induced BR synthesis is critical for diurnal and thermomorphogenic growth 

(Martínez et al., 2018). We next showed that DWF1 is ubiquitinated and that ubiquitinated 
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DWF1 accumulated if proteasome-mediated protein degradation was inhibited (Figs 7c,d, 

S13). Through a co-IP on transiently co-expressed mCherry-SLOMO or mCherry-SLOMO-

Decoy with GFP-tagged DWF1, we then confirmed the interaction between SLOMO 

and DWF1 (Fig. 7e). The interaction between SLOMO and DWF1 was not affected in 

the phosphomutant SLOMO variants (Fig. S14). However, compared with SLOMO, the 

phosphomutant SLOMO variants slightly affected the abundance of ubiquitinated DWF1 

(Fig. S14). Next, we generated a 35S::DWF1:YFP slomo-5 line, and we observed that the 

DWF1-YFP protein accumulated to a lower level in the slomo mutant compared with the 

35S::DWF1:YFP control line (Figs 8a, S15). This is possibly due to a lower expression 

of DWF1:YFP (Fig. S15) or another regulatory mechanism downstream of SLOMO. 

Nevertheless, we observed that the warm temperature-mediated reduction of DWF1:YFP 

is absent in 35S::DWF1:YFP slomo-5 compared with the 35S::DWF1:YFP line (Figs 

8a,b, S15). In addition, we transiently co-expressed mCherry:SLOMO and GFP:DWF1 

in tobacco and this revealed lower GFP:DWF1 levels in the presence of SLOMO (Fig. 

8c,d). Finally, dwf1 (Choe et al., 1999; Du & Poovaiah, 2005) and slomo-3 dwf1 mutants 

displayed a warm temperature-mediated hypocotyl length phenotype (Fig. 9a,b). Taken 

together, the SLOMO–DWF1 interaction, the ubiquitination of DWF1, the reduced DWF1 

protein levels at warm temperature, and the dwf1 phenotype support a role for DWF1 in 

thermomorphogenesis and suggest that DWF1 is a likely substrate of SLOMO.

Discussion

With increasing global warming, plants need to cope even more with warm temperature-

induced stress. One important response to warm temperature is a longer hypocotyl, which 

contributes to cooling of the plants (Vu et al., 2019). While several key regulators of 

this process have been identified (Quint et al., 2016; Delker et al., 2022), the role of 

post-translational modifications (PTMs) and protein abundance in this process has hardly 

been investigated. During post-translational modification of a protein, a small molecule is 

added to modify, for example the location, stability or function of target proteins, which is 

vital for survival in acute stress situations because it enables a swift response to a changing 

environment (Malini et al., 2020). Recent studies demonstrated that various PTMs, like 

sumoylation, histone methylation, and acetylation, occur in response to warm temperature 

and high temperature stress (Han et al., 2022). Ubiquitination leads to protein degradation 

(Hershko & Ciechanover, 1998), and this is likely a very important mechanism to control 

warm temperature-mediated responses.

Our proteome results revealed that the abundance of nearly 100 proteins is affected by warm 

temperature treatment over time. Activation of E3 ligases is a major mechanism to regulate 

protein abundance, and phosphorylation of E3 ligases influences their activity (Vu et al., 
2018a). We found that the F-box protein SLOMO displays differential phosphorylation 

at Serine147 and Serine983 following a warm temperature treatment. Since SLOMO is 

expressed throughout the seedling, it likely has multiple functions in plant growth and 

development. For example, slomo mutants display a delay in lateral organ initiation without 

affecting other aspects of shoot meristem function (Lohmann et al., 2010). In addition, 

SLOMO regulates warm temperature-mediated hypocotyl growth, and our IP-MS analyses 

detected 206 putative SLOMO interactors, including probable substrates, associated with 
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different biological processes. Among them, NCED4 and MKK5 are involved in ABA 

and MAPK signaling, respectively (Nambara & Marion-Poll, 2005; Xing et al., 2015). 

The mitogen-activated protein kinase (MAPK) cascade is one of most highly conserved 

signaling pathways for signal transduction in eukaryotes (Xing et al., 2015), and MKK5 

functions in MAPK cascades regulating, for example plant immune response, hydrogen 

peroxide production and leaf senescence (Asai et al., 2002; Ren et al., 2002; Gao et al., 
2008; Zhang et al., 2020). As SLOMO was identified in a phosphoproteome analysis and its 

phosphorylation may be important for its function, we speculate that MKK5 might act as a 

regulatory kinase. However, given the lack of an mkk5 hypocotyl phenotype, which could 

be due to redundancy with MKK4 (M. Zhang et al., 2017), this is only a hypothesis. With 

respect to NCED4, which is involved in ABA hormone biosynthesis (Nambara & Marion-

Poll, 2005) and essential for thermo-inhibition of lettuce (Lactuca sativa) seed germination 

(Huo et al., 2013), the loss-of-function nced4 mutant shows a longer hypocotyl compared 

with Col-0 under warm temperature treatment. Taken together, the interaction of NCED4 

and SLOMO suggests a role for SLOMO in ABA-mediated signaling.

Brassinosteroids (BR) protect crop yields through amplifying responses to heat stress and 

rescuing the expression of growth promoters (Kothari & Lachowiec, 2021). Brassinosteroid 

acts downstream of the central thermomorphogenesis regulator PIF4 and regulates hypocotyl 

growth via the direct interaction of PIF4 and BRASSINAZOLE RESISTANT 1 (BZR1) 

(Ibañez et al., 2018). Our work revealed another control point on BR signaling in 

response to warm temperature (Fig. 10), namely the F-box protein SLOMO interacting 

with the BR biosynthesis enzyme DWF1, thereby ubiquitinating DWF1 and inducing its 

degradation (Figs 7, 8). We propose that warm temperature-mediated regulation of SLOMO 

activity controls the abundance of hypocotyl growth regulators, such as DWF1, through 

ubiquitin-mediated degradation. Indeed, loss of DWF1 induces a BR-deficient compact plant 

phenotype (Youn et al., 2018). In contrast, the slomo mutant presents a longer hypocotyl 

(Fig. 4), possibly reflecting the accumulation of endogenous BR leading to increased growth 

(Fig. 10).
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Fig. 1. 
Phosphoproteome and proteome analysis of Arabidopsis thaliana exposed to different 

temperatures. (a) Experimental setup for plant growth, treatment of seedlings at 21°C and 

28°C, and time points for sampling. (b) Summary of the proteome analysis of Arabidopsis 
exposed to 21°C and 28°C. (c) Summary of the phosphoproteome analysis of Arabidopsis 
seedlings exposed to 21°C and 28°C.
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Fig. 2. 
Phosphorylation of the E3 ligase SLOMO is deregulated by high temperature. (a) 

Venn diagram showing the overlapping of different E3 ligase family members and 

phosphoproteins deregulated by high temperature. (b, c) The SLOMO residues S147 (b) 

and S983 (c) are deregulated at 28°C.
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Fig. 3. 
SLOMO expression is elevated at warm temperature in Arabidopsis thaliana. (a, b) SLOMO 
expression in 7-d-old pSLOMO::GUS Ler seedlings grown at 21°C (a) or 28°C (b). The 

hypocotyl is marked between two arrowheads. Bars, 2 mm. (c, d) SLOMO expression 

in 7-d-old whole Col-0 seedlings (c) or hypocotyl (d) grown at 21°C and 28°C as 

determined by RT-qPCR. Graph shows average (line) of three biological replicates (shown 

as dots). Letters indicate significant differences based on one-way ANOVA and Tukey’s 

test (P < 0.05). (e, f) SLOMO protein abundance upon high temperature treatment. 

Representative images of GFP:SLOMO levels in 7-d-old slomo-3 pSLOMO::GPF:SLOMO 
seedlings continuously grown at 21°C and 28°C or 7-d-old seedlings grown at 21°C 

then transferred to 28°C for 1 h, as revealed through western blot of two independent 

slomo-3 pSLOMO::GPF:SLOMO lines. Total protein extracts probed with α-GFP antibody 

for GFP:SLOMO observation, the bands on the stain-free gel are loading control (e). 

Quantification of three independent experiments with slomo-3 pSLOMO::GPF:SLOMO 
#31. Letters indicate significant differences based on ordinary one-way ANOVA and 

Tukey’s test (P < 0.05) (f). Error bars indicate SE.
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Fig. 4. 
SLOMO negatively regulates Arabidopsis thaliana hypocotyl growth. (a, b) Representative 

images (a) and quantification (b) of hypocotyl length of 7-d-old slomo mutants and 

slomo-3 pSLOMO::GFP:SLOMO complemented lines compared with Col-0. Bar, 5 mm. 

Box plots show median with Tukey-based whiskers and outliers. Letters indicate significant 

differences based on two-way ANOVA and Tukey’s test (P < 0.05). The number of 

individually measured seedlings is indicated at the bottom. The experiments were repeated 

3 times. The P-value for the interaction (genotype × temperature) is shown at the top. (c–e) 

Quantification of hypocotyl phenotype for indicated lines. Box plots show median with 

Tukey-based whiskers and outliers. Letters indicate significant differences based on two-way 

ANOVA and Tukey’s test (P < 0.05). The number of individually measured seedlings is 

indicated above the x-axis.
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Fig. 5. 
Loss of SLOMO function results in reduced ubiquitination in Arabidopsis thaliana. Western 

blot showing total ubiquitin of 9-d-old Col-0 (wild type; WT) and slomo mutants at 21°C. 

Ubiquitinated proteins were pulled down using HALO-ubiquilin. Ubiquitinated protein 

was detected by anti-ubiquitinylated proteins antibody, clone FK2. GAPDH as the loading 

control of input was detected by immunoblotting against α-GAPDH antibody.
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Fig. 6. 
Validation of MKK5 and NCED4 interaction with SLOMO. (a, b) Validating the interaction 

of MKK5-SLOMO and NCED4-SLOMO by Co-IP in Nicotiana tabacum, using GFP-trap.
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Fig. 7. 
DWF1 is likely substrate of SLOMO. (a) Venn diagram of candidates from IP-MS data 

from 16-d-old 35S::GFP:SLOMO-Decoy expressing seedlings and from warm temperature-

regulated proteome analyses. Relevant candidates are indicated. (b) DWF1 protein 

abundance in control (21°C) and warm temperature (28°C) time course. (c, d) Western 

blot (c) and quantification (d) of DWF1 ubiquitination upon expressing 35S:: GFP:DWF1 
in Nicotiana tabacum treated with or without 50 μM MG132 for 16 h. Ubiquitin was 

detected after GFP-trap co-IP by α-P4D1, and GFP:DWF1 was detected by α-GFP. 

The quantification shows the ratio of Ub-DWF1 : DWF1 from four biological replicates 

(indicated with dots). Asterisk indicates the significance between treatments based on the 

t-test P < 0.05. (e) Validation of the interaction between SLOMO and DWF1 by Co-IP in N. 
tabacum. GFP-trap used to do the pull-down. Error bars indicate SE (b, d).
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Fig. 8. 
SLOMO promotes DWF1 degradation. (a, b) Western blot detecting DWF1 in 7-d-old 

35S::DWF1:YFP and 35S:: DWF1:YFP slomo-5 seedlings transferred to 21°C or 28°C 

for 2 h. DWF1:YFP was detected with an α-GFP antibody (a). The graph shows 

fold change of DWF1 (28°C/21°C) (b). (c, d) Western blot detecting DWF1 when 

expressing 35S::GFP:DWF1 or co-expressing 35S::GFP:DWF1 and 35S:: mCherry:SLOMO 
in Nicotiana tabacum. The graph shows quantification of relative DWF1 abundance (d). For 

(a, c), stain-free gel as the loading control. For (b, d), graphs show mean (line) of three 

biological replicates (individual dots) with SE of the mean. *, Significant differences based 

on a one-way ANOVA and Tukey’s test (P < 0.05).
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Fig. 9. 
Genetic interaction between SLOMO and DWF1 in Arabidopsis thaliana. (a, b) Hypocotyl 

length of 7-d-old slomo-3 and dwf1 mutants: representative image. Bar, 5 mm (a) and 

quantification of hypocotyl length (b). Box plots show median with Tukey-based whiskers 

and outliers. Letters indicate significant differences based on two-way ANOVA and Tukey’s 

test (P < 0.05). The number of individually measured seedlings is indicated at the top. The 

P-value for the interaction (genotype × temperature) is shown at the top.
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Fig. 10. 
Putative model for SLOMO-mediated signaling in (warm temperature-mediated) hypocotyl 

growth. Warm temperature activates SLOMO activity through phosphorylation (P), which 

promotes the ubiquitination (Ub) of DWF1, and this affects brassinosteroid (BR) signaling 

during warm temperature-mediated hypocotyl growth. In parallel, SLOMO also interacts 

with other unknown substrates (?) to regulate hypocotyl growth upon warm temperature. 

Light red background indicates warm temperature conditions (28°C). Dashed lines indicate 

steps that require other known or unknown components that are not indicated here. DWF1 

broken up by line indicates degraded DWF1.
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