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Summary

e Sulfur (S) is a crucial macronutrient for plant growth, development, and stress tolerance. It
serves as an essential component of amino acids (cysteine and methionine), vitamins, sulfa-
tides, and coenzymes. S deficiency impairs plant productivity; yet, the molecular mechanisms
regulating sulfate uptake remain poorly understood.

e In this study, brassinosteroid (BR) signaling was found to be activated under S deficiency,
leading to the nuclear accumulation of BZR1, a central transcription factor in the BR signaling.
BZR1 expression increased at both the mRNA and protein levels under S deficiency condi-
tions.

e SULTR1,2, a high-affinity sulfate transporter, was identified as a direct downstream target
of BZR1 through in vitro and in vivo analyses. Genetic and physiological evidence demon-
strated that BZR1 promotes sulfate uptake via SULTR7,2 in a BR-dependent manner.

¢ These findings uncover a molecular mechanism by which BR signaling regulates the S defi-
ciency response through BZR1-mediated activation of SULTR7;2. This work enhances our
understanding of nutrient signaling in Arabidopsis and provides potential targets for improv-

signaling, BZR1, sulfate transport, SULTR1;2.

Introduction

Sulfur (S) is an essential macronutrient in plants, which functions
in plant growth, development, and stress tolerance (Fernandez
et al., 2024). S is primarily absorbed from the soil in the form of
sulfate ions (SO4%7) through plant roots to synthesize amino
acids like cysteine and methionine as well as vitamins, sulfatides,
and coenzymes (such as thiamine, biotin, and coenzyme A),
which are crucial for both animals and humans (Ristova &
Kopriva, 2022). Plants serve as a critical hub in the global S cycle,
converting inorganic S into organic forms (Zhou et al., 2025).
However, recent studies have shown a significant decline in soil S
deposition due to reduced SO, emissions in recent decades, rais-
ing concerns about potential S deficiencies in the future (Wang
et al., 2018; Aas et al., 2019; Hinckley ez al., 2020).

The sulfate mansporter (SULTR) system has four SULTR
subgroups (SULTRI1s4s) (Takahashi, 2019). High-affinity
SULTRI;1 and SULTRI;2, located in the roots, are primarily
responsible for sulfate (SO4) uptake from soil (Takahashi
et al., 2000; Yoshimoto ez al, 2002). SULTR1;1 and SULTR1;2
have redundant functions in sulfate influx, whereas SULTRI;2
plays a dominant role (Yoshimoto er al, 2007; Barberon
et al., 2008). SULTRI;2 is thought to be the potential sulfate sen-
sor via its Anti-Sigma factor antagonist (STAS) domain (Shibagaki
& Grossman, 2006). Once sulfate enters the root, SULTR2;1 and
SULTR3;5 transfer the SO4*~ from root to shoot (Takahashi
et al., 2000; Kataoka et al., 2004a). SULTRI;3 functions in the
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loading of sulfate to the phloem (Yoshimoto ez al, 2003).
SULTR3s and SULTR4s are involved in SO4*~ influx from cyto-
sol to chloroplast and efflux from vacuole to cytosol, respectively
(Kataoka ez al, 2004b; Z. Chen et al, 2019). The conversion of
SO into organic forms occurs in the chloroplast (Kataoka
et al., 2004b). The molecular functions of SULTRs are well under-
stood, while the regulators controlling sulfate uptake are poorly
understood (Takahashi, 2019; Fernandez ez al, 2024). SILM1, a
member of the ETHYLENE INSENSITIVE 3-LIKE transcription
factor (TF) family, has been well characterized as the key regulator
of sulfate uptake, assimilation, and S homeostasis under S defi-
ciency conditions (Maruyama-Nakashita ez a/, 2006; Aarabi
et al, 2016). Additionally, ELONGATED HYPOCOTYL 5
(HY5) has been identified to regulate sulfate uptake in response to
S deficiency (Lee et al., 2011).

Brassinosteroids (BRs) participate in almost the whole life of
plants, from growth to development, including the response to
various abiotic and biotic stresses (Planas-Riverola et a/, 2019;
Nolan ez al., 2020; Han et al., 2023). Over the past two decades,
BR signaling has been well elucidated. BR signaling is initiated
when BR molecules bind to their receptor BRASSINOSTER-
OID INSENSITIVE 1 (BRI1), a leucine-rich receptor kinase
located on the plasma membrane (Li & Chory, 1997;
She et al, 2011). Upon activation, BRI1 phosphorylates the
co-receptor BRII-ASSOCIATED RECEPTOR KINASE 1
(BAK1) (Li er al, 2002; Wang ez al., 2008). The BRI1-BAK1
complex functions as heterodimers (Nam & Li, 2002; Russinova
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et al., 2004). This binding then leads to the dephosphorylation,
ubiquitination, and degradation of BRASSINOSTEROID-
INSENSITIVE2 (BIN2), resulting in protein phosphatase 2A
(PP2A)-mediated dephosphorylation and nuclear accumulation
of BRASSINAZOLE RESISTANT 1 (BZR1)/bril-EMS-
SUPPRESSOR 1 (BES1) TFs, which mediate
BR-responsive gene expression and plant growth (Li &
Nam, 2002; Wang ez al., 2002; Yin ez al., 2002; He ez al., 2005;
Kim ez al, 2009; Tang ez al., 2011). RNA-sequencing (RNA-
seq) and Chromatin immunoprecipitation (ChIP)-sequencing
(ChIP-seq) analyses have revealed that BZR1 and BESI target
regions enriched with the E-box motif (5'-CANNTG-3') and the
G-box motif (5'-CACGTG-3') (Sun et al., 2010; Yu et al., 2011).
Recent studies have shown that BR signaling can respond to the
deficiency of nitrogen and phosphorus (Wang er al, 2023b;
Al-Mamun er al., 2024; He er al, 2024). Additionally, we
noticed that several BR biosynthesis genes are upregulated under

family

sulfate deficiency in the published transcriptome data (Yu
et al., 2022). Another study revealed that BZR1 participates in S
metabolism (M. Wang et al., 2023). However, the exact role of
BR in the response to S deficiency and the underlying molecular
mechanisms of BR-regulated sulfate uptake remain unclear.

In this study, we demonstrated that BR signaling positively
regulates the response to S deficiency, mainly mediated by BZR1
in Arabidopsis. The response to S deficiency of BZR1 not only
occurs at the translational level but also at the cellular, transla-
tional, and posttranslational levels. Through genetic and molecu-
lar approaches, we proved that sulfate transporter SULTRI;2 is
the direct target of BZR1. Furthermore, we employed the struc-
ture predictions and published epigenomic data to shed light on
the molecular and structural mechanism underlying BR-
responsive transcriptional regulation of S deficiency.

Materials and Methods

Plant materials and growth conditions

All Arabidopsis thaliana used in this research are Col-0 back-
ground except 6in2-3 bill bil2 (Ws background). The besI-D,
bzrl-1D, BESI-RNAi (#1, #2), besl-c2/bzrl-cl, pBZRI1:BZRI-
YFP, pBZR1:bzr1-1D-CFP, bin2-3 bill bil2, bril-301, sultrl;l
(SALK_093256), and sultri;2 (SALK_122974) were used in
this study (Wang ez al,, 2002; Yin ez al., 2005; Xu ez al., 2008,
2021; Yan et al, 2009; Gonzilez-Garcia et al., 2011; Chaiwa-
non & Wang, 2015; Liang et al., 2018; Tian et al., 2018; W.
Chen et al, 2019; Yao et al, 2022). Double mutant
bzr1- 1D/ sultr1;2 was obtained by crossing bzrI-1D and sultrl;2.
Double mutant sultrl;1/sultrl;2 was obtained by crossing
sultrl; 1 and sultrl;2.

Arabidopsis plants were grown at 22°C : 20°C under
16 h : 8 h, light : dark cycles. For phenotypic analysis, the seeds
were sterilized with 70% sodium hypochlorite (NaClO) contain-
ing 0.025% Triton X-100, followed by washing with ddH,O
seven times. For preparation of agar medium, agar was washed
seven times with 1 | of ddH,O. The pH of the medium was
adjusted to 5.80 in this article. The S sufficiency medium (+Sul)
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was based on a half-strength Murashige and Skoog medium
(¥AMS) (PhytoTech Labs, Lenexa, KS, USA) containing 1%
sucrose and 1% agar. The S deficiency medium (-Sul) was also
based on 2MS, while all the sulfate was substituted with chloride
(Coolaber, Beijing, China), containing 1% sucrose and 1% agar.
Root length was measured by IMAGE].

For agar-based S deficiency conditions, seeds were germinated
on +Sul medium for 4 d and then transferred to +Sul and —Sul
agar medium for an additional 8 d. For hydroponic S deficiency
conditions, seeds were germinated on +Sul medium for 5 d and
subsequently transferred to either S1500 or S15 liquid medium
for 2 wk. S1500 contained 1500 pM MgSOy as the sulfate
source, whereas S15 contained 15 pM MgSOy4 and 1485 uM
MgCl, to maintain ionic balance (Hirai ez al, 1995; Aarabi
et al., 2016). For S-free conditions, seeds were directly grown in
+Sul and —Sul liquid medium for 8 d.

Measurements of chlorophyll content

The shoots were weighed and added to 95% ethyl alcohol, and
then incubated overnight at room temperature. The absorbance
of the samples was measured at wavelengths of 665, 649 nm to
calculate Chlz and Chlé concentrations, respectively.

Measurement of anthocyanin contents

Anthocyanin contents were measured as previously described
(Gao er al., 2020). Briefly, Arabidopsis shoots were weighed
and collected into 1 ml of anthocyanin extraction buffer
(iso-propanol : HCl : water = 18 : 1 : 8). The samples were
incubated overnight at room temperature away from light and
then centrifuged at 12 000 x gfor 10 min at 4°C. The superna-
tants were collected for measuring the absorbance at 533 and
650 nm. The relative anthocyanin content was calculated by the
content = (As3s

following equation: (relative anthocyanin

— 2 X Agso)/fresh weight).

RNA isolation and reverse transcription-quantitative
polymerase chain reaction analysis

Total RNA was isolated from 8-d-old seedings using the RNA-
simple Total RNA Kit (Tiangen, Beijing, China). The comple-
mentary DNA (cDNA) was synthesized using the HiScript III
RT SuperMix for quantitative polymerase chain reaction (QPCR)
(+gDNA wiper) Kit (Vazyme, Nanjing, China) with ¢ 1 pg
RNA. Reverse transcription-quantitative polymerase chain reac-
tion reactions were conducted on the CFX96 Real-Time PCR
Detection system (Bio-Rad) and QuantStUuDIO 1 (Thermo-
Fisher, Waltham, MA, USA) with a 20 pl total reaction volume
containing 10 pl of ChemQ SYBR qPCR Master Mix (Vazyme)
and 1 pl ¢cDNA product. The relative expression level of target
genes was normalized to the gene ACTINZ2
(AT3G18780). For each sample, three biological replicates were
performed, and each biological replicate contained three techni-

reference

cal replicates. Primers used in this study were listed in Supporting
Information Table S1.
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Immunoblot assay of the phosphorylation status of
BRASSINAZOLE RESISTANT 1

Tissue samples collected at different time points were placed in a
2 ml plastic centrifuge tube and ground into fine powder in
liquid nitrogen. Protein extraction buffer (50 mM Tris—HCI,
pH 7.5, 100 mM NaCl, 10 mM MgCl,, 1 mM EDTA, 10%
(v/v) glycerol) was added to resuspend the powder. The protein
extracts were centrifuged at 13800 g for 10 min at 4°C.
The supernatants were eluted with 2x SDS gel loading buffer
(4% (wlv) sodium dodecyl sulfate (SDS), 0.2% (w/v) bromophe-
nol blue, 20% (v/v) glycerol, 200 mM dithiothreitol (DTT)),
separated on a 10% SDS-PAGE gel. The phosphorylation status
of BZR1 was detected by anti-GFP monoclonal antibody (Trans-
gene, Beijing, China). The gray value of each band was quantified
by the IMAGE] tool WBGelDensitometryTool (https://github.
com/cernekj/WBGelDensitometryTool).

Microscopy

pBZRI1:BZRI- YFP transgenic seedlings were first grown on ¥2MS
medium for 1 wk. Seven-day-old seedlings were transferred into
1LMS liquid medium for 2 h for preprocessing. The seedlings
were then mounted in a —Sul liquid medium (with or without
1 mg ml™" propidium iodide), and the subcellular localization
pattern of BZR-YFP was determined using a LSM900 confocal
microscope (Zeiss) with an excitation wavelength of 488 nm and
an emission wavelength of 509 nm (1% power with a 650 V
master gain). For the study of BR-regulated nucleocytoplasmic
trafficking of BZR-YFP, seedlings were placed into a —Sul liquid
medium containing 1 pM eBL (2,4-Epibrassinolide; Coolaber)
or BRZ (Brassinazole; Yuanye, Shanghai, China).

Luciferase transactivation assays

The coding sequence (CDS) sequences of BZRI and BESI were
linked to the pGreenll 62-SK (p62-SK) vector driven by the 355
promoter. p62-SK-BZRI and p62-SK-BESI constructs were used
for effector expression, and the empty vector p62-SK was used as
the negative control. A 2955 bp upstream of the transcription start
site of SULTRI;2 was generated by PCR amplification and was
inserted into the pGreenll-0800-LUC vector to obtain the lucifer-
ase (LUC) reporter vector that expresses LUC driven by the
SULTRI;2 promoter: pGreenll-0800-pSULTRI;2:LUC. The mix-
ture of effector and reporter was transferred to Nicotiana benthami-
ana for 3 d. LUC luminescence images were collected, and the
intensity was quantified by the PlantView100 system (Guangzhou
Biolight Biotechnology Co., Ltd). LUC/REN activity was carried
out following the protocols for the Dual-Luciferase reporter assay
system (Promega). Each sample has five independent transfections.
The primers used are listed in Table S1.

ALPHAFOLD3 structure prediction

Protein-DNA complex structures were predicted using the

ArpHaFoLD3  online  platform with

(alphafoldserver.com)
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auto-generated random seeds. The resulting models were visua-
lized using CHIMERAX v.1.8 (Pettersen ez al., 2021).

Recombinant protein production and electrophoretic
mobility shift assay

The protocol was modified by Unterholzner et al. (2017) with
slight modifications. The CDS of BZRI (AT1G75080.1) was
cloned in the expression vector pGEX-4T-1 and subsequently
transferred into Escherichia coli strain BL21(DE3) (Tsingke, Beij-
ing, China). Inoculate 200 ml modified Luria-Bertani (MLB)
(10 g I"" peptone, 5 g 17" yeast extract, 5 g 17" NaCl, pH 7.5.
Autoclave at 121°C for 20 min) with the overnight culture and
22°C until the ODgyy is ¢ 0.5. Add
Isopropyl-B-b-thiogalactopyranoside to the culture to a final con-
centration of 0.2 mM and incubate the culture at 22°C over-

incubate at

night. The recombinant GST-BZR1 fusion protein was purified
using Glutathione Sepharose 4B (Cytiva, Uppsala, Sweden) with
PBS. After washing with PBS, the fusion proteins were eluted
with Elution buffer (150 mM NaCl, 5 mM DTT, 20 mM -
Glutathione reduced, 50 mM Tris—HCl, and pH 8.0).

The SULTRI;2 promoter fragments containing G-box motif
(CACGTG) were used for electrophoretic mobility shift assays
(EMSA) experiments. Oligos were synthesized by Sangon Bio-
tech Co., Ltd (Shanghai, China) with standard desalting and pur-
ified with HPLC. Biotin-labeled 59-mer dsDNAs were mixed
with GST-BZR in 10x EMSA binding buffer (250 mM HEPES
pH 8.0, 500 mM KCI, 20 mM MgSOy, 10 mM DTT) and 5%
(v/v, final concentration) glycerol and incubated for 30 min on
ice. The mutated probes (CACGTG to AAAAAA) were also used.
The mixtures were loaded on a 6% polyacrylamide gel, and fluor-
escence was detected using an Alliance Q9 Advanced system
(UVITEC, Cambridge, UK). The sequences of probes used are
listed in Table S1.

Chromatin immunoprecipitation assay

ChIP assays were conducted following the protocols established
by Nolan ez al. (2017) with slight modifications. In brief, 1 g of
8-d-old wild-type Col-0 and pBZRI:BZRI-YFP seedlings were
collected and cross-linked for 15 min (release/reapply vacuum
once at 7.5 min) in 1% (v/v) formaldehyde solution by
vacuum infiltration. Add glycine to a final concentration of
0.125 M to stop cross-linking and apply vacuum for 5 min.
Wash the fixed samples with distilled water three times. Dry the
samples and freeze them in liquid nitrogen.

The tissue samples were then ground to a fine powder. Add
nuclear extraction buffer I (0.4 M sucrose, 10 mM Tris—HCI,
pH 8.0, 5 mM B-mercaptoethanol (B-ME), 1 mM PMSF, and
protease inhibitor cocktail) to the powder and mix well. The mix-
ture filtered with two layers of Miracloth was centrifuged at
2000 g for 20 min at 4°C. The pellet was resuspended thor-
oughly in 1.2 ml nuclear extraction buffer II (0.25 M sucrose,
10 mM Tris—HCI, pH 8.0, 10 mM MgCl,, 1% (v/v) Triton X-
100, 5 mM B-ME, 1 mM PMSF, and protease inhibitor cock-
tail) and centrifuged at 12 000 g for 10 min at 4°C. The pellet
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was resuspended in 400 pl nuclear extraction buffer III (1.7 M
sucrose, 10 mM Tris—HCI, pH 8.0, 2 mM MgCl,, 0.15% (v/v)
Triton X-100, 5 mM B-ME, 1 mM PMSF, and protease inhibi-
tor cocktail) and centrifuged at 12 000 g for 60 min at 4°C. The
chromatin pellet was then resuspended in 200 pl nuclear lysis
buffer (50 mM Tris—HCI, pH 8.0, 10 mM EDTA, 0.5% (w/v)
SDS, 5 mM B-ME, 1 mM PMSF, and protease inhibitor cock-
tail) and diluted with 400 pl ChIP dilution buffer (20 mM Tris—
HCIL, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% (v/v) Triton
X-100, 5 mM B-ME, 1 mM PMSEF, and protease inhibitor cock-
tail). Mix the chromatin well and the chromatin was sonicated to
obtain fragments of ¢. 300 bp using Bioruptor Pico (Diagenode,
Liittich, Belgium) for 6 cycles with 10s on and 50 s off cycle at
medium setting. The sonicated chromatin solution was centri-
fuged at 14 800 g for 10 min at 4°C. The supernatant was then
diluted with ChIP dilution buffer.

The anti-GFP antibody (Transgene) was added and incubated
at 4°C overnight. The protein A/G magnetic beads (MCE, Mon-
mouth Junction, NJ, USA) were added to precipitate the
chromatin-antibody complexes for 4 h. The beads were washed
sequentially with low-salt wash buffer (20 mM Tris—HCI,
pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% (v/v) Triton X-100,
and 0.1% (w/v) SDS), high-salt wash buffer (20 mM Tris—-HClI,
pH 8.0, 2 mM EDTA, 500 mM NaCl, 1% (v/v) Triton X-100,
and 0.1% (w/v) SDS), LiCl buffer (10 mM Tris-HCI, pH 8.0,
1 mM EDTA, 0.25 M LiCl, 1% (v/v) NP-40, 1% (w/v) sodium
deoxycholate), and TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM
EDTA). The chromatin complexes were eluted with elution buffer
(1% (w/v) SDS, 0.1 M NaHCOj3). All the samples were incubated
at 65°C overnight. After reverse cross-linking, the proteins were
degraded by proteinase K (ThermoFisher) at 45°C for 1 h. The
DNA was purified by phenol—chloroform extraction followed by
ethanol precipitation. Glycogen (ThermoFisher) was added to
facilitate: DNA precipitation. Purified DNA was analyzed by
ChIP-qPCR. Data were normalized with ACTIN2 (AT3G18780).
All primers used in ChIP-gPCR are listed in Table SI.

Measurement of sulfate content

The seedlings were sampled and pretreated as previously men-
tioned (Fang er al., 2025). After heat digestion, the dry matter
was dissolved in ddH,O and analyzed following the protocol
modified by Tabatabai (1974). Briefly, I ml of sample was mixed
with 100 pl of 0.5 N HCI (prepared by diluting 42 ml of con-
centrated HCl to 1 1 with ddH,0) in a 2 ml plastic centrifuge
tube. Then, 50 pl of barium chloride—gelatin reagent was added
to the mixture and mixed thoroughly. The barium chloride—
gelatin reagent was prepared as follows: dissolve 0.6 g of gelatin
in 200 ml ddH,O at 65°C, incubate at 4°C overnight, then
bring the semi-gelatinous solution to room temperature, add
2.0 g BaCl,-2H,0, and mix until fully dissolved. Store the
reagent at 4°C and bring it to room temperature before use.

After 30 min of reaction, the absorbance of the final mixture
was determined at 420 nm by spectrophotometer. A standard
curve was generated using sulfate solutions at concentrations of
0,1,2,3,4,and 5 pg ml~".
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Statistical analysis

Data significance was assessed using unpaired #tests (via R func-
ton ttest) or ANOVA (using the R package DESCTOOLS
v.0.99.59). All statistical figures were generated by the GGprLOT2
package (v.3.4.4). Details on the statistical tests, P-values, sample
sizes (7), and sample types (e.g. root length) are provided in the
corresponding figure legends. All experiments were repeated at
least three times.

Results

BRASSINAZOLE RESISTANT 1/bri1-EMS-SUPPRESSOR 1
positively regulates S deficiency responses in Arabidopsis

Previous studies demonstrated that BES1 and BZR1 regulate the
response to nitrate (N) and phosphorus (P) deficiency in Arabi-
dopsis (Singh et al, 2014; Wang et al, 2023b; Al-Mamun
et al., 2024). Notably, recent RNA-seq data also suggested that
BR biosynthesis genes are upregulated under S deficiency (Yu
et al., 2022). To verify this, we first established an agar-based S-
deficient medium, which showed significantly lower sulfate con-
tent (Fig. Sla). We then used T-DNA insertion mutants of
SULTRIs to verify the S deficiency conditions (Fig. Slb,c).
Four-day-old seedlings grown on the ¥2MS medium (S-sufficient
medium, +Sul) were transferred to either S-deficient (—Sul) or S-
sufficient (+Sul) medium. The root length of sultrl; 1, sultrl;2,
and sultrl; 1/ sultrl;2 was shorter than wild-type under S defi-
ciency conditions, confirming that the medium was indeed S-
deficient.

To investigate the role of BR signaling under S deficiency, we
detected the expression of several BR biosynthesis genes
(Fig. S2). Increased expression of BR biosynthetic genes is com-
monly used as an indicator of elevated BR signaling activity
(Vukasinovié¢ et al., 2021). The results showed that the BR bio-
synthesis genes were activated under S deficiency conditions
within 2 h, supporting the activation of BR signaling under S
deficiency conditions. We further assessed the root lengths of
BR signaling mutants, including 67i1-301 (a loss-of-function
mutant of BR receptor BRI1) and bin2-3 bill bil2 (a loss-of-
function mutant of BR kinase BIN2 and its closest homologs).
bri1-301 exhibited shorter root length compared to the wild-
type, while 6in2-3 bill bil2 showed longer roots (Fig. 1). BR
signaling leads to transcriptional responses mediated by its core
TFs BZR1/BES1 (Nolan et al, 2020). We next examined the
root length in the bzrl-1D and besI-D gain-of-function
mutants under S deficiency conditions (Fig. 2a,b). Our results
showed that the root length of bzrI-1D is longer than the wild-
type under S deficiency conditions, but there was no significant
difference under normal conditions. By contrast, besI-D exhib-
ited no notable phenotype under S deficiency conditions
(Fig. 2a,b). The phenotypic response of besI-D under S defi-
ciency did not fully align with our previous observations of BR
signaling mutants. To further investigate this discrepancy and
to eliminate potential confounding effects from residual S in
agar-based media, we employed the long-term hydroponic
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Fig. 1 Brassinosteroid signaling pathway positively regulates Sulphur (S) deficiency response in Arabidopsis seedlings. (a) Phenotypic analysis of wild-type
(WT) Col-0 and bri7-307 mutant under sulfate deficiency conditions. Seeds were germinated on a half-strength Murashige & Skoog (2MS) agar medium
for 4 d, then seedlings were transferred to +Sul and —Sul medium for 8 d. (b) Statistical analysis of root length of plants (n = 12) shown in (a). (c)
Phenotypic analysis of wild-type Ws and bin2-3 bil1 bil2 mutant under sulfate deficiency conditions. Seeds were germinated on a %2MS agar medium for
4 d, then seedlings were transferred to +Sul and —Sul medium for 8 d. (d) Statistical analysis of root length of plants (nws = 9, Npin2-3 birr iz = 12) shown
in (c). Significant differences in (b, d) were determined by two-tailed Student's ¢t-test (**, P < 0.01; ***, P < 0.001; ns, no significance). Outliers were
excluded from the boxplot display for clarity in (b, d). Overlaid dot plots display individual data points with slight jitter to reduce overlap. They are drawn to
depict 1.5x the interquartile range as whisker, the 25" and 75" percentiles as upper and lower box limits, and the median as the center line.

culture system to examine the phenotype of bzr/-1D and
besI-D under S deficiency conditions (Fig. S3). The results
showed that both bzrI-1D and besI-D have longer root lengths
and larger rosettes compared to the wild-type under S deficiency
conditions (Fig. S3). S deficiency typically first manifests in
plant young leaves with chlorosis and anthocyanin accumula-
tion (de Bang er al, 2021). We next used a sulfate-free liquid
culture system to further examine shoot phenotypes (Fig. 2c).
Seeds were grown in ¥2MS liquid medium (+Sul) and —Sul
1LMS liquid medium (S-free) for 8 d, respectively. Both bzri-
1D and bes1-D displayed higher Chl content than the wild-type
under S-deficient conditions, suggesting enhanced growth per-
formance (Fig. 2d). The BESI-RNAi knockdown line exhibited
shorter root length than the wild-type under S deficiency condi-
tions, whereas bzrI- 1D showed longer roots (Figs 2e,f, S4a,b).
Phenotypic analysis of pBZRI:bzrI-1D-CFP transgenic plants
also showed enhanced tolerance to S deficiency (Fig. S4c,d).
Knockout of the BESI and BZRI showed no significant differ-
ence in root length compared to the wild-type under S defi-
ciency (Fig. S4e,f). These results indicate that BR-responsive
TFs BZR1 and BESI positively regulate the response to S defi-
ciency by means independent of canonical BR signaling.

S deficiency promotes the accumulation of BZR1

Since there is phenotypic evidence suggesting that BZR1 and
BES! function redundantly in the response to S deficiency,
and that bzr1-1D exhibits a better phenotype under S deficiency,
we aimed to determine the expression pattern of BZRI in

© 2025 The Author(s).
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Arabidopsis seedlings under S deficiency conditions. We per-
formed gRT-PCR analysis on wild-type seedlings, which
were germinated on ¥2MS agar medium for 8 d, followed by
transfer to S-deficient (—Sul) medium (Fig. S5a,b). The
SULTRI;2 expression increased significantly, consistent with pre-
vious studies (Fig. S5a) (Aarabi er al, 2016; Yu ez al, 2022).
However, BZRI expression only showed a modest increase of c.
1.5-fold after 12 h of treatment (Fig. S5b).

We then employed a ‘reverse strategy’ to investigate if BZRI is
an S-deficiency responsive gene. Seeds were pre-treated in sulfate-
free liquid medium (S starvation) and then recovered with sulfate
for 2 h (S recovery) (Fig. 3a). The expression of SULTRI;2 was
first quantified to verify the effectiveness of this strategy
(Fig. S5¢). After 2 h of sulfate (1 mM MgSOy) treatment, BZRI
expression significantly decreased (Fig. 3b). The results indicated
that BZRI mRNA levels are induced by S deficiency stress and
are decreased more than twofold accumulation upon sulfate
resupply. By contrast, BESI was not found to be an S-deficiency
responsive gene (Fig. S5d). To further explore this, we examined
the expression of BZRI, BESI, and their homologs (BEHs) in
wild-type and BESI-RNA: seedlings (Fig. S5¢). RT-qPCR result
showed that BZRI and BEH3 are S-deficiency responsive genes,
with expression levels changing more than twofold. Notably, in
BESI-RNAi, BZRI expression declined more than four-fold
within 2 h of sulfate supply, suggesting its rapid responsiveness.
To better understand BZRI regulation in the BR pathway, we
also detected BZRI expression in additonal BR signaling
mutants, including 67i1-301 and bin2-3 bill bil2, with
SULTRI;2 expression serving as a reference (Fig. S5f). In wild-
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Fig. 2 BRASSINAZOLE RESISTANT 1 (BZR1)/bri1-EMS-SUPPRESSOR 1 (BES1) mediate brassinosteroid signaling-regulated response to S deficiency. (a)
Phenotypic analysis of Arabidopsis wild-type (WT) Col-0, bes7-D, and bzr7-D mutants under S deficiency conditions. Seeds were germinated on half-
strength Murashige & Skoog (2MS) agar medium (+Sul) for 4 d, then seedlings were transferred to +Sul and —Sul medium for 8 d. (b) Statistical analysis
of root length of plants (n = 8) shown in (a). (c) Phenotypic analysis of Arabidopsis wild-type Col-0, bes7-D, and bzr1-D under hydroponic S-free
conditions. Seeds were germinated in %2MS liquid medium (+Sul) and —Sul ¥2MS liquid medium (S-free) for 8 d, respectively (Bar, 1 mm). (d) Statistics
analysis of Chl content of plants (n = 4) shown in (c). Data are means + SD of plants. (e) Phenotypic analysis of Arabidopsis wild-type Col-0, bzr1-1D, and
BES1-RNA| under sulfate deficiency conditions. Seeds were germinated on ¥2MS agar medium for 4 d, then seedlings were transferred to +Sul and —Sul
medium for 8 d. (f) Statistical analysis of root length of plants (n = 9) shown in (e). Significant differences were determined by Dunnett's test for multiple
comparisons (**, P < 0.01; ***, P < 0.001; ns, no significance). Outliers were excluded from the boxplot display for clarity in (b, f). Overlaid dot plots
display individual data points with slight jitter to reduce overlap. They are drawn to depict 1.5x the interquartile range as whisker, the 25" and 75"

percentiles as upper and lower box limits, and the median as the center line.

type (Col-0 and Ws) and 67i1-301, the expression trends of
BZRI and SULTRI;2 were similar before and after sulfate resup-
ply. However, in bin2-3 bill bil2, the expression of BZRI exhib-
ited an opposite trend compared to SULTRI;2, suggesting that
the loss of BIN2 and its homologs strongly influences BZRI
accumulation, contributing to the more than two-fold increase
observed under S deficiency. Together, these results highlighted
the role of BIN2-mediated dephosphorylation and activation of
BZR1 in the S deficiency response.

To investigate the protein dynamics of BZR1 under S deficiency,
we carried out a time-course analysis of seedlings collected at differ-
ent time points. We measured the abundance of BZR1 (the unpho-
sphorylated, activated form) and its phosphorylated, inactivated
form (BZR1p). BZR1 accumulated ¢ 2.5 times more than the
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basal level by 48 h under S deficiency conditions (Fig. 3¢). Further-
more, we examined the relationship among BZR1 synthesis, accu-
mulation, and degradation under S deficiency by applying
cycloheximide (CHX) and MG132. BZR1 protein levels were
detected by immune blotting at 6, 12, 24, and 48 h (Fig. 3d).
CHX inhibits protein synthesis, while MG132 blocks proteasomal
degradation. Compared with mock treatment (dimethyl sulfide,
DMSO), the accumulation of BZR1, especially BZR1p, was more
pronounced under S deficiency with MG132 treatment. By con-
trast, the BZR1 protein level decreased rapidly when treated with
CHX. Treatment with both CHX and MG132 showed slower
degradation than with CHX alone. Our results indicated that
BZR1 synthesis is induced by S deficiency, and the 26S
proteasome-dependent degradation of BZR1 occurs concurrently.

© 2025 The Author(s).
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Fig. 3 Sulphur deficiency activates the expression and dephosphorylation of BRASSINAZOLE RESISTANT 1 (BZR1). (a) Schematic diagram illustrating the
identification of S-deficiency responsive genes in Arabidopsis. Seeds were germinated in S-free liquid medium for 7 d, then seedlings were treated with
fresh S-free liquid medium containing 1 mM MgCl, (S starvation) or MgSOy, (S recovery). Figure was created via BioRender (BioRender.com/9crObnh). (b)
BZR1 is an S-deficiency responsive gene in Arabidopsis. Seeds germinated in S-free liquid medium for 7 d were treated with sulfate (1 mM MgSQ,) or
MgCl; (control) for 2 h. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analyses were performed. Mean + SD (n = 4). Significant
differences were determined by two-tailed Student's ¢-test (***, P < 0.001). (c) Immunoblot analysis of BZR1 protein in Arabidopsis pBZR1:BZR1-YFP
seedlings under S deficiency conditions. Seedlings were treated with DMSO (Mock), (d) 50 pM MG132 (+MG132), 100 pM CHX (+CHX), 100 pM

CHX + 50 pM MG132 (+CHX + MG132) under S deficiency conditions. Samples were collected at indicated time points. The intensity of BZR1 and BZR1p
was normalized according to the intensity of B-actin. The sample loads were the same at 0 h across all four treatments and were set as 1. CHX, cyclohexi-

mide; DMSO, dimethyl sulfide.

S deficiency induces the relocation of cytoplasmic BZR1 to
the nucleus

A previous study elegantly demonstrated that BZR1 was
recruited from the cytosol to the nucleus within 30 min after
supplying 1 pM eBL (Wang er al, 2021). We have already
proved that BZR1 responds to S deficiency via BR signaling
according to the genetic and molecular approaches. To explore
whether an S-deficient environment could recruit the cytoplas-
mic BZR1 to the nucleus, we conducted confocal fluorescing
using transgenic plant expression BZR1-YFP fusion protein dri-
ven by the native BZRI promoter (pBZRI1:BZRI1-YFP) under S
deficiency (—Sul) condition. We treated the seedlings with four
conditions: +Sul, —Sul, —Sul + eBL, and —Sul + BRZ. Both
—Sul and —Sul + eBL could induce the relocation of cytoplas-
mic BZR1 into the nucleus. Supplying BRZ could inhibit the
relocation of cytoplasmic BZR1 induced by S deficiency. The
results showed that S deficiency could induce the relocation of
BZR1 within 30 min of S deficiency treatment (Fig. 4a,b). To
avoid the effect of multi-exposure to the fluorescence, we shot
confocal fluoresce imaging again at 30 min (Fig. 4c). This

© 2025 The Author(s).
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experiment demonstrated that cytoplasmic BZR1 can be
recruited to the nucleus under S deficiency, and the process is

BR dependent.

BRASSINAZOLE RESISTANT 1 directly targets the
SULTR1,2 promoter in vitro and in vivo

The response of BZR1 under S deficiency is noted above, but its
regulatory targets remain to be identified. The binding motifs of
BZR1 are well demonstrated for G-box (CACGTG) and BR-
response element (BRRE; CGTG I G) in promoter regions (Oh
et al., 2012). We focused on the primary S uptake in plants from
soil, specifically investigating whether the transporters SULTRI; 1
and SULTRI;2, which are involved in this process, are regulated
by BZRI. Both transporters show significantly increased expres-
sion under S deficiency (Aarabi et al., 2016; Yu et al., 2022). Pre-
vious research on core promoter prediction in plants gave us a
hint for determining the boundaries of the promoters for
SULTRI;1 and SULTRI;2 (Jores et al., 2021). Based on these
data, we analyzed the promoter sequences of the two transporters.
We found two G-box motifs in the promoter of SULTRI;2,
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Fig. 4 The relocation of cytoplasmic BRASSINAZOLE RESISTANT 1 (BZR1) to the nucleus is promoted by sulfur deficiency and brassinosteroid. Transgenic
Avrabidopsis seedlings harboring pBZR1:BZR1-YFP were grown on half-strength Murashige & Skoog (¥2MS) medium for 7 d under long-day (LD)
conditions. The fluorescence signal of BZR1-YFP was then examined. The seedlings were treated with (a) 2MS liquid medium without sulfate and (b) 2MS
liquid medium without sulfate +1 mM eBL. YFP fluorescence was observed every 10 min. Control treatments included %2MS liquid medium and %2MS
liquid medium without sulfate + 1 mM BRZ. BRZ, Brassinazole; eBL, 24-Epibrassinolide; PI, propidium iodide. (c) Confocal microscopy was used to examine
the subcellular localization of BZR1-YFP. Transgenic Arabidopsis seedlings harboring pBZR1:BZR1-YFP were grown on ¥2MS medium for 7 d. The
fluorescence signal of BZR1-YFP was examined. Seedlings were treated with %2MS liquid medium (control), 2MS liquid medium without sulfate, 2MS
liquid medium without sulfate + 1 mM eBL, and %2MS liquid medium without sulfate + 1 mM BRZ for 30 min. YFP fluorescence was observed (Bars,

10 um). DMSO, dimethyl sulfide; YFP, yellow fluorescent protein.

while no potential regulatory elements (either G box or BRRE
element) were observed in the promoter of SULTRI;1. There-
fore, we hypothesize that BZR1 might directly regulate the
expression of sulfate transporter SULTRI;2 to respond to the S
deficiency.

Previous ChIP—chip data showed that BZR1 binds to two sites
on the SULTRI;2 promoter (Sun et al, 2010). Additionally,
ChIP-seq data from two studies identified binding peaks on the
SULTRI;2 promoter (Oh ez al, 2014; Zhu et al., 2024). To
investigate the iz vivo binding of BZR1 to the SULTRI;2 promo-
ter, we conducted LUC-activated assays and dual-luciferase
reporter assays. The results indicated that BZR1 could enhance
the expression of SULTRI;2 (Fig. 5a,d). We also conducted a
dual-luciferase reporter assay with BES1, which similarly upregu-
lated SULTRI;2 expression, although with a lower LUC/REN
ratio compared to BZR1 (Fig. S6). Having identified that BZR1
promoted the expression of SULTRI;2, we sought to determine
whether BZR1 could directly interact with the promoter of
SULTRI;2. The crystal structure of the BZR1 DNA binding
domain has been previously resolved, providing a basis for struc-
tural modeling (Nosaki er al, 2018). We used AlphaFold3 to
predict potential protein-DNA interactions. Promoter analysis
using PLANTPAN 4.0 identified three putative BZR1 binding sites
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on the SULTRI;2 promoter: two canonical G-box motifs
(CACGTG) and one G-box-like motif (CACGTAG) located
downstream of the core promoter (Chow ez al., 2024). To evalu-
ate the predicted binding, we generated structural models of
BZR1 in complex with 59-nt DNA fragments containing either
normal or mutated motifs (Fig. S7). Furthermore, when binding
motifs were mutated, the predicted binding domain of BZR1
shifted away from the DNA interface, supporting the importance
of the binding motifs (Fig. S7). The interface predicted TM score
(ipTM) and predicted alignment TM score (pTM) were used to
estimate the confidence of the protein—DNA interaction (Abram-
son et al., 2024). Models with canonical G-box motifs showed
notably higher ipTM and pTM scores, while the difference
between wild-type and mutant in the G-box-like group was mini-
mal, suggesting a lack of specific binding to the noncanonical
motif in regulating SULTRI;2 expression (Fig. 5¢). Thus, to con-
firm whether BZR1 directly binds to the G-box motifs of
SULTRI;2, we conducted EMSA using purified BZR1 protein
fused with GST tag. The results indicated that BZR1 physically
binds to the 59-nt SULTRI;2 promoter fragments in vitro, and
this binding was competed by wild-type probes but not by
mutated probes, which were consistent with the prediction results

(Figs 5f, S7). In vivo binding of BZRI1 to the SULTRI;2

© 2025 The Author(s).
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promoter was further confirmed by ChIP-qPCR analysis using
Col-0 and pBZRI1:BZRI-YFP plants (Fig. 5g). PI (containing G-
Box1) and P2 (containing G-Boxl) each contained a G-box
motif, while P3 contained a G-box-like motif. Interestingly, three
prominent binding tracks observed in previous ChIP-seq data
were consistent with our ChIP-qPCR assay results (Fig. 5h).
Additionally, the transcription activation mark H4K5ac was
enriched at PI and P2 regions but not at P3 (Fig. 5h). These epi-
genetic data suggest that the binding peak of BZR1 at P3 may
not contribute to the direct transcriptional regulation of
SULTRI;2, which is consistent with the AlphaFold3 prediction
scores at this site (Figs 5e,g, S7). However, the functional rele-
vance of the P3 binding site remains to be determined in future
studies. Our results strongly suggested that BZR1 directly binds
to the SULTRI;2 promoter via two canonical G-box motifs and
one noncanonical motif that closely resembles a G box.

© 2025 The Author(s).
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BRASSINAZOLE RESISTANT 1 promotes sulfate uptake by
targeting SULTR1,2

To confirm the results above genetically, we crossed bzri-1D
with sultrl;2 to generate the bzrl-1D/sultrl;2 line. When
SULTRI;2 expression was knocked down in bzrI-1D, the root
length of bzril-1D/sultrl;2 was shorter than that of bzrl-1D
under S deficiency conditions (Figs 6a,b, S8). In addition, to
investigate whether the activation of SULTRI;2 by BZR1 was
BR dependent, we applied the BR synthesis inhibitor BRZ under
S deficiency conditions. The results showed that BRZ treatment
abolished the tolerance phenotype of wild-type Col-0 under S
deficiency, making it comparable to the su/tr/;2 mutant
(Fig. S9).

A previous study reported that sulfate promotes true leaf devel-
opment (Yu ez al., 2022). We conducted the shoot apex growth
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Fig. 6 BRASSINAZOLE RESISTANT 1 (BZR1) positively regulates sulfate accumulation by requiring SULTRT;2. (a) Phenotypic analysis of Arabidopsis wild-
type (WT) Col-0, bzr1-1D, sultr1;2, and bzr1-1D/sultr1;2 mutants under sulfate deficiency conditions. (b) Statistics analysis of root length of plants (n = 8)
shown in (a). Outliers were excluded from the boxplot display for clarity. Overlaid dot plots display individual data points with slight jitter to reduce
overlap. They are drawn to depict 1.5x the interquartile range as whiskers, the 25" and 75" percentiles as upper and lower box limits, and the median as

the center line. (c) Sulfate content in Arabidopsis wild-type Col-0, bzr1-1D, sultr1;2, bzr1-1D/sultr1;2, and BEST-RNAj under 7 d of S deficiency
treatment. Data are means + SD of sulfate S content of plants (n = 3). Significant differences in (b, c) were determined by Dunnett's test for multiple
comparisons (*, P < 0.05; ** P < 0.01; *** P < 0.001; ns, no significance). DW, dry weight.

analysis, in which the results showed a similar phenotype to the
root length results (Fig. S10). Interestingly, we also observed a
darker coloration in the shoots after S deficiency treatment.
A recent study reported that BZR1 interacts with PAP1/PAP2 to
positively regulate anthocyanin production, and that nitrogen
deficiency ~activates the BZR1-PAP1/PAP2 module (Lee
et al, 2024). To investigate whether a similar mechanism is
involved under S deficiency, we measured anthocyanin content
in bzrl-1D seedlings. The results showed increased anthocyanin
accumulation in bzrI-1D. (Fig. S11). It is convincing that both S
and nitrogen deficiencies may promote anthocyanin biosynthesis
through a common BZR1-PAP1/PAP2 regulatory pathway.

We further analyzed the sulfate content and found that
bzrl-1D had higher sulfate content than wild-type, while
bzrl-1D/sultrl;2 had lower sulfate content than wild-type
(Fig. 6¢). These results confirmed that BZR1 promotes sulfate
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uptake primarily by regulating SULTRI;2. To examine the invol-
vement of additional key BR signaling components, we also
determined sulfate content in 67i1-301 and bin2-3 bill bil2
mutants (Fig. S12). Consistent with their root length pheno-
types, bril-301 showed lower sulfate content, whereas 6in2-3
bill bil2 showed higher sulfate content (Figs 1, S12).

Taken together, these findings demonstrate that SULTRI;2 is
a downstream target of BZR1 in Arabidopsis, and that BZR1-
mediated BR signaling controls sulfate uptake by regulating
SULTRI;2 expression under S deficiency.

Discussion

In this study, we identified a direct molecular connection between
BZR1 and the sulfate transporter SULTR1;2 which facilities sulfate
uptake from the environment (Fig. 7). We propose that BR

© 2025 The Author(s).
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BioRender (BioRender.com/y81a808). BAK1, BRI1-ASSOCIATED RECEPTOR KINASE 1; BRI1, BRASSINOSTEROID INSENSITIVE 1.

signaling regulates sulfate uptake in response to S deficiency, sup-
ported by the upregulation of several BR biosynthesis genes in pub-
lished transcriptome data under S-deficient conditions. Previous
studies have shown that nitrogen (N) and phosphorus (P) deficien-
cies activate BR signaling and transcription regulation mediated by
BZR1/BES1 TF family (Singh ez al., 2014; Wang ez al., 2023b; Al-
Mamun ez al., 2024). To explore this further, we introduced the
concept of ‘S deficiency responsive gene’ to identify genes which
significanty change under long-term nutrient deficiency and recov-
ered within hours (Fig. 3a). This helped us to elucidate the role of
BZR1 under S deficiency.

The key finding from the model is that both the synthesis and
degradation of BZR1 occur in the cell under S deficiency condi-
tions (Fig. 3c,d). This mechanism likely maintains high tran-
scriptional efficiency of target genes by supplying newly
synthesized BZR1 (Spoel ez al., 2009). Recent studies have shown
that BR-induced BZR1 translocation into the nucleus happens
within 30 min, mediated by BIN2/PP2A (Wang ez al., 2021).
Moreover, BR treatment activates both the synthesis and degra-
dation of BZR1 (Wang ez al., 2021), further supporting our find-
ings that S deficiency activates BR signaling. Using AlphaFold3
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structure predictions, we developed models visualizing potential
binding interactions (Figs 5d, S7). Integration of omics data also
allowed us to observe the chromatin state of the SULTRI;2 pro-
moter (Fig. 5h). Combining these predictions with BZR1 ChIP
data, H4K5ac ChIP data (a transcription activation mark), and
in vitro and in vivo binding assays, we determined that the G-
box-like motif bound by BZR1 likely does not confer transcrip-
tional activation (Figs 5e—h, S7). This finding aligns with recent
research indicating that TF DNA binding is not invariably linked
to transcription regulation (Mahendrawada ez al., 2025). These
advanced approaches provide an exciting opportunity to further
dissect the molecular mechanisms underlying BZR1-mediated
BR-responsive transcriptional regulation of SULTRI;2 under S
deficiency.

Regarding the degradation of BZRI through the 26S protea-
some under S deficiency, the mediators of this process remain
unknown. Recent studies have suggested that the plant U-box pro-
tein PUB40 mediates BZR1 degradation in a root-specific manner,
while COP1, a RING E3 ubiquitin ligase downstream of photore-
ceptors, regulates BZR1 stability under different light conditions
(Kataoka et al., 2004b; Kim ez al, 2019). Another study reported
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that in the loss-of-function mutant of RPT2a, a 26S proteasome
subunit, the expression patterns of S assimilation and ubiquitin
degradation pathways are altered (Wawrzynska & Sirko, 2020).
However, the exact regulators involved in BZR1 degradation under
S deficiency remain to be identified in future research.

Our data show that the recruitment of cytoplasmic BZR1
under S deficiency starts within 20 min, which is a rapid response
(Fig. 4). The transport of cytoplasmic BZR1 into the nucleus
requires nuclear importins. A recent study performed a yeast two-
hybrid assay that identified interactions between BZR1 and
importins, including KA120, which plays a key role in plant
immunity regulation (Wang ez al., 2021; Jia et al., 2023). We are
interested in whether this importin also responds to S deficiency,
which could link plant growth and defense (Zhang ez al., 2023).
Furthermore, a recent study demonstrated that BZR1 activates S
metabolism, suggesting that BZR1 may be another master regula-
tor in the S deficiency response like SLIM1 (M. Wang
et al., 2023). Supporting this, SULTRI;2 expression shows dis-
tinct patterns in BESI-RNAI, 67i1-301, and bin2-3 bill bil2
mutants under S starvation and recovery conditions (Fig. S5e,f).
This observation suggests that BR signaling is not the sole path-
way responding to S deficiency, potentially implicating alterna-
tive mechanisms such as SLIMI-mediated S signaling. The
potential interaction between SLIM1 and BZRI in response to S
deficiency remains for future investigation.

Another question arises from our observation that the gain-of-
function mutant bzrl-1D shows a phenotype of root length
under S deficiency, whereas besI-D does not (Fig. 2a,b). How-
ever, besI-D displays significant shoot and root phenotypes in
hydroponics (Fig. 2c—g). Though we found that BES! expression
does not increase under S deficiency, a dual-luciferase assay
showed that BES1 can activate SULTRI;2 expression, albeit with
a lower LUC/REN ratio compared to BZR1 (Figs S4d, S6).
Based on the results, we noted that BZR1 is the major TF to con-
duct BR signaling in response to S deficiency, though BESI and
BZR1 function redundantly in BR signaling (Figs 2, S4c,d, S6).

S, as a key macronutrient, is often overlooked in plant nutri-
tion research (Ristova & Kopriva, 2022; Wang er al., 2023a).
The risk of S deficiency in agriculture is increasing due to
reduced emission of SO, (Wang er al, 2018; Aas ez al., 2019;
Hinckley ez al., 2020). Therefore, when considering strategies to
manifest BR signaling for crop improvement (e.g. enhancing
stress tolerance or yield), optimizing S nutrition and understand-
ing its impact on the BZR1-SULTRI;2 module is crucial. The
posttranslational regulatory mechanisms of the sulfate transpor-
ters, such as phosphorylation, remain poorly understood (Wang
et al., 2023a). Liquid-liquid phase separation (LLPS) has been
shown to regulate a broad range of abiotic stress responses; how-
ever, its role in S deficiency remains unexplored (Liu
et al., 2023). It is crucial to address the ‘missing link’ S in plant
nutrition in future studies.
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Fig. S2 BR biosynthesis genes were upregulated under S defi-
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Fig. S3 BZR1 and BES1 mediate BR signaling-regulated
response to S deficiency.
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Fig. S5 Expression analysis of BZRI and BESI and their homo-
logs.

Fig. S6 BES1 activates the expression of SULTRI;2.

Fig. S7 AlphaFold3 predictions show the interaction between
BZR1 DNA-binding domain and DNA fragment on SULTRI;2
promoter.

Fig. S8 Expression of SULTRIL;2 in bzrl- 1D/ sultrl;2 mutant.

Fig. S9 The response of S deficiency is BR dependent.

Fig. S10 BZRI positively regulates sulfate uptake through
SULTRI;2.
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Fig. S11 BZR1 promotes anthocyanin accumulation under S
deficiency conditions.

Fig. S12 Sulfate content in 67i1-301 and bin2-3 bill bil2 under
S deficiency conditions.

Table S1 Primers used in this study.
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