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Abstract
Flowering is a critical agricultural trait that substantially affects tomato fruit yield. Although drought stress influences flow-
ering time, the molecular mechanism underlying drought-regulated flowering in tomato remains elusive. In this study, we
demonstrated that loss of function of tomato OPEN STOMATA 1 (SlOST1), a protein kinase essential for abscisic acid
(ABA) signaling and abiotic stress responses, lowers the tolerance of tomato plants to drought stress. slost1 mutants also
exhibited a late flowering phenotype under both normal and drought stress conditions. We also established that SlOST1
directly interacts with and phosphorylates the NAC (NAM, ATAF and CUC)-type transcription factor VASCULAR PLANT
ONE-ZINC FINGER 1 (SlVOZ1), at residue serine 67, thereby enhancing its stability and nuclear translocation in an ABA-
dependent manner. Moreover, we uncovered several SlVOZ1 binding motifs from DNA affinity purification sequencing
analyses and revealed that SlVOZ1 can directly bind to the promoter of the major flowering-integrator gene SINGLE
FLOWER TRUSS to promote tomato flowering transition in response to drought. Collectively, our data uncover the essen-
tial role of the SlOST1–SlVOZ1 module in regulating flowering in response to drought stress in tomato and offer insights
into a novel strategy to balance drought stress response and flowering.
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Introduction
Drought is a major abiotic stress that dramatically limits
plant growth and crop productivity. Drought stress triggers
the biosynthesis of abscisic acid (ABA), which is essential in
helping plants adapt and activate drought stress responses
(Zhu, 2016; Chen et al., 2020a, 2020b). The ABA signaling
pathway involves three core components: the receptors
PYRABACTIN RESISTANT (PYR)/PYR1-like /REGULATORY
COMPONENT OF ABA RESPONSES; negative regulators be-
longing to the Clade A protein phosphatase 2C family; and
protein kinases from the sucrose nonfermenting 1-related
protein kinase 2 family (SnRK2), whose downstream sub-
strates include key transcription factors (TFs) and ion chan-
nels (Nakashima and Yamaguchi-Shinozaki, 2013; Hou et al.,
2016; Chong et al., 2020; Zhu et al., 2020). SnRK2s elicit
stress responses by regulating the interplay between differ-
ent signaling pathways (Coello et al., 2011; Kulik et al., 2011;
Fujii and Zhu, 2012). In particular, SnRK2.2, SnRK2.3, and
SnRK2.6 (also named OPEN STOMATA 1 [OST1]) are acti-
vated by ABA and positively regulate ABA signaling and abi-
otic stress responses (Mustilli et al., 2002; Fujii et al., 2007;
Nakashima et al., 2009; Fujita et al., 2009; Zhu, 2016).
SnRK2.6/OST1/SRK2E has been studied most extensively for
its role in responses to various environmental stresses.
OST1, whose encoding gene is expressed specifically in guard
cells, not only acts upstream of reactive oxygen species pro-
duction but also regulates ABA-induced stomatal closure by
phosphorylating both the anion and cation channels SLOW
ANION CHANNEL-ASSOCIATED 1 (SLAC1) and
POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 1
(KAT1). ABA- and drought-induced stomatal closure are
strongly impaired in Arabidopsis (Arabidopsis thaliana) ost1

mutants (Mustilli et al., 2002; Yoshida et al., 2002; Geiger
et al., 2009; Lee et al., 2009; Sato et al., 2009). ost1 single
mutants show no obvious developmental phenotypes other
than impaired stomatal movement. Due to functional re-
dundancy between SnRK2.2, SnRK2.3, and SnRK2.6, the
Atsnrk2.2 snrk2.3 snrk2.6 triple mutant displays extreme in-
sensitivity to ABA (Nakashima et al., 2009). The triple mu-
tant also exhibits a substantial reduction in its tolerance to
drought that accompanies the suppression of ABA- and os-
motic stress-induced genes with conserved ABA-responsive
elements (ABREs) in their promoters (Fujii et al., 2009; Fujii
and Zhu, 2009). However, OST1 function remains elusive in
other plant species.

Tomato (Solanum lycopersicum) is one of the most com-
mon vegetable crops worldwide, with high economic value.
About 180 million tons of tomatoes are produced each year,
but not all varieties are suited to resist stress or for con-
sumption (Rothan et al., 2019). Flowering is one of the most
essential phenological stages in tomato plants as it reflects
the transition from vegetative to reproductive development
(Lifschitz and Eshed, 2006; Silva et al., 2019). This floral tran-
sition is complex and precisely regulated by internal and ex-
ternal signals (Tsuji et al., 2011; Song et al., 2013). In
Arabidopsis, several key flowering integrators have been
identified, including FLOWERING LOCUS T (FT),
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1),
and AGAMOUS-LIKE 24 (Yu et al., 2002; Helliwell et al., 2006;
Navarro et al., 2011). The FT orthologs SINGLE FLOWER
TRUSS (SFT) and SELF PRUNING 5G (SP5G) play dominant
roles in controlling flowering transition of the day-neutral
tomato plant (Molinero-Rosales et al., 2004; Lifschitz et al.,
2006; Krieger et al., 2010; Soyk et al., 2017). Only a few TFs

IN A NUTSHELL
Background: Flowering in tomato (Solanum lycopersicum) is a crucial developmental stage that can be hindered
by environmental stresses such as drought. Prolonged exposure to drought at this stage can result in significant
yield losses because drought stress threatens the growth and development of plants. Flowering has been reported
as one of the mechanisms that plants utilize to respond to drought and hasten the production of seeds to en-
sure species survival.

Question: How does tomato know how to balance drought responses and flowering time? We investigated this
question by examining the tomato ortholog to the kinase Open Stomata 1 (SlOST1), as OST1 is critical for ab-
scisic acid (ABA) signaling, abiotic stress responses and regulation of stomatal movement in Arabidopsis and sev-
eral other plant species, raising the possibility that OST1 may play a role in flowering.

Findings: We found that tomato SlOST1 not only positively regulates drought tolerance but also promotes
flowering under drought stress conditions. We also discovered that SlOST1 promotes the stability and nuclear
translocation of the NAC-type transcription factor VASCULAR PLANT ONE-ZINC FINGER 1 (SlVOZ1) via phosphory-
lation, which is further enhanced by ABA. In addition, we revealed that nucleus-localized SlVOZ1 can bind to the
promoter of a major flowering gene SINGLE FLOWER TRUSS (SFT) to modulate flowering. It was intriguing to dis-
cover the essential role of the SlOST1-SlVOZ1 module in balancing flowering and drought stress response in tomato.

Next steps: From previous and current studies, it is clear that OST1 is involved in various biological functions.
The slost1 mutant plants of our study were smaller than the wild type, so we will be investigating the role of
SlOST1 in tomato growth and development regulation next.
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regulate SFT or SP5G expression (Weng et al., 2016; Cui
et al., 2020). Abiotic stresses also substantially affect flower-
ing time (Takeno, 2016). In several plant species, flowering
time is accelerated upon drought stress, shortening the life
cycle, a process known as drought escape (DE; Sherrard and
Maherali, 2006; Franks et al., 2007; Riboni et al., 2013;
Shavrukov et al., 2017; Du et al., 2018). ABA is also involved
in DE responses, as it induces FT and SOC1 transcription in
Arabidopsis (Martignago et al., 2020). The Atsnrk2.2 snrk2.3
snrk2.6 triple mutant is early-flowering relative to its wild-
type (WT; Wang et al., 2013). However, the basis for this ef-
fect in Arabidopsis is not clear, and whether tomato plants
display a similar phenotype is uncertain, underscoring the
need to explore the relationship between drought stress
responses and flowering in tomato.

In this work, we report that loss of function of SlOST1
results in drought hypersensitivity and late flowering under
both normal and drought stress conditions. We conducted
phosphoproteomics analyses and determined that SlOST1
directly interacts with and phosphorylates the TF
VASCULAR PLANT ONE-ZINC FINGER 1 (SlVOZ1).
Furthermore, ABA treatment enhanced the phosphorylation,
protein stability and nuclear translocation of SlVOZ1, sug-
gesting the critical role of ABA in regulating SlOST1-
mediated flowering under drought treatment. VOZ-type TFs
play roles in flowering as well as biotic and abiotic stress
responses (Nakai et al., 2013a, 2013b; Prasad et al., 2018;
Schwarzenbacher et al., 2020). Using DNA affinity purifica-
tion sequencing (DAP-seq), we identified five primary
SlVOZ1 binding motifs, four of which were unknown. The
SFT promoter contained multiple SlVOZ1 binding motifs.
We also showed that SlVOZ1 directly binds to the SFT pro-
moter to stimulate tomato flowering in response to drought
stress. Collectively, our work indicates that the SlOST1–
SlVOZ1 module may play an essential role in balancing
drought stress responses and flowering transition in tomato.

Results

Phylogenetic analysis of tomato OST1 and
generation of slost1 mutant alleles by CRISPR/Cas9
editing
Although its Arabidopsis counterpart is a key protein kinase
in plant response to abiotic stress, the biological function of
tomato OST1 remains largely obscure. We extracted the pre-
dicted protein sequences from all SlSnRK2 genes in the to-
mato genome (ITAG2.4), using Arabidopsis SnRK2s as
queries by BLAST search (Figure 1A). We identified eight to-
mato genes as likely homologs of Arabidopsis SnRK2 genes.
In particular, Solyc01g108280 was highly similar to
Arabidopsis OST1 (AtOST1) and corresponded to SlOST1,
encoding a protein of 362 amino acids sharing over 85%
identity with AtOST1 (Figure 1B). Transient infiltration of a
SlOST1-yellow fluorescent protein (YFP) construct in
Nicotiana benthamiana leaves revealed that SlOST1 mainly
localizes to the cytoplasm and the nucleus, similar to the
35S:YFP control (Supplemental Figure S1A). Using publicly

available transcriptome data, we determined that SlOST1 is
highly expressed in leaves, buds and fruits of different stages
(Supplemental Figure S1B).

We designed two single-guide RNAs (sgRNAs) targeting
the first and second exons of SlOST1, respectively, to edit
the gene in two tomato genetic backgrounds: the cultivars
Micro Tom (MT) and Ailsa Craig (AC; LA2838A) using clus-
tered regularly interspaced short palindromic repeats
(CRISPR)–CRISPR-associated protein 9 (Cas9; Figure 1C).
After screening tomato transformants, we isolated two mu-
tant alleles in the MT background harboring 22-bp (slost1-1)
or 220-bp (slost1-2) deletions at the target sequence. We
also identified two slost1 mutant lines in the AC background
with 2-bp (slost1-3) or 5-bp (slost1-4) deletions. The se-
quence alignment of these four CRISPR alleles is presented
in Supplemental Figure S2A in detail. To check for potential
off-target effects arising from genome editing, we compared
the genomic sequences between SlOST1 and other tomato
SnRK2 genes. As shown in Supplemental Figure S2B, SnRK2s
and SlOST1 did not share sequence similarities around the
sgRNA target sites.

Mutations in SlOST1 attenuate drought tolerance
Since OST1 is crucial in regulating stomatal movement as
well as contributing to drought stress responses (Mustilli
et al., 2002), we evaluated the drought tolerance phenotype
of the slost1 mutants. We withheld water for about 7 days,
after which two slost1 mutant alleles started to display se-
vere signs of leaf curling and wilting compared to their WT.
After re-watering, the WT recovered and survived, whereas
the slost1 mutants did not (Supplemental Figure S3A). We
measured the water loss rate (WLR) of detached leaves as
another indicator of drought tolerance. We recorded a
higher WLR in the detached leaves of the two slost1
mutants (slost1-1 and slost1-2) tested compared to their WT
(Supplemental Figure S3B). Plants with greater leaf evapora-
tion due to open stomata exhibit a lower leaf surface tem-
perature, which can be assessed by far-infrared imaging. The
leaf temperature of slost1 mutants was lower than that of
the WT under normal growth conditions (Supplemental
Figure S3C). These results highlighted the conserved func-
tions of SlOST1 in mediating drought responses in tomato.

SlOST1 positively regulates flowering transition
We also characterized developmental phenotypes associated
with growth and flowering time of slost1 mutants. The slost1
alleles slost1-1 and slost1-2 (MT background) flowered later
than their corresponding WT when grown under long-day
(LD) conditions, as indicated by the greater number of
leaves produced before the emergence of the primary inflo-
rescence (Figure 1D). Consistent with this observation,
slost1-3 and slost1-4 (AC background) mutant alleles also
showed a later flowering phenotype than their WT, based
on leaf number under both LD and short-day (SD) condi-
tions (Figure 1E), indicating that SlOST1 is involved in regu-
lating floral transition.
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SlOST1 physically interacts with and phosphorylates
SlVOZ1
We recently developed an effective phosphoproteomics ap-
proach to study putative substrates of protein kinases in-
cluding SlOST1 in tomato (Hsu et al., 2018). We selected
several TFs identified from this methodology and investi-
gated their potential interaction with and phosphorylation
by SlOST1, which revealed SlVOZ1 as a putative substrate
for the kinase. SlVOZ1 shared high sequence similarity with
its Arabidopsis counterpart AtVOZ1 (Supplemental Figure
S4). Public transcriptome data indicated that SlVOZ1 is
highly expressed in tomato leaves, roots, flower tissues and
fruits (Supplemental Figure S5). Our phosphoproteomics
data also identified the putative phosphorylation site in
SlVOZ1 as serine 67 (S67). We introduced a point mutation
in the SlVOZ1 coding sequence that resulted in a change
from S67 to the nonphosphorylatable residue alanine (A67).
Upon incubation with recombinant glutathione S-transferase

(GST) fused to SlOST1 (GST-SlOST1), GST-SlVOZ1S67A

showed an almost complete loss of phosphorylation during
in vitro kinase assays, confirming S67 as the key residue
phosphorylated by SlOST1 in SlVOZ1 (Figure 2A). Moreover,
a Phos-Tag assay demonstrated a shift in mobility for
SlVOZ1 in the presence of SlOST1 in a dose-dependent
manner, suggesting that SlOST1 is required for the phos-
phorylation of SlVOZ1 (Figure 2B).

We used split-luciferase (LUC) assays to validate the direct
interaction between SlOST1 and SlVOZ1 in vivo. LUC com-
plementation imaging (LCI) assays resulted in strong LUC
activity when N. benthamiana leaves were co-infiltrated with
SlOST1-cLUC and SlVOZ1-nLUC constructs, while we
detected no LUC activity from the co-infiltration of negative
controls (Figure 2C). We confirmed this interaction by con-
ducting co-immunoprecipitation (Co-IP) assays in proto-
plasts co-transfected with constructs encoding SlVOZ1-MYC
and SlOST1-HA when using anti-HA agarose antibodies

Figure 1 OST1 regulates flowering transition in tomato. A, Phylogenetic analysis of SnRK2 proteins from Arabidopsis and tomato, generated in
MEGA 7 with the neighbor-joining method. B, Protein sequence alignment of SlOST1 and AtOST1. Red asterisks indicate the conserved amino
acids required for OST1 kinase activity. C, Schematic diagram of the two sgRNAs designed to specifically edit SlOST1 in two tomato genetic back-
grounds, MT and AC, by CRISPR–Cas9. D, Delayed flowering of slost1 mutants compared to WT plants (MT) under LD conditions. Data represent
mean ± standard deviation (SD, n = 6). E, Late flowering of slost1 mutants compared to WT plants (AC) under LD and SD conditions. Data repre-
sent mean ± SD (n = 6). *P5 0.05, **P5 0.01, Student’s t test relative to WT. Scale bars, 5 cm.
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(Figure 2D). To determine where in the cell SlOST1 and
SlVOZ1 interact, we performed bimolecular fluorescence
complementation (BiFC) experiments. The co-infiltration of
N. benthamiana leaves with full-length SlVOZ1-cYFP and
SlOST1-nYFP constructs led to a strong YFP signal in the cy-
toplasm (Figure 2E). We observed YFP signals in both the
cytoplasm and the nucleus when co-infiltrating SlOST1-nYFP
and a construct encoding the first 166 amino acids of
SlVOZ1 fused to cYFP. In contrast, the co-infiltration of
SlOST1-nYFP with a construct encoding amino acids 167–
467 of SlVOZ1 fused to cYFP did not reconstitute YFP,
indicating that the N terminus of SlVOZ1 (containing the
transcriptional regulatory domain) is essential for the
SlOST1–SlVOZ1 interaction.

SlOST1 enhances the protein stability of SlVOZ1
To understand how SlOST1 influences the function of
SlVOZ1, we employed an in vitro cell-free degradation assay
to examine SlVOZ1 protein stability in the presence of
SlOST1. We observed rapid protein degradation when both
GST-SlVOZ1 and GST-SlVOZ1S67A recombinant proteins

were incubated with total protein extracts prepared from
WT tomato plants (Figure 3A). However, co-incubation with
recombinant GST-SlOST1 suppressed the degradation of
SlVOZ1, as did treatment with the 26S proteasome inhibitor
MG132. SlVOZ1S67A remained susceptible to degradation
even in the presence of recombinant GST-SlOST1
(Figure 3A), suggesting that phosphorylation of SlVOZ1 at
S67 is critical for SlVOZ1 protein stability. We also tested
SlVOZ1 protein stability in a transient protoplast system.
We detected a low abundance of SlVOZ1 when protoplasts
were transfected with a SlVOZ1 construct alone; however,
SlVOZ1 accumulated to higher levels when protoplasts were
co-transfected with SlOST1 or treated with MG132.
SlVOZ1S67A abundance did not change when co-transfecting
protoplasts with SlVOZ1S67A and SlOST1 constructs
(Figure 3B), in agreement with the results from the in vitro
cell-degradation assay. Furthermore, we determined SlVOZ1
protein levels in the WT and slost1 mutants to assess
whether SlOST1 is required in planta for SlVOZ1 protein
stability. To this end, we generated a specific antibody raised
against recombinant SlVOZ1. We confirmed the specificity

Figure 2 SlOST1 physically interacts with and phosphorylates SlVOZ1. A, SlOST1 phosphorylates SlVOZ1 in vitro. Recombinant purified GST-
SlOST1 was incubated with GST-SlVOZ1 or GST-SlVOZ1S67A in kinase reaction buffer. The proteins were separated by SDS–PAGE. Top, autoradio-
gram; bottom, Coomassie Brilliant Blue staining. B, Phosphorylation of SlVOZ1 by SlOST1 in transfected Arabidopsis protoplasts. SlVOZ1-MYC was
co-transfected alone or with increasing amounts of SlOST1-HA plasmid DNA in protoplasts. Protein abundance and mobility shift were detected
by immunoblot and Phos-Tag assay, respectively. The ratio of p-SlVOZ1 to SlVOZ1 is shown. C, LCI assay showing the physical interaction be-
tween SlOST1 and SlVOZ1. D, Co-IP assay demonstrating the interaction between SlOST1 and SlVOZ1 in protoplasts. SlOST1-HA was precipitated
with anti-HA agarose. SlOST1 and SlVOZ1 proteins were separated by immunoblot and detected with anti-HA and anti-MYC antibodies, respec-
tively. E, BiFC assay in N. benthamiana leaves showing the specific interaction between SlOST1 and SlVOZ1. Schematic diagrams indicate the vari-
ous constructs encoding full-length or truncated SlVOZ1 fused to cYFP; SlOST1 was fused to nYFP. H2B-mcherry was co-infiltrated as a nuclear
marker. Scale bars, 50 mm.
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of the anti-SlVOZ1 antibody against recombinant GST-
SlVOZ1; the antibody did not recognize GST-SlVOZ2, a GST
fusion to the related TF SlVOZ2. The SlVOZ1 antibody rec-
ognized a band of the expected molecular weight for
SlVOZ1 in WT protein extracts, but not in slvoz1 mutants
(Supplemental Figure S6). SlVOZ1 protein levels were lower
in the slost1 mutant lines relative to the WT in leaves, buds,
and flower tissues (Figure 3C). Reverse transcription–quanti-
tative PCR (RT–qPCR) analysis revealed that SlVOZ1 expres-
sion is comparable in the WT and slost1 mutants
(Figure 3C), indicating that SlOST1 regulates SlVOZ1 mainly
at the posttranscriptional level.

Given that Arabidopsis OST1 kinase activity is activated
by ABA and abiotic stress, we tested the effects of ABA
treatment on the regulation of SlOST1-mediated phosphory-
lation and protein stability of SlVOZ1. We performed in-gel
kinase activity assays to confirm that SlOST1 activity is acti-
vated by ABA in tomato (Supplemental Figure S7). We also
transiently transfected protoplasts with a SlVOZ1 construct,
alone or together with SlOST1 and incubated them with
ABA, which enhanced SlVOZ1 protein stability and

increased its phosphorylation status mediated by SlOST1, as
indicated by a mobility shift. Treatment with k phosphatase
(kPPase) eliminated such phosphorylation (Figure 3D), sug-
gesting that ABA plays an important role in regulating
SlOST1-mediated phosphorylation and stability of SlVOZ1.

SlOST1 promotes the nuclear translocation of
SlVOZ1
Arabidopsis VOZ1 primarily localizes in the cytoplasm
and its translocation to the nucleus upon stimulation is
essential for its functions (Selote et al., 2018). We investi-
gated the subcellular localization of SlVOZ1 as well as the
potential effects of SlOST1 and ABA upon its localization
pattern. We transiently co-infiltrated SlVOZ1-GFP and the
nuclear localization marker H2B-mCherry (encoding a fu-
sion protein between histone H2B and mCherry) in N.
benthamiana leaves, which revealed a primarily cytosolic
localization for SlVOZ1, in agreement with previous stud-
ies (Supplemental Figure S8). A fraction of SlVOZ1-GFP
accumulated in the nucleus when SlVOZ1-GFP was co-
infiltrated with SlOST1 and the leaves were treated with

Figure 3 SlOST1 promotes the protein stability of SlVOZ1. A, In vitro cell-free degradation assay showing the effects of SlOST1 on SlVOZ1 and
SlVOZ1S67A degradation. Equal amounts of recombinant GST-SlOST1, GST-SlVOZ1, or GST-SlVOZ1S67A proteins were incubated with total protein
extracts from WT tomato seedlings for 15, 30, and 45 min without or with 10-mM MG132 added. SlOST1 and SlVOZ1 proteins were detected with
anti-GST antibody. Actin served as a loading control. B, SlVOZ1 protein stability is enhanced by SlOST1 in protoplasts. An equal amount of
SlVOZ1-MYC, SlVOZ1S67A-MYC, and SlOST1-HA (in an increasing concentration) plasmid DNA was co-transfected in protoplasts. SlOST1, SlVOZ1,
and SlVOZ1S67A-MYC protein abundance as determined by immunoblot. Actin served as a loading control. C, SlVOZ1 protein abundance and
SlVOZ1 transcript levels in WT and slost1 mutants. Total proteins from different tissues were extracted from 9-week-old tomato plants and were
probed with anti-SlVOZ1 antibody. Protein levels were quantified using ImageJ. The gene expression data were normalized to WT and represent
means ± SD from three biological replicates. D, ABA enhances the protein stability and phosphorylation of SlVOZ1. The SlVOZ1 construct was
transfected alone or with SlOST1 in protoplasts treated with ABA. The protein stability and phosphorylation of SlVOZ1 were determined by im-
munoblot and Phos-Tag, respectively. kPPase treatment was applied to abolish the phosphorylation of SlVOZ1.
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Figure 4 SlOST1 regulates the nuclear translocation of SlVOZ1. A, Representative images showing the subcellular localization of SlVOZ1 with or
without ABA and CHX treatments. Four-day-old SlVOZ1-GFP transgenic Arabidopsis seedlings were treated with liquid MS medium without or
with ABA and CHX before observing GFP fluorescence by confocal microscopy. The GFP intensity in the selected root region was quantified by
ZEN version 3.2 software. Scale bars, 50 mm. B, Immunoblot results showing the nuclear accumulation of SlVOZ1 after ABA treatment. Seven-day-
old SlVOZ1-GFP transgenic Arabidopsis seedlings were treated with 50-mM ABA for 3 h before harvest. The accumulation of SlVOZ1 and nuclear
proteins were detected by anti-SlVOZ1 and anti-H3 antibodies, respectively. C, Immunoblot assay showing the accumulation of SlVOZ1 in WT
and slost1 mutants. T, total protein; C, cytosolic protein; and N, nuclear proteins isolated from 7-day-old tomato seedlings using the CelLytic PN
extraction kit. The abundance of SlVOZ1 was detected with anti-SlVOZ1 antibody; cytosolic and nuclear proteins were detected with anti-HSP70
and anti-H3 antibodies, respectively.
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ABA. In contrast, the SlVOZ1S67A-GFP construct only
showed fluorescence in the cytoplasm, even when co-
infiltrated with SlOST1 and with ABA treatment
(Supplemental Figure S8), suggesting that ABA and
SlOST1 are required for the nuclear translocation of
SlVOZ1. In a complementary approach using transgenic
Arabidopsis plants expressing SlVOZ1-GFP, we mainly
detected SlVOZ1-GFP fluorescence in the cytoplasm of
root cells under control conditions, but ABA treatment en-
hanced accumulation of SlVOZ1-GFP in the nucleus
(Figure 4A). To test whether the nuclear accumulation of
SlVOZ1 was due to translocation from the cytoplasm to the
nucleus, we treated SlVOZ1-GFP transgenic Arabidopsis seed-
lings with ABA and the protein biosynthesis inhibitor cyclo-
heximide (CHX). Even under these conditions, we observed
the relocation of SlVOZ1-GFP to the nucleus upon ABA
treatment, demonstrating that existing SlVOZ1-GFP rather
than newly translated SlVOZ1-GFP relocates to the nucleus
upon phytohormone stimulus (Figure 4A). We indepen-
dently confirmed these observations by cell fractionation
assays, whereby we separated Arabidopsis protein extracts
into cytosolic and nuclear fractions. ABA treatment in-
creased the abundance of SlVOZ1 in the nuclear fraction
from SlVOZ1-GFP transgenic seedlings (Figure 4B). In addi-
tion, SlVOZ1 protein levels decreased in total protein
extracts from slost1 mutants compared to the WT, although
the cytosolic pool of SlVOZ1 accumulated to comparable
levels in the WT and slost1 mutants. The nuclear abundance
of SlVOZ1 was much lower in slost1 mutants relative to
their WT (Figure 4C).

SlVOZ1 is essential for flowering transition in
tomato
Arabidopsis VOZ1 and VOZ2 redundantly regulate flowering
time (Mimida et al., 2011; Yasui et al., 2012; Celesnik et al.,
2013), prompting us to explore the role of SlVOZ1 in regu-
lating tomato flowering. We generated slvoz1 mutants in
the MT and AC backgrounds using CRISPR/Cas9. As illus-
trated in Figure 5A, we isolated two independent slvoz1
alleles (slvoz1-1 and slvoz1-2) in the MT background and
two slvoz1 alleles (slvoz1-3 and slvoz1-4) in the AC back-
ground. Under LD growth conditions, all slvoz1 mutants
generated by genome editing exhibited late flowering phe-
notypes compared to their respective WT (Figure 5, B
and C) as indicated by increased leaf number before the
emergence of the primary inflorescence. We also observed
delayed flowering and a greater leaf number for slvoz1
mutants (AC background) under SD conditions (Figure 5C).
These results indicated that SlVOZ1 plays a positive role in
regulating tomato flowering transition.

The SlOST1–SlVOZ1 module is essential for
drought-accelerated flowering
Drought-accelerated flowering, also known as a DE response,
has been reported in several plant species (Franks, 2011; Du
et al., 2018), but whether it is conserved in tomato remains
to be explored. We examined the mannitol response, leaf
surface temperature, and WLR of slvoz1 mutants, which are
three phenotypes that reflect the extent of drought toler-
ance. Both slvoz1 and slost1 mutants appeared hypersensi-
tive to growth on medium containing mannitol compared

Figure 5 SlVOZ1 is essential for the flowering transition in tomato. A, Schematic diagrams of the sgRNA designed to target SlVOZ1 with CRISPR–
Cas9 and independent CRISPR alleles created in the MT and AC backgrounds. B, Flowering phenotype in WT and slvoz1 mutants (MT back-
ground) under LD conditions. Data represent mean ± SD (n = 6). C, The slvoz1 mutants are late flowering (AC background), as determined by leaf
number under LD and SD conditions. Data represent mean ± SD (n = 6). **P5 0.01, Student’s t test, relative to WT. Scale bars, 5 cm.
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to WT (Figure 6A). Consistently, mannitol-induced electro-
lyte leakage was higher in the mutants relative to the WT
(Figure 6B). Moreover, WLR was faster in the slvoz1-1 and
slost1-2 mutants than in the WT, likely due to their lower
leaf temperature (Figure 6, C and D). Both slvoz1 and slost1
mutants were also insensitive to ABA treatment relative to
WT, as indicated by seed germination rates (Supplemental
Figure S9), indicating that SlVOZ1 is likely involved in ABA
signaling and drought response. We also subjected the WT,
slost1 and slvoz1 mutant plants (MT background) to normal
growth conditions or drought treatment. Drought stress
suppressed the growth of all genotypes when compared to
plants grown under normal irrigation (Figure 6E). As

observed in other plant species, the WT flowered earlier af-
ter drought treatment, as indicated by flowering time and
leaf number, compared to WT plants grown under normal
conditions. In contrast, slost1 and slvoz1 mutants still exhib-
ited a delayed flowering that was slightly or not affected by
drought treatment relative to control conditions (Figure 6, E
and F). In fact, the relative flowering time of both mutants
was less accelerated by drought treatment compared to WT
(Supplemental Figure S10), indicating that drought-
accelerated flowering is partially dependent on the SlOST1–
SlVOZ1 module in tomato.

We investigated SFT expression in slost1 and slvoz1
mutants next. Consistent with their delayed flowering

Figure 6 Drought-accelerated flowering is partially dependent on the SlOST1–SlVOZ1 module. A and B, Representative phenotypes and electro-
lyte leakage of WT, slost1 and slvoz1 mutants (MT background) under control (H2O) and 200-mM mannitol treatment conditions. Data are
means ± SD of three biological replicates. Different letters indicate significant differences by two-way ANOVA (Analysis of Variance) (Duncan’s mul-
tiple range test, P5 0.05). C, WLR of WT, slost1 and slvoz1 mutants. Data are means ± SD of three biological replicates. D, False-colored infrared-
thermal images of the WT, slvoz1 and slost1 mutant plants. E, Flowering phenotype of WT, slost1 and slvoz1 mutants (MT background) under nor-
mal and drought treatment conditions. Scale bars, 5 cm. F, Flowering time of WT, slost1 and slvoz1 mutants under normal and drought treatment
conditions. Data represent mean ± SD (n = 6), and experiments were repeated 3 times independently with similar results. G, Relative SFT transcript
levels in 18-day-old WT, slost1, slvoz1 seedlings under control and mannitol treatment conditions. Tomato Actin 7 was used as a reference control.
Data represent mean ± SD from three technical replicates. Different letters represent significant differences, as determined using two-way ANOVA
with Tukey’s post hoc test (P5 0.05).
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phenotype under normal conditions, SFT expression was
lower in slost1 and slvoz1 mutant plants relative to the WT
(Figure 6F; Supplemental Figure S11). SFT expression was in-
duced in response to mannitol treatment, supporting the
notion that drought stress promotes early flowering in to-
mato. However, SFT expression remained low in slost1 and
slvoz1 mutants compared to the WT after mannitol treat-
ment (Figure 6G).

Analyses of SlVOZ1 binding sites and target genes in
tomato by DAP-seq
In Arabidopsis, the TF VOZ1 primarily associates with pro-
moters that contain the motif GCGT(N)7ACGT (Mitsuda
et al., 2004). To identify the potential SlVOZ1 binding motifs
and target genes, we performed DAP-seq by incubating re-
combinant GST-SlVOZ1 with a tomato genomic DNA li-
brary, followed by sequencing of VOZ1-bound DNA

Figure 7 Genome-wide identification of SlVOZ1 binding motifs and target genes by DAP-seq. A, Venn diagram showing the extent of overlap be-
tween peaks identified from the two DAP-seq replicates. B, Distribution of high-confidence SlVOZ1 binding peaks along the tomato genome. C,
GO enrichment analysis of SlVOZ1 binding peaks. D, The five enriched binding motifs identified for SlVOZ1. E, Validation of the direct binding of
SlVOZ1 to the five enriched motifs by EMSA. FAM-labeled DNA probes were incubated with recombinant GST-SlVOZ1 or GST-SlOST1 proteins.
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fragments. We identified 6,515 and 9,224 potential SlVOZ1
target genes from two biological replications, with an over-
lap of 5,937 genes (Figure 7A; Supplemental Data Sets 1 and
2 and 2). An analysis of their genomic distribution indicated
that 43.8% of all peaks are located in promoter regions, with
the remaining 46.3% in intergenic regions (Figure 7B). Gene
ontology (GO) enrichment analysis established that these
putative SlVOZ1 target genes are mainly enriched in cellular
processes, metabolic processes, single-organism processes,
and response to stimulus, as well as biological regulation
(Figure 7C). We identified five major SlVOZ1 binding motifs
(Figure 7D). Similar to a previous study in Arabidopsis
(Kumar et al., 2018), SlVOZ1 showed preferential binding to
promoters containing the motif GC(G/T)T(N)7A(A/C)GC
(Motif 1) or GATGGCATGCCACGC (Motif 2), in addition
to the new SlVOZ1 binding motifs CGACCGTGTGTGC
(Motif 3) and TACGCNAC/T (Motif 4). SlVOZ1 also associ-
ated with Motif 5, the ABRE motif (ACGTA/G), which
belongs to the G-box family. To confirm the DAP-seq
results, we performed electrophoretic mobility shift assay
(EMSA). As depicted in Figure 7E, GST-SlVOZ1 but not

GST-SlOST1 is directly bound to all five motifs. SFT was one
of the SlVOZ1 target genes, as determined by DAP-seq
analysis.

SlVOZ1 directly binds to the SFT promoter to
promote its transcription
To unfold the role of SlVOZ1 in flowering regulation, we fo-
cused on SFT. The SFT promoter contained several SlVOZ1
binding motifs (Motifs 4 and 5) (Figure 8A). We performed
EMSAs to validate the binding of SlVOZ1 to selected SFT
promoter probes. Recombinant SlVOZ1, but not SlOST1,
showed direct binding to the SFT promoter probes in vitro
(Figure 8B). Adding SlOST1 to the reactions did not signifi-
cantly affect the association between SlVOZ1 and its targets.
Moreover, we placed the LUC reporter gene under the con-
trol of the SFT promoter (Figure 8C) to determine whether
SlVOZ1 directly activated its transcription. Transactivation
assays demonstrated that SFTpro:LUC activity increased
when SlVOZ1 was co-infiltrated with the LUC reporter in N.
benthamiana leaves relative to the control (reporter only),
while SlOST1 co-infiltration slightly enhanced SlVOZ1-

Figure 8 SlVOZ1 directly binds to the SFT promoter to activate transcription. A, Illustration of the binding motifs of SlVOZ1 in the SFT promoter.
B, EMSA showing the direct binding of SlVOZ1 to the SFT promoter probes. Recombinant GST-SlVOZ1, GST-SlOST1, or both proteins were incu-
bated with FAM-labeled DNA fragments. C, Schematic diagrams of the effector and reporter constructs used for the transactivation assay. D,
Transactivation assay showing that SlVOZ1 activates the transcription of SFT. **P5 0.01, Student’s t test, relative to WT. The protein abundance
of effectors was detected by immunoblot using anti-GFP antibody. E, ChIP-qPCR assay showing the binding of SlVOZ1 to the SFT promoter
in vivo. Leaves of 6-week-old tomato plants grown under LD conditions were harvested in the morning for ChIP. Data represent means ± SD of
three technical repeats. *P5 0.05, **P5 0.01, Student’s t test, relative to WT. Anti-SlVOZ1 antibody was used to precipitate the SlVOZ1–DNA
complex in WT and slvoz1 mutants. ChIP experiments were performed two independent times with similar results.
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mediated SFT transcriptional activation. The observed differ-
ences were not caused by protein accumulation, as deter-
mined by immunoblot analysis of GFP-tagged fusion
proteins (Figure 8D). Additionally, we performed a chroma-
tin immunoprecipitation (ChIP) assay using the anti-SlVOZ1
antibody on tomato seedlings to examine the in vivo associ-
ation of SlVOZ1 with the SFT promoter. We detected signifi-
cant enrichment for different SFT promoter regions (as
labeled in Figure 8A) in the WT compared to slvoz1
mutants, confirming that SFT is a direct SlVOZ1 target
(Figure 8E).

Discussion
Flowering in tomato is a critical developmental stage that
can be vulnerable to environmental stresses. Prolonged ex-
posure to an environmental stress such as drought at this
stage can result in substantial yield losses. However, the mo-
lecular mechanism underlying the balance between drought
stress and flowering transition in tomato has yet to be clari-
fied. In this study, we demonstrated that tomato SlOST1
positively regulates not only drought tolerance but also
flowering time under drought stress. We discovered that
SlOST1 promotes the stability and nuclear translocation of
SlVOZ1 via phosphorylation, which is further enhanced by
ABA. Nucleus-localized SlVOZ1 then positively induces the
expression of SFT, thereby offering a probable mechanism
for how tomato balances drought responses and flowering.

In Arabidopsis and several other plant species, OST1 is
critical to the regulation of ABA signaling, abiotic stress
responses, and stomatal movement (Mustilli et al., 2002;
Assmann, 2003; Joshi-Saha et al., 2011; Fujita et al., 2013;
Zhu, 2016; Ali et al., 2020). However, the role of OST1 dur-
ing plant development such as flowering has remained elu-
sive. Our work provided several lines of evidence for how
SlOST1 positively regulates tomato flowering time in re-
sponse to drought stress. We observed delayed flowering in
the slost1 mutants, which were also smaller than the WT,

suggesting that SlOST1 may also participate in the regulation
of tomato growth and development. Our findings in tomato
are different from the early flowering phenotype observed
with the Arabidopsis snrk2.2 snrk2.3 snrk2.6 triple mutant. A
possible explanation for this variation is that OST1 may reg-
ulate flowering transition in different plant species via dis-
tinct mechanisms. Moreover, we suspect that the severe
dwarfism seen in the Arabidopsis triple mutant may contrib-
ute to its early flowering, although this hypothesis needs to
be tested.

We identified SlVOZ1 as a SlOST1 substrate by phospho-
proteomics analysis; SlVOZ1 plays a role in flowering and bi-
otic and abiotic stress response in plants. Arabidopsis VOZ1
mainly accumulates in the cytoplasm, but its translocation
to the nucleus is crucial for proper function (Selote et al.,
2018; Schwarzenbacher et al., 2020). In our study, we also
noticed that SlVOZ1 is an unstable cytosolic protein when
seedlings are grown under normal conditions. SlVOZ1 be-
came more stable in the presence of SlOST1. Moreover,
ABA activates the kinase activity of SlOST1, which further
promotes the phosphorylation, protein stability, and nuclear
translocation of SlVOZ1, suggesting that ABA plays a vital
role in regulating SlVOZ1 function mediated by SlOST1. Our
genetic work revealed that slvoz1 mutants are late flowering,
hypersensitive to mannitol, insensitive to ABA and lose wa-
ter faster when compared to the WT, as also observed with
slost1 mutants, indicating that SlVOZ1 and SlOST1 are likely
involved in regulating the ABA-mediated drought tolerance
in tomato. In addition, slost1 slvoz1 double mutants also
exhibited a late flowering phenotype similar to their single
mutants under both normal and drought conditions
(Supplemental Figure S12), further suggesting that the
SlOST1–SlVOZ1 module likely plays a key role in drought re-
sponse and flowering. Our DAP-seq analysis identified five
conserved SlVOZ1-binding motifs, of which four (Motifs 2–
5) have not been reported previously. The SFT promoter
contained several SlVOZ1 binding sites, including ABRE

Figure 9 Model illustrating how the SlOST1–SlVOZ1 module balances flowering transition and drought. Upon encountering drought stress,
SlOST1 is activated to interact with and phosphorylate SlVOZ1, which leads to enhanced protein stability and nuclear accumulation of SlVOZ1.
Nucleus-localized SlVOZ1 then binds to the SFT promoter to promote flowering transition in response to drought stress.
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(ABA-responsive element) motifs. Although previous studies
have demonstrated that SFT is the flowering integrator gene
in tomato (Lifschitz et al., 2006; Krieger et al., 2010), its roles
in stress responses remain unclear. In our present work, we
validated SFT as a direct SlVOZ1 target. We also established
that SFT expression is induced by mannitol treatment, indi-
cating that SFT may be involved in regulating drought-
accelerated flowering in tomato.

Based on the genetic and biochemical evidence presented
in this study, we propose a model for the potential role of
the SlOST1–SlVOZ1 module in regulating drought-induced
flowering (Figure 9). In this model, the TF SlVOZ1 is unsta-
ble and susceptible to degradation under normal conditions.
When tomato plants are subjected to adverse conditions
such as drought, SlOST1 is activated to promote the protein
stability, phosphorylation, and nuclear translocation of
SlVOZ1, which directly binds to the SFT promoter and
results in drought-induced flowering. Other flowering
gene(s) may also be regulated by the SlOST1–SlVOZ1 mod-
ule. Increasing evidence suggests that altering flowering time
is a beneficial strategy employed by plants to maximize their
chances of survival or reproduction under suboptimal
growth conditions; our study adds a new layer to our under-
standing of how an environmental factor can be integrated
into the floral pathways of tomato.

Materials and methods

Plant materials and growth conditions
The MT or AC (LA2838A) cultivars were used as the WT in
this study. The indicated WT and mutant plants were
grown under controlled conditions (LD conditions: 16-h
light/8-h dark cycle; SD conditions: 8-h light/16-h dark cycle,
at 25�C during the day and 22�C at night under 100–
150 lmol�m–2�s–1 cool-white fluorescent illumination
[PHILIPS MASTER TL5 HO 39W/840 SLV/4], 70% humidity).

Sequence alignment
The protein sequences of A. thaliana SnRK2s or VOZ1
members were retrieved from The Arabidopsis Information
Resource (http://www.arabidopsis.org/). The protein sequen-
ces of tomato SnRK2s or VOZ1 members were obtained
from Phytozome version 12.1 (https://phytozome.jgi.doe.
gov/pz/portal.html). Sequence comparison was conducted
using the online tool MAFFT (http://mafft.cbrc.jp/align
ment/server/). To generate neighbor-joining phylogenetic
trees, MEGA version 7 was used to perform a bootstrap
analysis with 1,000 replicates containing the following
parameters: p-distance and pairwise deletion (Kumar et al.,
2016).

Construction of CRISPR–Cas9 vectors and
generation of tomato mutant lines
The CRISPR–Cas9 vectors were constructed as previously
described (Mao et al., 2013; Lang et al., 2017). Primers used
for construction of CRISPR constructs and screening trans-
genic plants for gene editing are listed in Supplemental

Table S1. After performing transformation of tomato culti-
vars (MT and AC backgrounds), �10–15 primary (T0) trans-
formants were screened for desired editing at the targeted
sites. Homozygous lines (Cas9-free) were used for pheno-
typic analyses. The homozygous CRISPR alleles slost1-2 and
slvoz1-1 were crossed to generate the slost1 slvoz1 double
mutant.

ABA and stress treatments
For drought survival experiments, �4-week-old tomato
plants were subjected to drought stress. Water was withheld
for a period of 5–7 days before recording plant phenotypes
in response to drought. The recovery phenotype was docu-
mented after allowing plants to recover from drought with
watering for 2 days. For ABA treatments, tomato seeds were
first surface sterilized with bleach and plated onto
Murashige and Skoog (MS) medium with or without 3-mM
ABA. Seed germination rates were scored 5 days after release
from stratification. For mannitol treatment, the roots of 7-
day-old tomato seedlings were immersed in distilled water
or a 200-mM mannitol solution for approximately 1–3 h.
Electrolyte leakage from young leaves was measured to de-
termine their mannitol tolerance.

To investigate whether drought stress affects the flowering
of tomato plants, WT and mutant tomato seeds were sown
onto well-watered soil and allowed to grow for �20 days be-
fore being subjected to drought stress. Drought treatment
was controlled by adjusting the daily soil water content to
�30% as previously described (Du et al., 2018; Reichardt
et al., 2020). Total leaf number before the emergence of the
primary inflorescence and flowering time was measured un-
der both normal and drought conditions.

For WLR measurements, leaves from 6-week-old tomato
plants were detached and weighed immediately and every
5 min for 400 min. The percentage loss of fresh weight was
calculated on the basis of initial weight. Thermal imaging
was performed with a ThermaCAMSC1000 infrared camera
(FLIR System, Danderyd, Sweden) as described (Chen et al.,
2020a, 2020b).

In vitro kinase assay
The coding sequences of SlOST1, SlVOZ1, and SlVOZ1S67A

were amplified from tomato cDNA (MT) with PrimeSTAR
Max DNA Polymerase (TaKaRa, Shiga, Japan, R045B) and
cloned into pGEX4T-1 vectors. After transformation into
BL21 competent cells, recombinant proteins were purified
with glutathione agarose resin (GE Healthcare, Chicago, IL,
USA). In vitro kinase assays were performed as described
(Hou et al., 2016; Zhu et al., 2020). The indicated recombi-
nant proteins were incubated in reaction buffer (25 mM
Tris–Cl, pH 7.4, 12 mM MgCl2, 2 mM DTT, 1mM ATP plus
1mCi of [c-32P]ATP) for 30 min at 30�C before boiling in
loading buffer. Protein phosphorylation was visualized by au-
toradiography (Personal Molecular Imager; Bio-Rad Hercules,
CA, USA).
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Determination of subcellular localization by
confocal microscopy
The indicated GFP and nuclear marker H2B-mCherry plas-
mids were introduced into Agrobacterium (Agrobacterium
tumefaciens) strain GV3101 for transient infiltration in N.
benthamiana leaves. GFP and mCherry fluorescence were
observed by confocal microscopy (Zeiss LSM-710) 2 days
later.

Co-IP assay
The coding sequences of the indicated genes were cloned
into pHBT95-HA and MYC vectors. The maxi-purified
plasmids were transiently co-transfected into Arabidopsis
protoplasts as described (Zhu et al., 2014; Zhu et al., 2020;
Guo et al., 2021). Total proteins were extracted with IP
buffer (50-mM Tris–HCl pH 7.5, 150-mM NaCl, 1-mM
EDTA (Ethylenediaminetetraacetic acid), 1-mM DTT
(Dithiothreitol), 1-mM PMSF (Phenylmethanesulfonyl
fluoride), and protease inhibitor cocktail) and the extracts
incubated with monoclonal anti-HA agarose (Sigma, St
Louis, MO, USA; A2095) for at least 4 h at 4�C. After im-
munoprecipitation, the agarose was washed at least 4
times with IP buffer before boiling. The proteins were
detected by immunoblot using anti-Myc (Abcam,
Cambridge, UK; ab9106) and anti-HA antibodies (Abcam;
ab9110).

LCI assay
The coding sequences of SlOST1 and SlVOZ1 were cloned
in-frame with those of cLUC and nLUC, respectively. The fu-
sion plasmids were then transformed into Agrobacterium
strain GV3101 for transient infiltration of N. benthamiana
leaves. After infiltration, the N. benthamiana plants were
grown in the light for 2 days. LUC activity was determined
on a Tanon (5200 Multi) imaging system.

BiFC assay
Full-length or truncated coding sequences of SlOST1 and
SlVOZ1 were cloned in-frame with nYFP and cYFP, respec-
tively. The BiFC plasmids were introduced into
Agrobacterium strain GV3101 for transient transformation
of N. benthamiana leaves. Two days after co-infiltration, the
fluorescence from YFP and the nuclear marker H2B-
mCherry were assessed by confocal microscopy (Zeiss LSM-
710).

Generation of polyclonal anti-SlVOZ1 antibody
The anti-SlVOZ1 polyclonal antibody was raised by Beijing
Protein Innovation Co. Ltd, Beijing, China. Recombinant
GST-SlVOZ1 protein was produced in Escherichia coli and
purified before being used as antigen for immunization of
rabbits for polyclonal antiserum production. Antigen-affinity
purified antibody was used in immunoblots to detect re-
combinant or endogenous SlVOZ1 abundance in plants.

Cell-free protein degradation assay
Cell-free protein degradation assays were performed as de-
scribed (Kong et al., 2015) with minor modifications. Total
proteins were extracted from the leaves of 5-week-old to-
mato plants in extraction buffer (25-mM Tris–HCl, pH 7.5,
10-mM NaCl, 10-mM MgCl2, 5-mM DTT, 1-mM PMSF). The
indicated recombinant protein and 1-mM ATP were then
added to the total protein extracts. After incubation for the
indicated time, the samples were separated by SDS–PAGE
(Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis). Protein abundance was determined by
immunoblots with anti-GST antibody (Proteintech Group,
66001-2) at a 1: 5,000 (v/v) dilution. Anti-actin antibodies
(Sigma; A0840) were used as a loading control at a 1: 5,000
(v/v) dilution.

Protein stability assay in protoplasts
DNA for the relevant plasmids was transfected into proto-
plasts as previously described (Zhu et al., 2020; Guo et al.,
2021). The transfected protoplasts were incubated in W5 so-
lution with or without 10-lM MG132 overnight before total
proteins were extracted using protein lysis buffer (50-mM
Tris–HCl, pH 7.5, 150-mM NaCl, 0.1% [v/v] Triton X-100, 1-
mM EDTA, 1-mM DTT, 1-mM PMSF, and 1� complete
protease inhibitor cocktail). Protein abundance was deter-
mined by immunoblots with anti-MYC (Abcam; ab9106) or
anti-HA antibodies (Abcam; ab9110) at a 1: 5,000 (v/v) dilu-
tion. Anti-actin antibodies were used as a loading control at
1:5,000 (v/v) dilution.

EMSA
EMSA was performed as described (Zhu et al., 2020). The
promoter fragments of SFT with potential VOZ1-binding
sites were synthesized and labeled with FAM (Fluorescein)
probes (Supplemental Table S1). Sense and antisense pri-
mers were annealed by gradual cooling after denaturation at
95�C for 5 min. The purified recombinant SlVOZ protein
was incubated with promoter fragments in EMSA binding
buffer (20-mM Tris–HCl, pH 7.5,100-mM NaCl, 2-mM
MgCl2, 1-mM DTT, 10% [v/v] glycerol) for 30 min at 4�C.
The samples were subsequently separated by electrophoresis
on 8% (w/v) nondenaturing polyacrylamide gel before visu-
alization on a Tanon 5200 Multi imaging system (Tanon
Shanghai, China).

Transient transactivation assay
A 2,000-bp promoter fragment upstream of the SFT start
codon was cloned into the pGreenII-0800-LUC vector. All
effector and reporter constructs were introduced into
Agrobacterium strain GV3101. Cultures from the indi-
cated effectors and the SFTpro-LUC reporter were co-
infiltrated into N. benthamiana leaves. After 48 h, N. ben-
thamiana leaves were sprayed with (0.3 mg/mL) luciferin
and 0.1% (v/v) Triton X-100 before LUC activity was
recorded with a CCD camera (Tanon 5200 Multi) as de-
scribed (Guo et al., 2021).
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Cell fractionation assay
Equal amounts of tissues from 1-week-old tomato or
Arabidopsis seedlings were collected for cell fractionation
assays. The nuclear and cytoplasmic fractions were prepared
by using a CelLytic PN Isolation Kit (Sigma) as described
(Bao et al., 2014). SlVOZ1 protein was detected with anti-
SlVOZ1 antibody at a 1:2,000 (v/v) dilution. Anti-HSP70
(Agrisera, Vännäs, Sweden; AS08 371) and anti-H3 antibodies
(Abcam; ab1791) were used as cytoplasmic and nuclear
markers at a 1:5,000 (v/v) dilution, respectively.

Phos-tag assay
The phosphorylation of SlVOZ1 was detected by a mobility
shift assay consisting of Phos-Tag reagent as described previ-
ously (Mao et al., 2011). SlVOZ1-MYC was transfected with
or without the SlOST1-HA construct in Arabidopsis proto-
plasts before addition of 5-lM ABA for overnight incubation
at room temperature (in the dark). Total proteins were
extracted and separated on a 10% (v/w) SDS–PAGE gel con-
taining 50-lM Phos-tag (APExBIO) and 100 lM MnCl2. The
mobility shift of SlVOZ1 was detected with anti-MYC anti-
body (Abcam).

In-gel kinase assay
The experiments were performed as previously described
(Hou et al., 2016). Ten-day-old tomato seedlings grown on
MS medium were treated with water or 50-lM ABA for 1 h.
Total proteins were then extracted in lysis buffer (100-mM
HEPES, pH 7.5, 5- mM EDTA, 5-mM EGTA, 10-mM DTT, 10-
mM Na3VO4, 10-mM NaF, 50-mM b-glycerophosphate, 1-mM
PMSF, 5-lg/mL leupeptin, 5-lg/mL antipain, 5-lg/mL aproti-
nin, 5% [v/v] glycerol) and separated by SDS–PAGE contain-
ing 2-mg/mL histone as a substrate.

DAP-seq and data analysis
The procedure for DAP-seq and data analysis were carried
out as described (Bartlett et al., 2017; Cao et al., 2020; Dou
et al., 2021). Tomato (MT) genomic DNA library was pre-
pared using NEBNext DNA Library Prep Master Mix Set Kit
for Illumina (NEB, Ipswich, MA, USA). The coding sequence
of SlVOZ1 was cloned in-frame with the HaloTag sequence
(Promega, Madison, WI, USA); the resulting recombinant
SlVOZ1 fusion protein was produced in E. coli and purified
with HaloTag Beads (Promega). The SlVOZ1-HaloTag bead
mixture was incubated with the tomato genomic DNA li-
brary under slow rotation at 4�C for �2 h, followed by five
washes with phosphate-buffered saline buffer. The DNA was
eluted from the beads in 25mL of elution buffer. A negative
control was prepared by omitting SlVOZ1-HaloTag protein
from the bead mixture. SlVOZ1 target genes were defined as
the peaks located within the transcribed regions of genes,
introns, 3-kb upstream or downstream of the translation
start site (ATG) or termination site (Stop codon). DAP-seq
reads were aligned to the reference tomato genome
(iTAG3.2). SlVOZ1 binding motifs were identified by MEME-
ChIP (Machanick and Bailey, 2011).

RNA extraction and RT–qPCR
Total RNA was isolated using RNAiso Reagent (TaKaRa).
RNA quality and concentration were assessed on a
NanoDrop 1000 Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA). First-strand cDNA was syn-
thesized using PrimeScript RT Reagent Kit (TaKaRa) follow-
ing the manufacturer’s instructions from 2mg of total RNA.
For RT–qPCR, reactions were conducted on a QuantStudio
5 instrument (Applied Biosystems, Waltham, MA, USA) with
Hieff qPCR SYBR Green Master Mix Kit (YEASEN, Shanghai,
China). Primer sequences are provided in Supplemental
Table S1. Tomato Actin 7 was used as a reference control in
all gene expression analyses.

ChIP-qPCR
ChIP experiments were performed as described (Saleh et al.,
2008; Zhu et al., 2020) with minor modifications. About 1 g
of leaves was collected from 6-week-old tomato plants for
crosslinking with 1% (w/v) formaldehyde. Chromatin com-
plexes were precipitated with anti-SlVOZ1 antibody and
salmon sperm DNA/Protein A agarose (Millipore,
Burlington, MA, USA) at 4�C for at least 6 h. The precipi-
tated DNA was purified with DNA Clean & Concentrator
(ZYMO RESEARCH Irvine, CA, USA). ChIP-qPCR was per-
formed two independent times with similar results.

Accession numbers
Sequence data from this article can be found in the Tomato
Genome Protein Sequences (ITAG release 4.0) database un-
der the following accession numbers: SlOST1
(Solyc01g108280), SlVOZ1 (Solyc02g077450), SlVOZ2
(Solyc10g008880), and SFT (Solyc03g063100). The DAP-seq
data described in this article have been deposited to NCBI
under accession number PRJNA734096 (https://www.ncbi.
nlm.nih.gov/bioproject/?term=PRJNA734096).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Subcellular localization of
SlOST1 and tissue expression of SlOST1.

Supplemental Figure S2. Sequence alignment of SlOST1
target sites in CRISPR lines.

Supplemental Figure S3. Tomato OST1 regulates drought
tolerance.

Supplemental Figure S4. Protein sequence alignment of
tomato and Arabidopsis VOZ1.

Supplemental Figure S5. SlVOZ1 expression patterns in
tomato tissues.

Supplemental Figure S6. Specificity test of the anti-
SlVOZ1 antibody.

Supplemental Figure S7. ABA treatment activates
SlOST1 in tomato in in-gel kinase assays.

Supplemental Figure S8. SlVOZ1 translocates from the
cytoplasm to the nucleus in N. benthamiana leaves.
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Supplemental Figure S9. Seed germination phenotype of
WT, slost1 and slvoz1 mutants in response to ABA
treatment.

Supplemental Figure S10. Flowering time of WT, slost1,
slvoz1 mutants under normal and drought conditions.

Supplemental Figure S11. SFT expression levels in WT,
slost1 and slvoz1 mutants.

Supplemental Figure S12. Flowering phenotype of the
slost1 slvoz1 double mutant under normal and drought
conditions.

Supplemental Table S1. Primer sequences used in this
study.

Supplemental Data Set 1. DAP-seq results for SlVOZ1,
first replicate.

Supplemental Data Set 2. DAP-seq results for SlVOZ1,
second replicate.

Supplemental Data Set 3. Summary of statistical
analyses.

Supplemental File S1. Multiple sequence alignment used
for the phylogenetic tree shown in Figure 1A.

Supplemental File S2. Newick format of the alignment
shown in Figure 1A.
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