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Abstract

Plant architecture can directly impact on tomato (Solanum lycopersicum) fruit production. Our previous work has demon-

strated an important role of microRNA156a (miR156a) in determining the lateral branches mainly by regulating SQUAMOSA
PROMOTER BINDING PROTEIN LIKE 13 (SPL13) expression in tomato. However, the regulatory pathway by which the miR156a-

SPL13 module regulates branching remains obscure. In this study, we examined the relationship between SPL13 and two other

genes, BRANCHED1b (BRC1b) and DWARF (DWF), which have previously been known to regulate lateral branch development

in tomato. Our findings indicate that SPL13 directly interacts with the promoters of BRC1b and DWF, enhancing BRC1b
expression while inhibiting DWF expression, thereby finely regulating lateral branch development in tomatoes. Additionally,

overexpression of BRC1b or knockout of DWF were found to rescue the increased lateral branch outgrowth phenotype of

the spl13 mutant plants. Furthermore, brassinosteroid (BR) content was high in spl13 mutant plants, supporting the notion

that SPL13 negatively regulates BR biosynthesis. These findings suggest that SPL13 serves as an activator of the BR signaling

downstream gene BRC1b and a repressor of the BR biosynthesis gene DWF to regulate lateral branch outgrowth in tomato.

One-sentence summary: The miR156a-targeted transcription factor SlSPL13 regulates plant architecture in tomato.

Introduction

Tomato is a globally significant vegetable crop. It also serves as

a model plant for research on floral and fruit development in

perennial, sympodial plants. Plant architecture is a major determi-

nant of crop yield. Artificial selection for improved plant architec-

ture that has facilitated increases in flower production and yield

has occurred throughout the domestication and improvement of

tomato. Various regulators play a role in shaping optimal plant

architecture, as well as influencing flower quantity, fruit size, and

yield. Identifying and characterizing these regulatory genes is cru-

cial for enhancing our understanding of the genetic foundations

of phenotypic variation and aiding in the breeding of superior

varieties.

MicroRNAs (miRNAs) affect plant development by cleavage or

repression of specific mRNAs [1, 2]. miR156 modulates a broad

gene network related to plant development by suppressing SPL
gene family expression [3–7]. There are 17 SPL genes in the tomato

genome, among which seven SPLs are targets of miR156a [1, 8].

Similarly, miR156 targets 11 SPLs in rice and 10 SPLs in Arabidopsis

[9, 10]. SPL genes encode plant-specific transcription factors

involved in regulating various plant growth processes. Grain yield

is regulated by several miR156-targeted SPLs, including SPL13,

SPL14, and SPL16 in rice [11–15]. Rice SPL14, also referred to

as Ideal Plant Architecture1 (IPA1), influences yield and disease

resistance [16]. In Arabidopsis, miR156 targets the SPL3, SPL4,

SPL5, SPL9, and SPL15 genes, which are known to influence shoot

growth, flowering, growth cycle regulation, plastochron length,

and organ size [17–25]. In tomatoes, miR156 targets the SPL gene,

which regulates the Colorless nonripening (Cnr) gene responsible

for fruit ripening [26]. SlSPL13 regulates inflorescences, lateral

branches, and fruit size, and is also a target of miR156 [1, 8].

Plant architecture determines light perception, photosynthesis,

and crop productivity in plant. Higher plants architecture is estab-

lished mainly through lateral meristems activity, which greatly

affect most fundamental aspects of the plant life [27–29]. Recent

research indicates that SPL transcription factors, along with pro-

teins like DWARF53, Teosinte Branched 1 (TB1), and Barren Stalk 1

(BA1), play a role in regulating plant architecture in rice and bread

wheat [30–33]. In bread wheat, miR156-targeted SPLs regulate the

expression of TB1 and BA1, influencing plant architecture [31].

In rice, the OsSPL14 influences plant architecture by binding to
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the promoter of TB1 and consequently suppressing tillering [34].

Significantly, OsSPL14 binds to the OsDWARF53 promoter and

affects strigolactone (SL)-induced OsDWARF53 expression by the

feedback regulation [32]. In Arabidopsis, the transcription factor

SPL13 regulates cell division orientation and thereby influences

root growth [35]. In tomato, SlSPL13 regulates inflorescence mor-

phogenesis by directly activating SINGLE FLOWER TRUSS (SFT) [8].

It also affects lateral branch development by directly regulating

the cytokinin (CK) biosynthesis gene ISOPENTENYL TRANSFERASES
1 (IPT1) and the SL biosynthesis genes CAROTENOID CLEAVAGE
DIOXYGENASE 7 (CCD7) and MORE AXILLARY GROWTH 1 (MAX1) [36].

However, the mechanism by which the miR156a–SlSPL13 module

regulates lateral branch development in tomato requires further

investigation.

Brassinosteroids (BRs) are essential steroid hormones that

influence plant growth and development [37, 38]. CYP724B
and CYP90B, which are tissue-specific BR biosynthesis genes,

regulate tiller number in rice [39]. TB1 (TCP/Cycloidea/PCF)

acts downstream of BR signaling, has been shown to affect the

outgrowth of buds in different plant species [38, 40–43]. The

gene BRANCHED1b (BRC1b), an ortholog of TB1 in eudicots,

is specifically expressed in axillary buds and serves as a key

regulator inhibiting bud outgrowth [29, 41]. Tomato plants of the

dwf mutant exhibit deficiencies in BR biosynthesis and develop

significantly fewer lateral branches than the control plants. In

contrast, overexpressing DWF has been shown to affect lateral

bud outgrowth in tomato [38]. Although the function of BRC1b,

DWF, and SPL13 in lateral branch arrest is widely conserved in

the plant kingdom, the direct molecular links between SPL13 and

BRC1b and DWF in tomato remain unknown.

Our previous work has demonstrated that miR156a targets the

SPL13 gene and regulates lateral branch development in tomato

[1, 8]. In this report, we discovered that both BRC1b and DWF acted

as potential regulators of SlSPL13. Overexpression of BRC1b was

found to revert the increased lateral branch outgrowth phenotype

in the spl13 knockout lines, which is consistent with the proposed

function of BRC1b acting downstream of SPL13. The observation

that the lateral branch defects of the spl13/dwf double mutant

and dwf single mutant are phenotypically similar implies that DWF
may have a critical function downstream of SPL13. Our findings

also indicate that SPL13 may inhibit BR biosynthesis in tomato.

These findings enhance our comprehension of the miR156a–

SlSPL13–DWF/BRC1b module, which is crucial for shaping plant

architecture in tomato.

Results

SPL13 regulates lateral branch

development in tomato

In this work, we first examined phenotypes of lateral branch

development in transgenic tomato lines overexpressing miR156a

(miR156a-OE) and overexpressing SPL13 (SPL13-OE/flag), and

in CRISPR-mediated SPL13-gene knockout plants (CR-spl13). We

observed that the growth of lateral branches was suppressed in

the SPL13-OE/flag lines but enhanced in the miR156a-OE and CR-

spl13 lines (Fig. 1A). In 5-week-old seedlings, the lateral branches

of miR156a-OE and CR-spl13 lines were three times longer than

those of wild-type (WT) plants (Fig. 1B). The SPL13-OE/flag lines

exhibited lateral branches with a total length approximately one-

third that of the WT (Fig. 1B). Taken together, these results reveal

that SPL13 is essential for the lateral branch outgrowth in tomato.

SPL13 regulates the expression of BRC1b
and DWF
Previous studies [29, 38] have identified the BRC1b and DWF genes

as crucial regulators of lateral branch outgrowth in tomato. The

length of lateral branches has been shown to increase significantly

in the DWF-OE transgenic lines and brc1b mutant plants, while the

growth of lateral branches is drastically suppressed in the BRC1b-

OE and dwf mutant plants [29, 38]. Our results showed that the lat-

eral branches of CR-spl13 plants were phenotypically similar to the

brc1b and DWF-OE plants and that the SPL13-OE lines phenotypi-

cally resembled the BRC1b-OE and dwf mutant plants (Fig. 1). Our

previous work has also demonstrated that SPL13 functions as a

transcription factor and its protein accumulates in the nucleus [8].

These data prompted us to raise the hypothesis that SPL13 may

regulate lateral branch development by upregulating BRC1b and

downregulating DWF expression. BRC1b expression was notably

decreased in CR-spl13 lines and increased in SPL13-OE lines com-

pared to WT. In contrast, with DWF, we observed the opposite

expression patterns (Fig. 2). Thus, the miR156a–SPL13 module

appears to function as the core factor regulating the expression of

BRC1b and DWF genes.

SPL13 downregulates DWF but

upregulates BRC1b gene expression

SPLs regulate their target genes by binding to GTAC cis-elements

within the gene promoters [22, 23]. In this work, we investigated

the potential direct binding of SPL13 to the BRC1b and DWF
promoters by initially examining these promoters for GTAC

elements. We successfully found eight and five GTAC elements

in the BRC1b and DWF promoter, respectively (Fig. 3A). To assess

the significance of GTAC elements, four reporter constructs were

designed for the BRC1b promoter: PBRC1b-1 (−3095 to −2801 bp),

PBRC1b-2 (−2624 to −2333 bp), PBRC1b-3 (−1581 to −1266 bp),

and PBRC1b-4 (−983 to −240 bp) relative to the translational

start codon. Similarly, three reporter constructs were designed

for the DWF promoter, as such PDWF-1 containing the fragment

from −2136 to −1909 bp, PDWF-2 from −1684 to −1360 bp,

and PDWF-3 from −1238 to −366 bp (Fig. 3A). These promoter–

reporter constructs were tested in yeast one-hybrid (Y1H) assays.

This result clearly showed that SPL13 could bind to all of the

tested promoter fragments in the four BRC1b and three DWF
constructs (Fig. 3B and C).

An electrophoretic mobility shift assay (EMSA) was conducted

using a recombinant SPL13 glutathione S-transferase (GST) fusion

protein to further investigate SPL13 binding to the GTAC elements

of BRC1b and DWF. We found that SPL13, but not the control

protein GST, could bind to DNA fragments containing the core cis-

element, GTAC, which was consistent with the conclusion from

Y1H assays (Fig. 4A–C). When the core binding element, GTAC,

was mutated, the binding between SPL13 and the promoter DNA

fragments disappeared. Based on the Y1H and EMSA results (Fig. 3

and Fig. 4A–C), we conclude that SPL13 binds to the GTAC element

in the promoters of BRC1b and DWF genes.
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Figure 1 Lateral branch phenotypes of transgenic tomato plants overexpressing miR156a or SPL13, and SPL13 knockout plants. (A) Images of lateral

branch phenotypes from 5-week-old representative lines of miR156a-OE, CR-spl13, SPL13-OE, and WT/AC plants. CR, gene knockout lines created using

CRISPR/Cas 9 technology. Scale bar, 1 cm. (B) Mean values with standard errors (±SE) of the total lateral branch length were recorded using three

transgenic lines and WT. Twelve biological replicates from each transgenic line were independently analyzed for statistical comparison. t-tests were used

to identify statistically significant differences between mean values, indicated by asterisks for ∗∗P < 0.01.

Figure 2 Relative transcript levels of BRC1b and DWF genes in shoot apices

of SPL13-overexpressing lines and spl13 knockout mutant lines. Total RNA

was extracted from shoot tips of 5-week-old seedlings. Relative transcript

levels of BRC1b (A) and DWF (B) were quantified using RT-qPCR using total

RNA from SPL13-flag overexpressing lines (SPL13–3, −6, −9) and CR-spl13
mutant lines (−1, −10, −12). The transcript expressions of BRC1b and

DWF in the control (WT) plants were set at 1.0. Mean values and ± SE were

based on three replicates. Asterisks (∗∗) indicate statistically significant

differences relative to WT (P < 0.01; Student’s t-test).

To test whether the expression of BRC1b and DWF genes

is directly regulated by SPL13, we performed dual-luciferase

(LUC) assays by transiently coexpressing either 35S-SlSPL13

and BRC1bPro-LUC or 35S-SlSPL13 and DWFPro-LUC constructs

in tobacco leaves (Fig. 4D). As a negative control, 35S-SlSPL13 was

replaced with pGreen II 62-SK empty vector (PG). The LUC activity

increased dramatically when 35S-SlSPL13 was coexpressed with

BRC1bPro-LUC (Fig. 4E, left) but decreased significantly when

DWFPro-LUC was coexpressed with 35S-SlSPL13 (Fig. 4E, right).

Additionally, we performed chromatin immunoprecipitation

followed by quantitative PCR (ChIP-qPCR) assays with the BRC1b
and DWF promoters in the SPL13-flag lines to confirm the ChIP-seq

results. The results showed that two BRC1b promoter fragments

(P2.5Kb and PTSS) and one DWF promoter fragment (DWF-PTSS)

that each contain a core GTAC sequence were highly enriched

in the pull-down sequences of the SPL13-Flag line (Fig. 4F, G),

suggesting that SPL13 protein binds to the core GTAC cis-element

of these promoter fragments. The BRC1b and DWF promoter frag-

ments without the GTAC sequence (CK) did not show enrichment

by SPL13-flag (Fig. 4F, G). Our analysis indicates that SPL13 mod-

ulates BRC1b and DWF expression by interacting with their core

GTAC sequences. These findings indicate that SPL13 influences

tomato plant development by interacting with GTAC elements of

BRC1b and DWF genes, thereby modulating their expression.

Either DWF knockout or BRC1b
overexpression rescues the lateral

branching phenotype of spl13
To test whether SPL13 controlled lateral branch development by

regulating DWF and BRC1b, we examined the genetic relationship

between SPL13 and either DWF or BRC1b. We generated DWF
CRISPR/Cas9 knockout (CR-dwf ) and BRC1b overexpression

(OE/flag) lines in the spl13 mutant background. The CR-dwf lines

were generated using guide RNAs targeting an 84-bp region of the

DWF gene (Fig. 5A). We detected base deletions in different CR-dwf
lines (Fig. 5A). The dwf spl13 double mutant plants exhibited a

significantly reduced total length of lateral branches compared to

spl13 plants (Fig. 5B–D). These data revealed that DWF could alter

the effect of SPL13 on the tomato lateral meristems outgrowth.

The expression level of BRC1b was significantly higher in BRC1b-

OE/flag lines 2, 5, and 6 than in the spl13 mutant. The BRC1b-

OE/flag spl13 plants exhibited a significant reduction in the total

length of lateral branches compared to spl13 plants (Fig. 6). These

findings align with the role of DWF and BRC1b as downstream

regulators of SPL13 in controlling lateral branch outgrowth

in tomato.

SPL13 downregulates BR biosynthesis in

tomato

To investigate if SPL13 influences lateral branch outgrowth

through BR synthesis in tomato, we quantified levels of BR

derivatives brassinolide (BL), typhasterol (TY), castasterone (CS),

and 6-deoxocastasterone (6-DCS) in DWF-OE transgenic and spl13
mutant plants, comparing them to control (WT) plants. BL is the

most active BR derivative, with CS as its immediate biosynthetic

precursor, while TY and 6-DCS serve as precursors to CS (Fig. 7A).

Our results showed that both DWF-OE and spl13 plants produced

higher levels of BL but accumulated less TY and 6-DCS than control

(Fig. 7B). The levels of CS were lower in spl13 but higher in DWF-

OX than WT plants (Fig. 7B). Altogether, these results indicate that

SPL13 downregulates BR biosynthesis to affect lateral branch

outgrowth in tomato.
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Figure 3 Y1H assays were conducted to assess SPL13 binding to the

BRC1b and DWF promoters. (A) Diagram illustrating the 3095-bp BRC1b
and 2136-bp DWF promoter regions. The promoter of BRC1b contains

eight GTAC cis-elements, while DWF has five. In the Y1H assay, four

constructs with distinct promoter fragments (PBRC1b-1, PBRC1b-2,

PBRC1b-3, and PBRC1b-4) from BRC1b and three constructs with different

promoter fragments (PDWF-1, PDWF-2, and PDWF-3) from DWF were

utilized. PBRC1b-1, PBRC1b-2, PBRC1b-3, and PBRC1b-4 contain from

−3095 to −2801 bp, −2624 to −2333 bp, −1581 to −1266 bp, and from

−983 to −240 bp relative to the translational start site (TSS), respectively.

PDWF-1, PDWF-2, and PDWF-3 contain from −2136 to −1909 bp, −1684

to −1360 bp, and from −1238 to −366 bp relative to the TSS, respectively.

(B) Y1H analysis of SPL13 binding to the distinct core sequences within

the BRC1b and DWF promoters. The bait vectors, PBRC1b-1, PBRC1b-2,

PBRC1b-3, PBRC1b-4, PDWF-1, PDWF-2, and PDWF-3 and the SPL13 prey

vector were transferred into Y1H gold. The enhanced resistance of yeast

cells to antibiotic aureobasitin A (AbA) was employed to assess the

interaction between the bait (promoter fragment) and prey (SPL13).

Cotransformation of the bait vectors, PBRC1b-1, PBRC1b-2, PBRC1b-3,

PBRC1b-4, PDWF-1, PDWF-2, and PDWF-3, with either pGADT-Rec2-53 or

pGADT7 served as positive and negative controls, respectively.

Discussion

The miR156a–SPL13 module regulates

plant architecture through both BR

biosynthesis and BR signaling

miR156 and SPLs likely originated early in plant evolution and

are found in all studied land plants, though their exact functions

remain unclear [44, 45]. In this study, we found that miR156a

and its target SPL13 regulate lateral branch development in

tomato (Fig. 1). miR156 has been reported to regulate lateral

branching in several plant species [1, 46–50]. Our previous work

has demonstrated that miR156a significantly increases lateral

branch number in tomato by downregulating the expression of

SPL13 [1, 8]. The miR156–SPL13 module also plays important

roles in agricultural improvement in several other crops. In rice,

the miR156-targeted OsSPL13 gene is known to control grain size

and yield [15]. In maize, miR156–ZmSPL13 is involved in regulating

the vegetative-to-reproductive phase transition [51]. In alfalfa,

the miR156–SPL13 pathway regulates anthocyanin biosynthesis

and enhances drought tolerance [52]. In apple, the miR156–

MdSPL13 module plays crucial roles in inducing parthenocarpy

and improving salt tolerance [53–56].

The BRC1b transcription factor and DWF have been shown to

control lateral branch outgrowth in tomato [29, 38]. In this study,

we found that SPL13 could bind the promoters of DWF and BRC1b
(Figs. 3 and 4). We also generated CRISPR-mediated DWF knockout

(CR-dwf ) and BRC1b OE transgenic lines in the spl13 mutant back-

ground and used them to study the genetic relationships between

SPL13 and DWF and BRC1b. Our results showed that the dwf spl13
double mutant plants and BRC1b-OE/flag lines could suppress the

increased lateral branch length phenotype of the spl13 mutant

(Figs. 5 and 6). Furthermore, analysis of the contents of BR biosyn-

thesis intermediates in spl13 mutant plants revealed that SPL13

downregulates BR biosynthesis (Fig. 7B). These findings revealed

that both DWF and BRC1b act downstream of SPL13 in regulation

of lateral branch outgrowth in tomato. We propose that SPL13

promotes BRC1b expression to inhibit lateral branching and sup-

presses DWF and BRC1b expression to promote lateral branching

in tomato (Fig. 7C). Given that DWF is involved in BR biosynthesis

and BRC1b functions downstream in the BR signaling pathway,

we conclude that the miR156a–SPL13 module regulates tomato

lateral branch outgrowth by influencing both BR biosynthesis and

signaling pathways.

SPL13 regulates branch development by

modulating hormone biosynthesis

SLs, a class of carotenoid-derived lactone hormones, play a role

in controlling shoot branching, leaf morphology and senescence,

anthocyanin accumulation, photomorphogenesis, endosperm

development, secondary stem growth, root development, and

stress responses [57]. CYP722C, encoding a cytochrome P450

(Solyc02g084930), is a key enzyme that catalyzes the BC-ring

closure in SL biosynthesis, leading to the formation of orobanchol,

the most prevalent type of the canonical SLs [58]. Our qRT-PCR

and EMSA results revealed that CYP722C acts downstream of

SPL13 (Fig. S1). SPL13 directly inhibits the strigolactone synthesis

genes CCD7 and MAX1, thereby regulating lateral branch growth
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Figure 4 Binding of SPL13 to the promoter of BRC1b and DWF by EMSAs, dual-LUC assay, and ChIP-qPCR analysis. (A–C) EMSAs examining the binding of

SPL13 to the promoters of BRC1b (A, B) and DWF (C). DNA probes were the genomic DNA fragments containing the core GTAC motif from each of the two

gene promoters. Mutated probes, mprobe, were the same genomic DNA fragments in which the core binding element, GTAC, was replaced with AAGA.

mprobe also served as a negative control. Competitors were the same genomic DNA fragments but were nonlabeled. Competitors were added at 5-fold

molar excess (5×) relative to their corresponding biotin-labeled probes. The symbols ‘–’ and ‘+’ denote the absence and presence of the respective

protein or probes. Upper arrows indicate the expected position of DNA–protein complex. Lower arrows denote unbound free probes. (D) Schematic

diagrams of dual-LUC reporter plasmids and SlSPL13 effector plasmid. The dual-LUC reporters were under the control of the 2513-bp BRC1b promoter

and 1565-bp DWF, respectively. The SPL13 effector was expressed under the control of the CAMV 35S promoter. (E) Effect of SlSPL13 on the activities of

the BRC1b and DWF promoters. Plasmids for the dual-LUC assay were transiently expressed in N. benthamiana leaves via A. tumefaciens-mediated

transformation. PG, the empty vector (pGreen II 62-SK). The level of LUC activity in the empty vector (PG) was set at 1.0, and the activation values in

BRC1bPro-LUC and DWFPro-LUC were presented as fold of increase relative to the value of the empty vector (PG). Each value represents the mean from

eight biological replicates. Asterisks indicate statistically significant differences that were determined using the t-test: ∗∗P < 0.01. (F, G) ChIP-qPCR

analysis of the binding of SPL13 to the BRC1b and DWF promoters in WT and three 35S-SPL13-Flag lines (−3, −6, and − 9). Schematic diagrams of the

2513-bp BRC1b (F) and 2500-bp DWF (G) promoter regions are shown (top). The promoter fragments enrichment in ChIP-qPCR analysis from young tissue

of the transgenic plants was quantified using qPCR (bottom). The data were normalized to WT plants. The ChIP-qPCR analysis set the relative enrichment

of promoter fragments in WT to a baseline value of 1. Mean values with ±SE were taken from three replicates. Asterisks (∗∗) indicate statistically

significant differences relative to WT (P < 0.01; Student’s t-test).

in tomato [36]. These analyses imply that SPL13 may control

lateral branch outgrowth in tomato by regulating SL biosynthesis.

In addition to regulating SL synthesis and BR synthesis and

signaling, SPL13 can also directly repress the transcription of

the CK synthesis gene Isopentenyl transferase 1 (IPT1) to regulate

lateral branch growth in tomato [36]. These results indicate that

SPL13 may regulate hormone-associated signaling pathways and

biological processes to influence plant growth and development,

particularly lateral branching in tomato. BRANCHED 1 (BRC1) has

been reported as an SL-responsive gene in Arabidopsis [59]. In

tomato, BRC1b is upregulated in the spl13 mutant due to sup-

pression of the CK biosynthesis gene IPT1 [36] and DWF regulates

bud outgrowth through the BR–BZR1–BRC1b pathway [38]. Taken

together, we propose that the effects of SLs, BRs, CKs, and the

miR156a–SPL13 module on tomato lateral branch outgrowth are

largely mediated through their regulation of BRC1b expression.
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Figure 5 Branch phenotypes of CR-dwf lines in the spl13 background. (A) Mutant alleles of dwf . Deletions of 4, 10, and 2 bp in DWF were detected in three

transgenic lines (CR-dwf -5, -6, and -8) created using CRISPR/Cas9 technology, which aligned against that of the WT DWF. The target sequences of sgRNA

are highlighted, while the protospacer-adjacent motif (PAM) sequences are enclosed in boxes. (B, C) Analysis of lateral branches from spl13 and dwf spl13
double mutants. Total lateral branch length was quantified in 35-day-old spl13 and dwf spl13 double mutants. Mean values with ±SE for the total lateral

branch length are from three transgenic lines and spl13. Each transgenic line was subjected to independent analysis of twelve biological replicates to

facilitate statistical comparison. Asterisks (∗∗) denote statistically significant differences relative to spl13 (P < 0.01; Student’s t-test). (D) PCR products

from the SPL13 gene were amplified in transgenic, spl13, and WT plants.

Figure 6 Branch phenotypes of BRC1b-OE/flag lines in the spl13 background. (A) Lateral branch phenotype of spl13 and BRC1b-OE lines in the spl13
background. (B) PCR products amplified from the SPL13 gene in transgenic, spl13, and WT plants. (C) Relative expression of BRC1b in shoot tips of

5-week-old BRC1b-OE spl13 seedlings. The qRT-PCR data were normalized to expression in spl13 plants, which was set to 1. Mean values with ±SE are

based on three biological replicates. Asterisks (∗∗) indicate statistically significant differences relative to spl13 (P < 0.01; Student’s t-test). (D) Analysis of

lateral branches from spl13 and BRC1b-OE spl13 lines. Total lateral branch length was quantified in 35-day-old spl13 and in BRC1b-OE spl13 lines. Mean

values with ±SE for the total lateral branch length are from three transgenic lines and spl13. Twelve biological replicates from each transgenic line were

independently analyzed for statistical comparisons. Asterisks (∗∗) indicate statistically significant differences relative to spl13 (P < 0.01; Student’s t-test).
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Figure 7 SPL13 regulates brassinosteroid biosynthesis and signaling. (A) Chemical structures of intermediates in BR biosynthesis. Upper arrows indicate

changes in BR intermediate levels in spl13 plants. Lower arrows indicate changes in BR intermediate levels in DWF-OE plants. (B) Contents of BL, CS,

6-DCS, and TY. Mean values and ± SE were based on three biological replicates. Statistically significant differences were determined using the t-test and

are indicated by asterisk (∗) at P < 0.05 or (∗∗) at P < 0.01. (C) Model of regulation of lateral branch outgrowth in tomato by the miR156a-SPL13 module. In

this model, the transcript level of SPL13 is negatively controlled by miRNA156a. SPL13 enhances BRC1b expression to suppress bud outgrowth while

simultaneously inhibiting DWF expression, thereby promoting lateral branch outgrowth by regulating BR synthesis and signaling. BZR1,

BRASSINAZOLE-RESISTANT 1.

Regulation of plant architecture by the

miR156a–SPL13–DWF–BRC1b genetic

pathway

In Arabidopsis, SPL transcription factors influence flowering time,

trichome distribution, anthocyanin biosynthesis, and other traits

by interacting with relevant gene promoters [21, 23, 60]. miR156a

targets the SlSPL13 transcription factor, which directly binds to

promoters to regulate target gene expression [8]. Our findings

indicate that SPL13 interacts with DWF and BRC1b promoters,

which are associated with lateral branch outgrowth in tomato

(Figs 3 and 4).

BRASSINAZOLE-RESISTANT 1 (BZR1) is crucial regulator in BR

signaling and a recent study has shown that DWF regulates bud

outgrowth through the BR–BZR1–BRC1b pathway in tomato [38].

This may help explain our observation in the double mutant line of

spl13/dwf , where there was lack of regulation of BRC1b by SPL13,

the lateral branching defects could be attributed mainly to the reg-

ulation by the BR–BZR1–BRC1b pathway. Our study revealed that

BRC1b expression levels were notably elevated in spl13/dwf plants

compared to the spl13 single mutant (Fig. S2). Based on these

data, we hypothesize that DWF is more effective than SPL13 in the

regulation of BRC1b expression. In other words, the SPL13–DWF
regulation pathway probably plays a paramount role in the SPL13-

mediated regulation of lateral branch outgrowth. These findings

suggest a new regulatory pathway involving miR156a, SPL13, DWF,

and BRC1b in controlling lateral branch outgrowth in tomato.

Taken together, we propose that SPL13 is crucial in the

miR156a–SPL13–DWF–BRC1b pathway, regulating lateral branch

outgrowth in tomato (Fig. 7C). In this model, SPL13 influences

lateral branch development by enhancing BRC1b expression.

At the same time, SPL13 also represses the expression of

DWF, through which it regulates lateral branch outgrowth in

tomato (Fig. 7C). The miR156a–SPL13 pathway has potential for

improving fruit yield and plant architecture in tomato and may be

a ubiquitous regulatory pathway in plants.

Materials and methods

Plant materials and growth conditions

Cultivar Ailsa Craig (AC) was used as a control in this work and

for transformation experiments. WT tomato (AC) and transgenic

plants were cultivated in the greenhouse at Huazhong Agriculture

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/13/4/uhag007/8651137 by guest on 14 M

ay 2026

https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhag007#supplementary-data


8 Horticulture Research, 2026, Vol. 13, Issue 4

University, Wuhan, China (30.4◦N, 114.2◦E). Recombinant proteins

were transiently expressed in Nicotiana benthamiana, cultivated

at 22◦C under a 16-h light and 8-h dark photoperiod.

Isolation of RNA and analysis of gene

expression

Plant total RNA was extracted using Invitrogen’s TRIZOL reagent.

Complementary DNAs were synthesized using Toyobo’s M-MLV

reverse transcriptase kit. Quantitative PCR (qPCR) analysis was

conducted using SYBR Green from Roche. Three biological repli-

cates were analyzed for each genotype. The actin gene BT013524

served as an internal control. Sequences of the primers used in

qPCR and other experiments reported in this study are listed in

Table S1.

Genetic constructs and tomato

transformation processes

The open reading frames (ORFs) of DWF and BRC1b were ampli-

fied using DNA polymerase (Toyobo). CRISPR-PLANT software was

utilized to identify the target sites edited by CRISPR Cas9 tech-

nology. The constructs were transformed into AC plants and the

spl13 mutant (which is in the AC genetic background) as described

previously [61].

Transient expression in tobacco leaves

The SPL13 ORF was cloned and amplified into the effector vec-

tor pGreen II 62-SK for LUC activity assays. The BRC1b and DWF
promoter fragments were cloned and amplified into the pGreen

II 0800-LUC reporter vector [62]. The reporter and effector vectors

were transformed into Agrobacterium tumefaciens GV2260. We

assessed firefly and Renilla luciferase activities using Promega’s

dual luciferase assay reagents (USA) 2 days postinfiltration with

Agrobacterium suspension.

Electrophoretic mobility shift assays and

pull-down assays

Recombinant protein expression plasmids were introduced into

BL21 Escherichia coli cells following established protocols [8, 63].

The recombinant protein purification and process of EMSA was

described as previously [8].

Chromatin immunoprecipitation

SPL13 was fused with a 6 × FLAG tag (DYKDDDDK) using the

pHellsgate 8 vector, followed by immunoprecipitation with anti-

FLAG antibodies. Chromatin immunoprecipitation was performed

as previously described [8].

Measurement of brassinolide

For the analysis of endogenous BR levels, 5-week-old young leaves

with shoot apices were collected from WT, DWF-OX, and spl13
lines. TY, 6-DCS, BL, and CS (OIChem) were used for preparing

corresponding standard solutions. The samples were freeze-

dried, and 1 g of lyophilized tissue was ground into a powder in

liquid nitrogen and subsequently extracted with 10 ml of ice-cold

95% methanol for 2 h. Following extraction, the homogenate

was centrifuged at 10 000 rpm for 5 min at 4◦C. The resulting

supernatant was purified using columns preloaded with MCX

cartridges and eluted with 5 ml methanol. The methanol solution

was then dried under nitrogen, dissolved in methanol, filtered

through a 0.22-μm membrane. Endogenous brassinosteroids,

including TY, 6-DCS, BL, and CS, were quantified using electrospray

ionization/high-performance liquid chromatography/tandem

mass spectrometry (ESI-HPLC-MS/MS) (ProNets Testing Tech-

nology Co.,Ltd, Wuhan, China) following a method described

previously [64]. For the ESI-HPLC-MS/MS chromatographic

conditions, BL detection was performed on a UPLC (Waters)

coupled to a 6500 Qtrap MS equipped with an ESI source (AB

SCIEX). Five μl of each sample were injected onto an Agilent

Poroshell 120 SB-C18 (2.1 × 150 mm, 2.7 μm) at a constant flow

rate of 0.35 ml/min. The mobile phase consisted of water with 0.1%

ammonia solution (A) and methanol (B). The gradient program

was optimized as follows: 0–1 min, 70% B; 1–14 min, 100% B; 14–

14.1 min, 70% B; and 14.1–17 min, 70% B. The column temperature

was maintained at 35◦C. Mass spectrometry parameters were set

for multiple reaction monitoring (MRM) mode. The optimized

ESI source parameters were: curtain gas, 30 psi; spray voltage,

+5500 V/–4500 V; nebulizer gas, 60 psi; auxiliary gas, 60 psi;

and ion source temperature, 400◦C. Detailed MRM parameters

for each BR were listed in Table S2. System control and data

processing were performed using MultiQuant software (Version

3.0.3, SCIEX, USA).

Statistical analyses

Statistical analysis was performed using SigmaPlot, Excel, and IBM

SPSS 22 software. The significant difference was analyzed using

Student’s t-test. Statistical significance: P < 0.05 and P < .01.

Accession numbers

Gene sequences for this study were sourced from the SGN

databases with accession numbers: SlSPL13, Solyc05g015840;

SlBRC1b, Solyc06g069240; SlDWF, Solyc02g089160 and SlCYP722C,

Solyc02g084930.

Acknowledgments
We thank C. Xu (Institute of Genetics and Developmental Biology,

Chinese Academy of Sciences, China) and R. Yin (Shanghai Jiao

Tong University, China) for suggestions and for critically revising

our manuscript. This research received funding from the National

Natural Science Foundation of China (grant nos 32202512,

32360766, and 32072595), the Natural Science Foundation of

Jiangxi Province (grants 20242BAB25377 and 20224BAB215026),

and the China Agriculture Research System (CARS-23-A13).

Author contributions
Z.Y. and J.Z. conceived and structured the study. L.C., F.Z., L.J., F.H.,

G.A., J.Y., T.W., and Z.W. conducted experiments and fieldwork,

analyzed data, and drew conclusions. L.C., Z.H., J.Z., and R.M.L.

wrote the manuscript.

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/13/4/uhag007/8651137 by guest on 14 M

ay 2026

https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhag007#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhag007#supplementary-data


Horticulture Research, 2026, Vol. 13, Issue 4 9

Data availability statement
The manuscript and online Supporting Information contain all

data underpinning this study’s findings.

Conflicts of interest statement
The authors report no financial conflicts of interest.

Supplementary material
Supplementary material is available at Horticulture Research
online.

References

1. Zhang X, Zou Z, Zhang J. et al. Over-expression of sly-miR156a

in tomato results in multiple vegetative and reproductive trait

alterations and partial phenocopy of the sft mutant. FEBS Lett.

2011;585:435–9

2. Cui LG, Shan JX, Shi M. et al. The miR156-SPL9-DFR pathway

coordinates the relationship between development and abi-

otic stress tolerance in plants. Plant J. 2014;80:1108–17

3. Poethig RS. The past, present, and future of vegetative phase

change. Plant Physiol. 2010;154:541–4

4. Wang H, Wang H. The miR156/SPL module, a regulatory hub

and versatile toolbox, gears up crops for enhanced agronomic

traits. Mol Plant. 2015;8:677–88

5. Yu S, Lian H, Wang JW. Plant developmental transitions:

the role of microRNAs and sugars. Curr Opin Plant Biol.
2015;27:1–7

6. Yu ZX, Wang LJ, Zhao B. et al. Progressive regulation of

sesquiterpene biosynthesis in Arabidopsis and patchouli

(Pogostemon cablin) by the miR156-targeted SPL transcrip-

tion factors. Mol Plant. 2015;8:98–110

7. Guo C, Xu Y, Shi M. et al. Repression of miR156 by miR159

regulates the timing of the juvenile-to-adult transition in Ara-

bidopsis. Plant Cell. 2017;29:1293–304

8. Cui L, Zheng F, Wang J. et al. miR156a-targeted SBP-box tran-

scription factor SlSPL13 regulates inflorescence morphogen-

esis by directly activating SFT in tomato. Plant Biotechnol J.

2020;18:1670–82

9. Xie K, Wu C, Xiong L. Genomic organization, differential

expression, and interaction of SQUAMOSA promoter-binding-

like transcription factors and microRNA156 in rice. Plant Phys-
iol. 2006;142:280–93

10. Wu G, Park MY, Conway SR. et al. The sequential action of

miR156 and miR172 regulates developmental timing in Ara-

bidopsis. Cell. 2009;138:750–9

11. Jiao Y, Wang Y, Xue D. et al. Regulation of OsSPL14 by

OsmiR156 defines ideal plant architecture in rice. Nat Genet.

2010;42:541–4

12. Miura K, Ikeda M, Matsubara A. et al. OsSPL14 promotes pani-

cle branching and higher grain productivity in rice. Nat Genet.

2010;42:545–9

13. Wang S, Wu K, Yuan Q. et al. Control of grain size, shape and

quality by OsSPL16 in rice. Nat Genet. 2012;44:950–4

14. Wang S, Li S, Liu Q. et al. The OsSPL16-GW7 regulatory module

determines grain shape and simultaneously improves rice

yield and grain quality. Nat Genet. 2015;47:949–54

15. Si L, Chen J, Huang X. et al. OsSPL13 controls grain size in

cultivated rice. Nat Genet. 2016;48:447–56

16. Wang J, Zhou L, Shi H. et al. A single transcription fac-

tor promotes both yield and immunity in rice. Science.
2018;361:1026–8

17. Wu G, Poethig RS. Temporal regulation of shoot development

in Arabidopsis thaliana by miR156 and its target SPL3. Devel-
opment. 2006;133:3539–47

18. Gandikota M, Birkenbihl RP, Hohmann S. et al. The

miRNA156/157 recognition element in the 3’ UTR of the

Arabidopsis SBP box gene SPL3 prevents early flowering by

translational inhibition in seedlings. Plant J. 2007;49:683–93

19. Schwarz S, Grande AV, Bujdoso N. et al. The microRNA regu-

lated SBP-box genes SPL9 and SPL15 control shoot matura-

tion in Arabidopsis. Plant Mol Biol. 2008;67:183–95

20. Wang JW, Schwab R, Czech B. et al. Dual effects of miR156-

targeted SPL genes and CYP78A5/KLUH on plastochron

length and organ size in Arabidopsis thaliana. Plant Cell.
2008;20:1231–43

21. Wang JW, Czech B, Weigel D. miR156-regulated SPL transcrip-

tion factors define an endogenous flowering pathway in Ara-
bidopsis thaliana. Cell. 2009;138:738–49

22. Usami T, Horiguchi G, Yano S. et al. The more and smaller

cells mutants of Arabidopsis thaliana identify novel roles for

SQUAMOSA PROMOTER BINDING PROTEIN-LIKE genes in the

control of heteroblasty. Development. 2009;136:955–64

23. Yu N, Cai WJ, Wang SC. et al. Temporal control of trichome dis-

tribution by microRNA156-targeted SPL genes in Arabidopsis
thaliana. Plant Cell. 2010;22:2322–35

24. Hyun Y, Richter R, Vincent C. et al. Multi-layered regulation

of SPL15 and cooperation with SOC1 integrate endogenous

flowering pathways at the Arabidopsis shoot meristem. Dev
Cell. 2016;37:254–66

25. Jiao Z, Shi X, Xu R. et al. HOS1 ubiquitinates SPL9 for degra-

dation to modulate salinity-delayed flowering. J Integr Plant
Biol. 2024;66:2600–12

26. Manning K, Tor M, Poole M. et al. A naturally occurring

epigenetic mutation in a gene encoding an SBP-box tran-

scription factor inhibits tomato fruit ripening. Nat Genet.

2006;38:948–52

27. Otsuga D, DeGuzman B, Prigge MJ. et al. REVOLUTA

regulates meristem initiation at lateral positions. Plant
J. 2001;25:223–36

28. Gallavotti A, Zhao Q, Kyozuka J. et al. The role of barren stalk1
in the architecture of maize. Nature. 2004;432:630–5

29. Martin-Trillo M, Grandio EG, Serra F. et al. Role of tomato

BRANCHED1-like genes in the control of shoot branching.

Plant J. 2011;67:701–14

30. Du Y, Liu L, Li M. et al. UNBRANCHED3 regulates branching by

modulating cytokinin biosynthesis and signaling in maize and

rice. New Phytol. 2017;214:721–33

31. Liu J, Cheng X, Liu P. et al. miR156-targeted SBP-box tran-

scription factors interact with DWARF53 to regulate TEOSINTE

BRANCHED1 and BARREN STALK1 expression in bread wheat.

Plant Physiol. 2017;174:1931–48

32. Song X, Lu Z, Yu H. et al. IPA1 functions as a downstream tran-

scription factor repressed by D53 in strigolactone signaling in

rice. Cell Res. 2017;27:1128–41

33. Wang L, Zhang Q. Boosting rice yield by fine-tuning SPL gene

expression. Trends Plant Sci. 2017;22:643–6

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/13/4/uhag007/8651137 by guest on 14 M

ay 2026

https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhag007#supplementary-data


10 Horticulture Research, 2026, Vol. 13, Issue 4

34. Lu ZF, Yu H, Xiong GS. et al. Genome-wide binding analysis

of the transcription activator IDEAL PLANT ARCHITECTURE1

reveals a complex network regulating rice plant ARCHITEC-

TURE. Plant Cell. 2013;25:3743–59

35. Yang B, Sun Y, Minne M. et al. SPL13 controls a root apical

meristem phase change by triggering oriented cell divisions.

Science. 2024;386:eado4298

36. Chen S, Song X, Zheng Q. et al. The transcription factor SPL13

mediates strigolactone suppression of shoot branching by

inhibiting cytokinin synthesis in Solanum lycopersicum. J Exp
Bot. 2023;74:5722–35

37. Singh AP, Savaldi-Goldstein S. Growth control: brassinos-

teroid activity gets context. J Exp Bot. 2015;66:1123–32

38. Xia X, Dong H, Yin Y. et al. Brassinosteroid signaling integrates

multiple pathways to release apical dominance in tomato.

Proc Natl Acad Sci USA. 2021;118:e2004384118

39. Wu CY, Trieu A, Radhakrishnan P. et al. Brassinosteroids regu-

late grain filling in rice. Plant Cell. 2008;20:2130–45

40. Takeda T, Suwa Y, Suzuki M. et al. The OsTB1 gene negatively

regulates lateral branching in rice. Plant J. 2003;33:513–20

41. Aguilar-Martinez JA, Poza-Carrion C, Cubas P. Arabidopsis

BRANCHED1 acts as an integrator of branching signals within

axillary buds. Plant Cell. 2007;19:458–72

42. Studer A, Zhao Q, Ross-Ibarra J. et al. Identification of a func-

tional transposon insertion in the maize domestication gene

tb1. Nat Genet. 2011;43:1160–3

43. Shen J, Zhang Y, Ge D. et al. CsBRC1 inhibits axillary bud out-

growth by directly repressing the auxin efflux carrier CsPIN3

in cucumber. Proc Natl Acad Sci USA. 2019;116:17105–14

44. Klein J, Saedler H, Huijser P. A new family of DNA binding

proteins includes putative transcriptional regulators of the

Antirrhinum majus floral meristem identity gene SQUAMOSA.

Mol Gen Genet. 1996;250:7–16

45. Axtell MJ, Bartel DP. Antiquity of microRNAs and their targets

in land plants. Plant Cell. 2005;17:1658–73

46. Chuck G, Cigan AM, Saeteurn K. et al. The heterochronic maize

mutant Corngrass1 results from overexpression of a tandem

microRNA. Nat Genet. 2007;39:544–9

47. Feng S, Xu Y, Guo C. et al. Modulation of miR156 to identify

traits associated with vegetative phase change in tobacco

(Nicotiana tabacum). J Exp Bot. 2016;67:1493–504

48. Aung B, Gao R, Gruber MY. et al. MsmiR156 affects global

gene expression and promotes root regenerative capacity and

nitrogen fixation activity in alfalfa. Transgenic Res. 2017;26:

541–57

49. Massoumi M, Krens FA, Visser RG. et al. Azacytidine and

miR156 promote rooting in adult but not in juvenile Arabidop-

sis tissues. J Plant Physiol. 2017;208:52–60

50. Xu XZ, Li X, Hu XW. et al. High miR156 expression is required

for auxin-induced adventitious root formation via MxSPL26

independent of PINs and ARFs in malus xiaojinensis. Front
Plant Sci. 2017;8:1509

51. Yang J, Wei H, Hou M. et al. ZmSPL13 and ZmSPL29 act

together to promote vegetative and reproductive transition in

maize. New Phytol. 2023;239:1505–20

52. Feyissa BA, Arshad M, Gruber MY. et al. The interplay between

miR156/SPL13 and DFR/WD40–1 regulate drought tolerance

in alfalfa. BMC Plant Biol. 2019;19:434

53. Ma Y, Xue H, Zhang F. et al. The miR156/SPL module regulates

apple salt stress tolerance by activating MdWRKY100 expres-

sion. Plant Biotechnol J. 2021;19:311–23

54. Wang DR, Zhang CL, Wang X. et al. MicroRNA156-SPL13B mod-

ule induces parthenocarpy through the gibberellin pathway.

Plant Biotechnol J. 2025;23:5536–49

55. Jing X, Wang D, Liu X. et al. SBP transcription factor MdSPL13B

positively regulates salt tolerance in apple. Hortic Plant J.

2025;

56. Yao Y, Wu X, Yang Y. et al. SPL transcription factors in plants: a

potential stress regulator. Hortic Plant J. 2025;

57. Wang B, Smith SM, Li J. Genetic regulation of shoot architec-

ture. Annu Rev Plant Biol. 2018;69:437–68

58. Wakabayashi T, Hamana M, Mori A. et al. Direct conver-

sion of carlactonoic acid to orobanchol by cytochrome

P450 CYP722C in strigolactone biosynthesis. Sci Adv. 2019;5:

eaax9067

59. Wang L, Wang B, Yu H. et al. Transcriptional regulation

of strigolactone signalling in Arabidopsis. Nature. 2020;583:

277–81

60. Gou JY, Felippes FF, Liu CJ. et al. Negative regulation of

anthocyanin biosynthesis in Arabidopsis by a miR156-

targeted SPL transcription factor. Plant Cell. 2011;23:

1512–22

61. Jones B, Frasse P, Olmos E. et al. Down-regulation of DR12,

an auxin-response-factor homolog, in the tomato results in

a pleiotropic phenotype including dark green and blotchy

ripening fruit. Plant J. 2002;32:603–13

62. Hellens RP, Allan AC, Friel EN. et al. Transient expression

vectors for functional genomics, quantification of promoter

activity and RNA silencing in plants. Plant Methods. 2005;1:13

63. Stone SL, Hauksdottir H, Troy A. et al. Functional analysis of

the RING-type ubiquitin ligase family of Arabidopsis. Plant
Physiol. 2005;137:13–30

64. Xin P, Yan J, Fan J. et al. An improved simplified high-

sensitivity quantification method for determining brassinos-

teroids in different tissues of rice and Arabidopsis. Plant Phys-
iol. 2013;162:2056–66

© The Author(s) 2026. Published by Oxford University Press on behalf of the Nanjing Agricultural University. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.
Horticulture Research, 2026, 13, 1–10
https://doi.org/10.1093/hr/uhag007
Article

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/13/4/uhag007/8651137 by guest on 14 M

ay 2026

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/hr/uhag007

	 SPL13 controls tomato lateral branch outgrowth by regulating brassinosteroid biosynthesis and signal transduction
	Introduction  
	Results
	Discussion
	Materials and methods
	 Acknowledgments
	Author contributions
	Data availability statement
	Conflicts of interest statement
	Supplementary material


