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Abstract

Lateral branching is a crucial agronomic trait that impacts crop yield. In tomato (Solanum lycopersicum), excessive lateral branching is
unfavorable and results in substantial labor and management costs. Therefore, optimizing lateral branching is a primary objective in
tomato breeding. Although many genes related to lateral branching have been reported in tomato, the molecular mechanism underlying
their network remains elusive. In this study, we found that the expression profile of a WRKY gene, WRKY-B (for WRKY-BRANCING),
was associated with the auxin-dependent axillary bud development process. Wrky-b mutants generated by the CRISPR/Cas9 editing
system presented fewer lateral branches, while WRKY-B overexpression lines presented more lateral branches than did wild-type plants.
Furthermore, WRKY-B can directly target the well-known branching gene BLIND (BL) and the auxin efflux carrier gene PIN4 to activate
their expression. Both the bl and pin4 mutants exhibited reduced lateral branching, similar to the wrky-b mutant. The IAA contents in
the axillary buds of the wrky-b, bl, and pin4 mutant plants were significantly higher than those in the wild-type plants. In addition,
WRKY-B can also directly target the AUX/IAA gene IAA15 and repress its expression. In summary, WRKY-B works upstream of BL, PIN4,
and IAA15 to regulate the development of lateral branches in tomato.

Introduction
Plant architecture plays a crucial role in shaping plant morphol-
ogy and influencing agricultural productivity. It is determined
by factors such as plant height, branching patterns, leaf mor-
phology, and panicle structure [1]. Developing an optimal plant
architecture is vital for enhancing crop yield through progressive
crop domestication [2]. During the process of crop domestication,
characteristics like lateral branching were favored through selec-
tive breeding [3]. Domesticated crop plants often exhibit reduced
axillary branching numbers and angles compared to their wild
counterparts, making them more suitable for dense cultivation
and higher yields [4, 5]. For instance, the evolution of cultivated
maize from wild teosinte involved a shift from a multibranched
to a branchless architecture, largely due to a mutation in the TB1
(Teosinte Branched 1) gene [6, 7]. Similarly, cultivated rice plants
are characterized by fewer tillers due to long-term artificial selec-
tion and domestication, while wild rice plants exhibit a sprawl-
ing growth pattern with multiple tillers. OsTB2 and PROSTRATE
GROWTH 1 (PROG1) were artificially selected during rice domesti-
cation [8]. Therefore, further elucidation of the specific molecular
mechanisms regulating branching is highly important for under-
standing plant domestication and for improving crop genetics.

The development of lateral branches in plants is controlled by
an intricate regulatory network consisting of two main processes:
the initiation of axillary meristem (AM) and the outgrowth of the

axillary bud [9, 10]. Over the years, researchers have discovered
many essential genes that play a role in regulating lateral branch
development in various plant species including rice, Arabidopsis,
peas, Camellia sinensis and other plants [11–15]. These genes can
be grouped into three categories according to their influence
on the stages of lateral branch development. The first category
encompasses genes associated with AM formation, including LAT-
ERAL SUPPRESSOR (LAS) and Lax Panicle 1 (LAX1) in rice, as well
as Regulator of Axillary Meristems 1 (RAX1) in Arabidopsis. LAS is a
member of the GRAS transcription factor family [16]. The lack or
disruption of LAS, along with its orthologous genes such as lateral
suppressor (LS) in tomato and MONOCULM1 (MOC1) in rice, leads
to the absence of AM, branches, or tillers. This finding indicated
a high level of conservation in the gene functionality [17, 18].
In rice, the LAX1 gene encodes a bHLH transcription factor, and
its mutation results in a decrease in panicle and tiller numbers
[19]. The RAX1 gene, which regulates AM formation in Arabidopsis,
is homologous to BLIND (BL) in tomato and is part of the R2R3
subclass of the MYB gene family [20, 21]. The second category
includes genes implicated in axillary bud outgrowth, such as More
Axillary Growth (MAX) and TERMINAL FLOWER 1 (TFL1). MAX genes
play a crucial role in the biosynthesis and signal transduction of
strigolactones, which are key regulators of lateral bud growth in
Arabidopsis [22]. On the other hand, TFL1, a gene encoding a homol-
ogous protein to the phosphatidylethanolamine binding protein
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primers used are listed in Table S1 (see online supplementary
material).

Analysis of RNA-Seq data
RNA-seq analysis was carried out on axillary buds from the sixth
nodes of tomato plants at the 45-d-old seedling stage, including
both WT and WRKY-B-GFP plants. All tomato plants were col-
lected from three biological replicates with 10 plants per replicate.
Libraries were constructed using total RNA and sequenced on
an Illumina HiSeq 2000 platform. The genome version SL4.0 of
tomato was acquired from the SOL Genomics Network (http://
solgenomics.net/). The RNA-Seq data analysis was conducted
according to the methods described previously [59].

ChIP assays
Sampling the lateral buds of ChIP assays was the same as the
RNA-Seq sampling described above, and ChIP-Seq was conducted
according to a previous protocol [60]. In brief, the samples under-
went cross-linking with 1% formaldehyde (v/v) under vacuum
for 10 minutes and were then pulverized into powder using liq-
uid nitrogen. Initially, the chromatin complexes were separated,
followed by sonication and immunoprecipitation with polyclonal
anti-GFP antibodies from Sigma-Aldrich. The ChIP DNA obtained
was then resuspended in water to prepare Illumina sequencing
libraries. The Illumina HiSeq 2500 platform was employed for
ChIP-seq analysis. Fastqc software version 0.11.5 was applied
to screen for clean reads. These clean reads were subsequently
mapped to the reference genome utilizing BWA software (version
0.7.15-r1140) [61].

Electrophoretic mobility shift assays
The WRKY-B full-length CDS was attached to the pGEX4T vector,
resulting in the WRKY-B-GST plasmid, which was then inserted
into the BL21 (DE3) strain of Escherichia coli. The GST-fusion pro-
teins were recombinantly expressed in E. coli BL21 and subse-
quently purified by affinity using glutathione beads (GE Health-
care, Chicago, IL, USA). Probes harboring specific cis-elements
of BL, PIN4, and IAA15 were synthesized separately and biotin-
labeled. Unlabeled wild-type and mutant probes with specific
transcription factor binding motifs mutational were used as com-
petitors. The EMSA Probe Biotin Labeling Kit and Chemilumi-
nescent EMSA Kit (Beyotime, Shanghai, China) were used for
the EMSA according to the manufacturer’s instructions. Probes
used for EMSA are listed in Table S1 (see online supplementary
material).

Yeast one-hybrid and transcriptional activity
assays
In the yeast one-hybrid assay, the CDS of WRKY-B was cloned
into the pGADT7 vector to create the plasmid pGADT7-WRKY-B.A
400-bp fragment (−4600 to −4999 bp upstream of ATG) of the BL
promoter, a 320-bp fragment (−3200 to −3519 bp upstream of ATG)
of the PIN4 promoter, and a

180-bp fragment (−4260 to −4439 bp upstream of ATG) of the
IAA15 promoter were inserted into the pHIS2 vector to obtain
BL-pHIS2 PIN4-pHIS2 and IAA15-pHIS2, respectively. Following
this, pGADT7-WRKY-B and BL-pHIS2, pGADT7-WRKY-B and
PIN4-pHIS2, and pGADT7-WRKY-B and IAA15-pHIS2 were co-
transformed into the competent Y187 yeast strain (AngYuBio,
Shanghai, China). Successful transformation was confirmed
using SD/-WL (Synthetic Dropout Medium/−Tryptophan-Leucine)
medium and screening on SD/-WHL (Synthetic Dropout Medi-
um/−Tryptophan-Histidine-Leucine) medium supplemented

with 445 mM 3-amino-1, 2,4-triazole (3-AT). For the analysis of
transcriptional activity, recombinant plasmids pGBKT7-WRKY-
B and pGADT7 were co-transformed into AH109 yeast cells
(AngYuBio, Shanghai, China). The yeast cells were grown on SD/-
WL medium at 30◦C for 48–60 h, then streaked on to SD/-WLHA
(Synthetic Dropout Medium/−Tryptophan-Leucine-Histidine-
Adenine) medium for growth observation.

Transient transcription dual-luciferase reporter
assay
To generate reporter vectors, the 5000 bp promoters of BL, PIN4,
and IAA15 were individually cloned into the pGreenII-0800-LUC
vector [62]. Additionally, the entire WRKY-B coding sequence was
inserted into the pGreenII 62-SK vector to create an effector vector.
These recombinant vectors were then transformed into the A.
tumefaciens strain GV3101. Various combinations of infiltration
agents were prepared and introduced into tobacco leaves. Fol-
lowing infiltration, the tobacco plants were placed in darkness
at 21◦C for 12 h, then exposed to normal light for 48 h. The
leaves were sprayed with a solution of D-luciferin potassium salt
containing 0.1% Triton X-100, and images were captured using the
Night SHADE LB 985 system (Berthold Technologies, Bad Wildbad,
Germany). The LUC/REN ratio was calculated by employing the
Dual-Luciferase® Reporter Assay kit (Promega, Madison, WI, USA)
in accordance with the provided guidelines.

Quantification of endogenous auxins
To analyse IAA levels, axillary buds were harvested from the sixth
nodes of WT, wrky-b, bl, and pin4 plants at the 45-d-old seedling
stage. Three biological replicates, each consisting of 10 plants,
were used in this study. Afterward, the levels of endogenous aux-
ins were measured via a high-performance liquid chromatogra-
phy (HPLC) system with electrospray ionization/MS–MS capability
(Alliance HPLC 1525, Milford, MA, USA). The equipment employed
for assessing IAA concentrations included a UV detector (SPD-
20A), a column temperature regulator (CTO-20 AC), and a C18
reversed-phase chromatography column (dimensions: 150 mm ×
4.6 mm, particle size: 5 μm). The rate of flow was modified to
0.8 mL/min, the temperature of the column was established at
30◦C, and ultraviolet detection was performed at a wavelength of
254 nm [63].
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