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Abstract
Leaf angle is an important agronomic trait determining maize (Zea mays) planting density and light penetration into the can-
opy and contributes to the yield gain in modern maize hybrids. However, little is known about the molecular mechanisms
underlying leaf angle beyond the ZmLG1 (liguleless1) and ZmLG2 (Liguleless2) genes. In this study, we found that the transcrip-
tion factor (TF) ZmBEH1 (BZR1/BES1 homolog gene 1) is targeted by ZmLG2 and regulates leaf angle formation by influencing
sclerenchyma cell layers on the adaxial side. ZmBEH1 interacted with the TF ZmBZR1 (Brassinazole Resistant 1), whose gene
expression was also directly activated by ZmLG2. Both ZmBEH1 and ZmBZR1 are bound to the promoter of ZmSCL28
(SCARECROW-LIKE 28), a third TF that influences leaf angle. Our study demonstrates regulatory modules controlling leaf angle
and provides gene editing targets for creating optimal maize architecture suitable for dense planting.

Introduction
Maize yields have increased dramatically since the late 1930s
due in large part to the increased planting densities (Duvick,
2005). The selection of upright leaf architecture enables
plants to be grown at higher density while minimizing the
shading of neighboring plants and increasing the efficiency
of light capture. Leaf angle, the trait defined as the inclina-
tion between the leaf blade midrib and the vertical culm,
contributes to upright leaf architecture. Recently, the identi-
fication of two quantitative trait loci, Upright Plant
Architecture1 (UPA1) and Upright Plant Architecture2

(UPA2), which conferred upright plant architecture by re-
ducing the leaf angle and then dramatically improved plant-
ing density and enhanced grain yield (Tian et al., 2019),
further supported the critical role of leaf angle alteration in
maize breeding.

The establishment of the leaf angle in maize is largely
determined by the ligular region, which encompasses the lig-
ule and auricle and serves as a hinge at the blade-sheath
boundary, allowing the leaf blade to project away from the
stem. Two classical genes, ZmLG1 (Liguleless1), a Squamosa
Promoter Binding Protein domain-containing TF (Moreno
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et al., 1997), and ZmLG2 (Liguleless2) ZmLG2, a basic
leucine zipper TF family member (Harper and Freeling, 1996;
Walsh et al., 1998), play key roles in ligular region formation
that alters leaf angle. In the lg1 mutants, ligules and auricles
are not formed, and the plants exhibit excessively erect
leaves (Moreno et al., 1997). In lg2, ligules and auricles are
often absent around the midrib, but developed at the leaf
margins and positioned incorrectly, also causing upright
plant architecture with extremely small leaf angles (Lambert
and Johnson, 1978; Walsh et al., 1998; Mantilla-Perez and
Salas Fernandez, 2017). Introgression of lg2 mutant alleles
into maize hybrid lines resulted in increased grain yield
(Pendleton et al., 1968; Lambert and Johnson, 1978); how-
ever, the extremely erect leaf limits the commercial use of
this allele. Even though, ZmLG1 and ZmLG2 could provide
genetic clues to optimize leaf angle for dense plantings, such
as identifying their downstream targets. The genetic basis by
which genes affect leaf angle in maize needs further
exploration.

Several genes in maize have been identified to control leaf
angle (Ku et al., 2011; Zhang et al., 2014; Tian et al., 2019;
Cao et al., 2020; Ren et al., 2020), and most of them are re-
lated to the phytohormone brassinosteroids (BRs), e.g. BRD1
(brassinosteroid C-6 oxidase1) and BRI1 (brassinosteroid in-
sensitive 1). The overexpression of BRD1, which encodes
brassinosteroid C-6 oxidase1 to catalyze the last step of bras-
sinosteroid synthesis, increased the leaf angle by enlarging
the auricle and decreasing the number of sclerenchyma cells
on the adaxial side, and knockout of the function of BRI1,
which encodes a Leu-rich repeat receptor kinase that is re-
sponsible for BR binding to start BR signal transduction,
resulted in upright leaves with decreased auricle formation
(Makarevitch et al., 2012; Tian et al., 2019).

BR signaling is sent from the BRI1 receptor kinase at the
cell surface to the BZR1/BES1 (brassinazole resistant 1/BRI1-
EMS-suppressor 1) TFs, such as BZR1 in Arabidopsis
(Arabidopsis thaliana), which directly binds to the BR re-
sponse element (BRRE, CGTGT/CG) to regulate the expres-
sion of downstream BR-responsive genes (Li and Jin, 2007).
BZR1 family members act not only as major TFs in the BR
signaling pathway but also as mediators to participate in
plant development and abiotic stress (Wang et al., 2014;
Gruszka, 2020). In Arabidopsis, BZR1 promotes phloem and
xylem differentiation (Saito et al., 2018) and interacts with
GATA2 (a GATA-type TF), a TF in the light signaling path-
way, to regulate hypocotyl elongation of seedlings (Luo
et al., 2010). A recent study showed that anther locule de-
velopment was also regulated by BZR1 (Chen et al., 2019).
In addition, BZR1 serves as a regulator in abiotic stress. For
instance, BZR1 positively modulates plant freezing tolerance
through C-repeat binding factor (CBF)-dependent and CBF-
independent pathways (Li et al., 2017). In rice (Oryza sativa),
OsBZR1 was identified by its homology to Arabidopsis BZR1,
and the loss-of-function of OsBZR1 reduced BR sensitivity,
presenting a dwarfism phenotype with erect leaves, indicat-
ing the critical roles of OsBZR1 in the BR signaling pathway

(Bai et al., 2007). To date, very few studies have focused on
the maize BZR TF family, and our understanding of the role
of BZRs in maize is still limited.

In this study, we screened the downstream target of
ZmLG2 and identified a BZR1/BES1 homolog gene named
ZmBEH1. The loss-of-function of ZmBEH1 results in upright
plant architecture. Interestingly, maize ZmBZR1, which also
influences leaf angle, also acts downstream of ZmLG2 and
interacts with ZmBEH1 to coregulate the expression of
ZmSCL28, a rice Dwarf and Low Tillering (DLT; Tong et al.,
2009) homolog that alters leaf angle in maize. These findings
reveal that the ZmLG2-ZmBEH1/BZR1-ZmSCL28 cascades
primarily regulate the leaf angle in maize, which will deepen
our understanding of the BR response in maize and help to
optimize maize plant architecture for dense planting.

Results

ZmLG2 binds to the promoter of ZmBEH1
ZmLG2, which encodes a bZIP TF, is a classical regulator
controlling maize ligule development (Harper and Freeling,
1996; Walsh, et al., 1998; Bolduc et al., 2012). To study the
regulatory mechanism mediated by ZmLG2, we analyzed its
ChIP-seq results from the maize 104 TF ChIP-Seq data col-
lection (Tu et al., 2020). Interestingly, the results indicated
that genes participating in BR signaling might be the down-
stream targets of ZmLG2, since genes, e.g. ZmBEH1 (BZR1/
BES1 homolog gene 1), ZmBEH2 (BZR1/BES1 homolog gene 2),
ZmBIR1 (BAK1-interacting receptor-like kinase 1), ZmBRH
(Brassinosteroid-responsive RING-H2), ZmBRL3 (BRI1 suppres-
sor 1-like 3), and ZmBSK1 (BR-signaling kinase 1), all had a
strong binding peak of ZmLG2 in front of its transcription
start site (TSS; Figure 1A; Supplemental Figure S1A). To test
the regulatory effect of ZmLG2 on BR signaling, we searched
the maize stock center (https://maizecoop.cropsci.uiuc.edu/
request/) and identified a mutant with a transposon
inserted into ZmBEH1, a homologous gene of rice BZR3
(Supplemental Figure S2). Then, we first focused our re-
search on identifying the regulatory cascade between
ZmLG2 and ZmBEH1.

Based on ChIP-Seq results, the predicted binding motif of
ZmLG2 was CGTCA (Supplemental Figure S1B). To test the
reliability of ZmLG2 binding to this motif in the ZmBEH1
promoter, four short genomic regions within 1.3 kb of the
ZmBEH1 promoter with the CGTCA motif inside were syn-
thesized as probes (named P1 to P4) to perform an electro-
phoretic mobility shift assay (EMSA) with purified
recombinant ZmLG2-GST fusion protein. As shown in
Figure 1B, the ZmLG2-GST fusion protein has high affinity
with the P3 (–1,212 to –1,171 bp) and P4 (–1,239 to –1,198
bp) probes, low affinity with the P2 (–610 to –569 bp)
probe and no affinity with the P1 (–522 to –492 bp) probe,
indicating that the bases near the motif may play important
roles in the affinity of the ZmLG2 protein to DNA probes.
Next, we performed a binding site selection experiment by
mutating the individual residues within and beyond the
CGTCA motif. The mutation of A (m1), one base in front of
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Figure 1 ZmLG2 directly regulates the expression of ZmBEH1. A, ChIP-Seq shows that ZmLG2 binds to the ZmBEH1 promoter. B, EMSA of
ZmLG2 binding to the promoter of ZmBEH1. Top, diagram of the promoter fragments of ZmBEH1. The locations of four Biotin-labeled probes
named P1-P4 are indicated by black lines. Red arrows indicate the probes that can be bound by ZmLG2. Bottom, ZmLG2 directly binds to P2-P4
probes with different affinities in EMSA. Black arrows indicate the positions of the bound complex and free probe. GST is the control of ZmLG2-
GST. C, Top, diagram of the P4 native and mutated (m1 to m7) fragments acting as probes in EMSA. The ZmLG2 binding motif is labeled in red,
and the nucleotide substitutions in the mutated fragments (m1 to m7) are labeled in blue. Bottom, ZmLG2-GST, but not GST by itself, specifically
binds to the Biotin-labeled ZmBEH1 P4 probe. Ten- and 100-fold excess amounts of the unlabeled probe were used to compete for the binding of
the ZmLG2 protein to the labeled probe. m1 to m7 unlabeled mutated probes were used as competitors (m-competitor) at 100-fold in EMSA. “–”
indicates the absence of this component. “ + ” indicates the presence. Black arrows indicate the positions of the bound complex and free probe. D,
Dual-luciferase assay shows relative transactivation of ZmLG2 to the ZmBEH1 promoter. The coding sequence of ZmLG2 driven by the 35S pro-
moter was used as an effector, and the empty vector (EV) was used as an effector control in the transient luciferase assay performed in maize
protoplasts. The vector with the REN gene driven by a 35S promoter and firefly luciferase (LUC) gene driven by the promoter sequence
from ZmBEH1 was used as the reporter. The LUC/REN ratio represents the relative activity of the promoters. n = 5. E, RT-qPCR analyses show the
relative expression of ZmBEH1 in the ligular region of WT and lg2 mutants. Total RNA was isolated from the ligular region of V3 leaves
when the seedlings were grown for 18 d. n = 7. Error bars indicate SD. Statistical significance was determined by a two-sided t test:
*P5 0.05, **P5 0.01.
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the motif, and mutation of C (m5), the 4th base within the
motif, caused strong competition between unlabeled mutated
competitor and labeled probe, indicating that these two sites
were not key in binding; the mutation of G (m3) and A (m6)
in the motif markedly reduced the competition between
unlabeled mutated competitor and labeled probe, indicating
that they played some roles in ZmLG2 binding; moreover, the
mutation on C (m2), T (m4), and entire motif (m7) lost the
competition, indicating the importance of the 1st (C) and
3rd (T) base in the motif on TF binding (Figure 1C). In addi-
tion, a dual-luciferase (LUC) transient transcriptional activity
assay was performed in maize leaf protoplasts with ZmLG2
driven by the 35S promoter as an effector and luciferase
driven by the ZmBEH1 promoter as the reporter. The results
confirmed that the ZmBEH1 promoter could be not only
bound but also activated by ZmLG2 in vivo (Figure 1D).

We further checked the expression profiles of ZmBEH1 in
the lg2 mutant through reverse transcription-quantitative
PCR (RT-qPCR). RNA was isolated from the ligular region of
18-d-old V3 leaves. At this stage, the auricle started expand-
ing but did not mature (Supplemental Figure S3). The ex-
pression of ZmBEH1 in lg2 mutants was significantly reduced,
which was only approximately one-fourth of that in the wild
type (WT; Figure 1E). All these results indicate that ZmLG2
positively regulates the expression of ZmBEH1 and that
ZmBEH1 is the direct downstream target of ZmLG2.

ZmBEH1 Mu-insertion mutant and CRISPR lines
showed reduced leaf angle
As a direct downstream target of ZmLG2, we investigated
whether ZmBEH1 is also involved in ligule development. To
perform this study, we obtained a uniform Mu insertion
mutant of ZmBEH1 (named beh1-1) from the maize stock
center. Genomic DNA and RT-qPCR results showed that the
Mu transposon was inserted into the 50-UTR of ZmBEH1
and dramatically decreased its expression in the mutant
(Figure 2, A and B; Supplemental Figure S4). The decreased
expression of ZmBEH1 indeed caused erect leaves, with the
leaf angle of the mutants decreasing 34.9% in the V2 stage
and 30.9% in the V10 stage compared to the WT
(Figure 2C). We noticed a smaller area and margin width of
the auricle in beh1-1 compared to the area and margin
width of the auricle in the WT, which might result in de-
creased auricle size and leaf angle at V2 and V10 stages
(Figure 2D). We then checked the cell sizes and numbers us-
ing scanning microscopy by dividing the auricle into three
sections (I, close to the midrib; II, middle distance to the
midrib; and III, the margin of the auricle, Supplemental
Figure S5B). Overall, the cell size in all three sections was de-
creased in the beh1-1 mutant, and the most obvious differ-
ence between WT and beh1-1 was observed in section II. In
addition, beh1-1 had more cells when counting in the same
area as the area counted in the WT in all three sections
(Figure 2E; Supplemental Figure S6A), indicating that
ZmBEH1 may control the cell size and cell number in the
auricle region to influence the leaf angle. Accordingly,

cross-sections of the ligular region revealed a reduced
number of sclerenchyma cell layers at the adaxial blade-
sheath junction in the mutant at the midrib (Figure 2F;
Supplemental Figure S5A), suggesting that in maize, leaf
angle is mediated at least in part through the regulation of
adaxial sclerenchyma development.

The decreased expression of ZmBEH1 also influenced the
growth rate in the mutant, since the total heights were
much shorter in the mutant than in the WT in both the
15-d-old seedling stage (V2 stage) and 54-d-old seedling
stage (V10 stage; Figure 2G). Interestingly, when the WT
height stopped increasing after silking, the beh1-1 mutant
could catch up.

To confirm the function of ZmBEH1, we used the CRISPR/
Cas9 system to edit ZmBEH1 specifically. The two obtained
CRISPR mutants that segregated CAS9 were named beh1-2
and beh1-3, which have a 76 bp deletion and one base pair
change, respectively (Supplemental Figure S7A). Consistent
with the phenotype of beh1-1, beh1-2, and beh1-3 exhibited
erect leaves, fewer layers of sclerenchyma cells on the
adaxial side and shortened plant height at the V2 stage
(Supplemental Figure S7, B and C). However, the plant
heights were consistently shorter than the plant heights in
the WT throughout the whole life cycle, which was different
from the results of beh1-1, which reached the WT height after
flowering. Collectively, the evidence from these lines suggests
that ZmBEH1 plays a role in leaf angle formation in maize.

Yeast two-hybrid and split luciferase assays showed
that ZmBEH1 interacts with ZmBZR1
To identify the partners that interact with ZmBEH1, we
screened the B73 leaf cDNA yeast two-hybrid library using
ZmBEH1 as bait. A protein that shares a close phylogenetic
relationship with OsBZR1 and AtBZR1/BES1 (Supplemental
Figure S2) was identified to have a strong interaction with
ZmBEH1 (Figure 3A), which we named ZmBZR1.

To further confirm the interaction between ZmBZR1 and
ZmBEH1 in vivo, we then performed a split luciferase assay
with ZmBEH1 fused to the N-terminus of LUC (ZmBEH1-
nLUC) and ZmBZR1 fused to the C-terminus of LUC
(cLUC-ZmBZR1). When the Agrobacterium tumefaciens
strain GV3101 containing both the ZmBEH1-nLUC and
cLUC-ZmBZR1 constructs was injected into the tobacco
(Nicotiana tabacum) leaf, a strong luciferase signal was
detected, suggesting that the interaction between ZmBEH1
and ZmBZR1 also occurred in vivo (Figure 3B).

ZmLG2 also regulates the expression of ZmBZR1
Since ZmLG2 directly regulates the expression of ZmBEH1,
which is homologous to ZmBZR1, we wondered whether
ZmLG2 could also regulate ZmBZR1. Although ZmBZR1 was
not among the set of predicted ZmLG2 downstream BR sig-
naling genes from the ChIP-seq results, a weak binding peak
existed in the G-browser, which did not pass the statistical
selection (Supplemental Figure S8), and there was a ZmLG2
binding motif at the ZmBZR1 promoter 1,650 bp upstream
of the initiation codon (Figure 4A). We then tested whether
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Figure 2 Phenotypes of beh1-1 plants. A, Uniform Mu-mediated insertion of ZmBEH1. A maize transposon-insertion line beh1-1 was obtained
from the maize Uniform Mu resource, which carried a Mu insertion (UFMu-13557) in the 50-UTR of ZmBEH1. B, Expression of the ZmBEH1 gene
in WT inbred line W22 and beh1-1 plants at the V2 stage. C, Leaf angle changes between W22 and beh1-1 plants at the V2 and V10 stages.

(continued)
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ZmLG2 could directly bind to the ZmBZR1 promoter using
an EMSA. As shown in Figure 4B, ZmLG2 showed strong
binding affinity to the probe, and binding was inhibited
with unlabeled DNA probes at increasing concentrations,

confirming the direct binding of ZmLG2 to the ZmBZR1
promoter. Next, a dual-LUC transient assay performed in
maize protoplasts confirmed that ZmLG2 could activate the
expression of ZmBZR1, as the ZmLG2 protein significantly

Figure 2 (Continued)
The leaf angles of the second and sixth leaves were measured at the V2 and V10 stages, respectively. n = 20. D, Quantitative measurement of
auricles in W22 and beh1-1 plants at the V2 stage. Twenty replicates were used for auricle margin width and area. E, Scanning electron micro-
scopic observation of auricles in W22 and beh1-1 plants at the V2 stage. The auricles were divided into three parts (I–III), representing the midrib,
1/2 and the margin of the auricle (Supplemental Figure S5B). Part II of the auricle is presented here, and partial cellular outlines are labeled. Four
replicates were used for SEM. F, Cross-sections of the ligular region from W22 and beh1-1 plants at the V2 stage. The sclerenchyma cell (SC) layers
were stained red with safranin. The number of SC cell files on the adaxial and abaxial sides was calculated from 10 replicates. G, Plant height of
W22 and beh1-1 plants at the V2 and V10 stages. n = 20. Error bars are SD. *P5 0.05, **P5 0.01 determined by Student’s t test.

Figure 3 ZmBEH1 interacts with ZmBZR1. A, Interaction between ZmBEH1 and ZmBZR1 in yeast two-hybrid assays. Different concentrations of
cotransformed yeast cells were spotted on synthetic dropout (SD) medium without tryptophan and leucine (SD/-T-L) or without tryptophan, leucine,
histidine, and adenine plus 20 mg/mL X-a-gal (SD/-T-L-H-A + X-a-gal). B, Interaction between ZmBEH1 and ZmBZR1 in the split luciferase assay.
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induced the expression of LUC driven by the ZmBEH1 pro-
moter (Figure 4C). Furthermore, we conducted RT-qPCR on
the ZmBZR1 gene in the ligular region of V3 leaves in lg2
and WT seedlings as we did on ZmBEH1 and found that the
expression of ZmBZR1 was significantly reduced (more than
2-fold) in the ligular region in the lg2 mutant compared
with the expression of ZmBZR1 in the WT, further confirm-
ing the positive regulation of ZmLG2 on the expression of
ZmBZR1 (Figure 4D).

ZmBZR1 Mu-insertion mutants and CRISPR lines
showed reduced leaf angle
Since ZmBZR1 was positively regulated by ZmLG2, similar to
ZmBEH1, we suspect that it also participates in leaf angle
formation. To test this hypothesis, we obtained two

potential loss-of-function mutants of ZmBZR1: one had a
uniform Mu inserted into the first exon of ZmBZR1, and the
other had a Mu inserted into the first intron, which was
referred to as bzr1-1 and bzr1-2, respectively (Figure 5A;
Supplemental Figure S4). We found that the expression of
ZmBZR1 in both mutant alleles was significantly decreased
(Figure 5B), and the plants exhibited the erect leaf pheno-
type similar to beh1-1. Compared with the WT, the leaf an-
gle of bzr1-1 and bzr1-2 decreased 31.3% and 27.5% at the
V2 stage, respectively. Moreover, in the V10 stage, bzr1-1
and bzr1-2 decreased 33.2% and 31.1%, respectively
(Figure 5C). Correspondingly, the area and margin width of
the auricle region decreased in both the bzr1-1 and bzr1-2
mutants (Figure 5D). We noticed that the auricle in both
mutants showed a smaller cell size than the cell size in

Figure 4 ZmLG2 directly activates the expression of ZmBZR1. A, Diagram of the promoter fragments of ZmBZR1. The location of the binding site
is indicated. B, ZmLG2 directly binds to the ZmBZR1 promoter in EMSA. “–” indicates the absence of this component. “ + ” indicates the presence.
The arrows indicate the positions of the bound complex and free probe. GST is the control of ZmLG2-GST. C, ZmLG2 activated the expression of
ZmBZR1 in a dual-luciferase assay. The coding sequence of ZmLG2 driven by the 35S promoter was used as an effector, and the empty vector
(EV) was used as an effector control in the transient luciferase assay performed in maize protoplasts. The vector with the REN gene driven by a
35S promoter and firefly luciferase (LUC) gene driven by the promoter sequence from ZmBZR1 was used as the reporter. The LUC/REN ratio rep-
resents the relative activity of the promoters. n = 5. D, RT-qPCR analyses showing the relative expression of ZmBZR1 in the ligular region of WT
and lg2 mutants. n = 7. Error bars indicate SD. *P5 0.05, **P5 0.01 determined by Student’s t test.
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Figure 5 Characterization of bzr1-1 and bzr1-2 mutants. A, Gene model shows the inserted position of uniform Mu (UFMu-13537 and UFMu-
03258) in the 1st exon (bzr1-1) and 1st intron (bzr1-2) of the ZmBZR1 gene. B, Expression analysis of ZmBZR1 in W22, bzr1-1 and bzr1-2 plants at
the V2 stage. C, Leaf angle changes between W22 and bzr1-1 and bzr1-2 plants in the V2 and V10 stages, n = 20. D, Quantitative measurement of

(continued)
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the WT, suggesting that decreased cell size in mutants may
confer a reduced auricle area (Figure 5E; Supplemental
Figure S6B). Similar to ZmBEH1, bzr1-1 and bzr1-2 also
showed fewer sclerenchyma layers on the adaxial side than
WT (Figure 5F).

At the V10 stage, bzr1-1 reached approximately 81.8%,
and bzr1-2 reached approximately 89.3% of the WT height
(Figure 5G). However, when comparing another nine impor-
tant agronomic traits, including ear height, leaf length, leaf
width, and tassel branch number, between bzr1 and the
WT plants at the blister stage (Supplemental Figure S9), the
difference observed between bzr1-1 and WT was much
more dramatic than the difference in bzr1-2, indicating that
the Mu inserted in the first intron of ZmBZR1 caused a
weak allele.

In addition, another two mutant alleles of ZmBZR1 (bzr1-3
and bzr1-4), which presented 42 bp and 72 bp deletions in
the first exon, were generated through the CRISPR/Cas9 sys-
tem (Supplemental Figure S10A). The reduced leaf angle
and shortened plant height were consistent with the pheno-
type of bzr1-1 (Supplemental Figure S10B).

ZmBEH1 and ZmBZR1 act synergistically to regulate
leaf angle
We suspected that ZmBZR1 and ZmBEH1 work redundantly
in regulating maize leaf angle. To test this hypothesis, we
created double mutants of bzr1-1 beh1-1 and bzr1-2 beh1-1
and measured the leaf angle at the V10 stage. Compared
with the single mutant plants, the leaf angle in the double
mutants decreased by approximately 6� and 5� in bzr1-1
beh1-1 and bzr1-2 beh1-1, respectively (Figure 6A).
Consistently, double mutant plants had upright leaf angles,
narrower margin widths, and smaller areas of auricles, result-
ing in reduced auricle size at the V10 stage (Figure 6B).
Except for these differences, the double mutants were al-
most identical to the single mutants in terms of other agro-
nomic traits, e.g. leaf length and width (Supplemental Figure
S11, A and B). Together with the observation that ZmBZR1
and ZmBEH1 physically interact, we propose that they
might cooperate with each other to regulate leaf angle.

Yeast one-hybrid analysis identified ZmSCL28 as a
downstream target of ZmBZR1 and ZmBEH1
To study how these TFs regulate leaf angle, we used yeast
one-hybrid assays to identify their potential downstream
targets. Y1H assays showed that the ZmSCL28 promoter can
be targeted by both ZmBZR1 and ZmBEH1 (Figure 7A).

ZmSCL28 encodes a GRAS domain TF that shared 77.8% se-
quence similarity with rice DLT (Supplemental Figure S12).
In rice, OsBZR1 binds to the CGTGCG element (named
BRRE motif) in the promoter of the DLT gene to suppress
its expression, and a similar regulation has also been
reported in Arabidopsis (Li and Jin, 2007; Tong et al., 2009).

Next, we obtained a ZmSCL28 uniform Mu insertion line
(scl28-1) and confirmed the insertion in the first exon by
PCR (Figure 7B; Supplemental Figure S4). The plant architec-
ture of scl28-1 is similar to the plant architecture of bzr1-1,
bzr1-2, and beh1-1, conferring erect leaves, short auricle
margin width, small auricle size and decreased plant height,
but the leaf angle is even smaller (Figure 7, C and E;
Supplemental Figure S13, A and C). Accordingly, the cross-
sections of the ligular region exhibited a similar variation as
the mutants of ZmBZR1 and ZmBEH1, with the scl-28 mu-
tant showing fewer sclerenchyma layers on the adaxial side
than WT (Supplemental Figure S14).

To further confirm this observation, we generated a sec-
ond loss-of-function mutant of SCL28 by CRISPR/Cas9
(Figure 7B). This scl28-2 line has a 49 bp deletion located 50
bp downstream of the start codon. The phenotype of scl28-
2 is similar to the phenotype of scl28-1, e.g. small leaf angle,
upright leaf, and short plant height (Figure 7, C and E;
Supplemental Figure S13, A and C), confirming that
ZmSCL28 also plays important roles in controlling plant
architecture.

To genetically test the relationship among ZmSCL28,
ZmBZR1, and ZmBEH1, double mutants of bzr1-1 scl28-1,
bzr1-2 scl28-1, and beh1-1 scl28-1 were generated. The dou-
ble mutants had significantly reduced leaf angle, margin
width, the area of the auricle region, and plant height com-
pared with the single mutants of bzr1-1, bzr1-2, and beh1-1,
which had no significant difference with the mutant of
scl28-1. (Figure 7, D and E; Supplemental Figure S13, B and
C). All these results support the conclusion that ZmSCL28 is
the direct target of ZmBZR1 and ZmBEH1 to regulate leaf
angle in maize.

Discussion
Erect leaves improve light interception and increase planting
density, thus enhancing the yield per unit of land (Duvick,
2005; Tian et al., 2011). Therefore, the selection of compact
maize architecture with a small leaf angle is a long-term
goal in maize breeding ZmLG2 is one of the most important
loci controlling leaf angle formation in maize; however,
mutations in this gene abolish normal ligules and cause

Figure 5 (Continued)
auricles in W22, bzr1-1 and bzr1-2 plants at the V2 and V10 stages. Twenty replicates were used for auricle margin width and area. E, Scanning
electron microscopic observation of auricles in W22, bzr1-1 and bzr1-2 plants at the V2 stage. The auricles were divided into three parts (I–III),
representing the midrib, 1/2 and the margin of the auricle (Supplemental Figure S5B). Part II of the auricle is presented here, and partial cellular
outlines are labeled. Four replicates were used for SEM. F, Cross-sections of the ligular region from W22 and bzr1-1 and bzr1-2 plants at the V2
stage. The sclerenchyma cell (SC) layers stained red with safranin. The number of SC cell files on the adaxial (top) and abaxial sides (bottom) was
calculated from 10 replicates. G, Plant height of W22 and bzr1-1 and bzr1-2 plants in the V2 and V10 stages. n = 20. Error bars are SD. Different let-
ters above the columns indicate statistically significant differences between groups (Student’s t test).
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extremely erect leaf angles, which limit its use in commercial
crop production. Therefore, we believe it is important to ex-
plore the downstream targets of ZmLG2 to achieve both
small leaf angle and normal ligule development.

Interestingly, our study based on ChIP-seq provides evi-
dence that ZmLG2 may affect leaf angle development by
regulating the expression of genes involved in BR signaling
(Supplemental Figure S1A). Specifically, we found that
ZmLG2 directly binds and activates the expression of
ZmBEH1 (Figure 1), a BZR1/BES1 homolog gene. This bind-
ing depends on the specific motif of CGTCA, and the first
(C) and third (T) bases within the motif played important
roles in ZmLG2 binding, followed by G and A, the second
and fifth bases (Figure 1C). The binding affinity of ZmLG2
might also be influenced by the adjuvant environment of
the motif, since only three out of four motifs within 1.3 Kb
of ZmBEH1 could be bound by ZmLG2, and the tandem du-
plication of CGTCA within 36 bp (–1,221 to –1,185) might
help trap ZmLG2 on the motif (Figure 1C). Despite the
weak binding of ZmBZR1 (Supplemental Figure S8) in ChIP-
seq, EMSA proved that ZmLG2 directly binds to the
ZmBZR1 promoter and activates its expression (Figure 4).
The discovery of the physical interaction between ZmBEH1
and ZmBZR1 further proved a close relationship between
these two homologous genes as direct downstream targets
of ZmLG2 (Figure 3).

The function of BZR1 is well documented in Arabidopsis.
In the presence of BR, BIN2 is inactivated, BZR1 is dephos-
phorylated by PP2A, moves into the nucleus to promote
the expression of BR-dependent genes, and then influences
various developmental processes and stress responses (He
et al., 2005; Yin et al., 2005; Sun et al., 2010; Tang et al.,
2011; Wang et al., 2012). However, our current knowledge
about BZR1 and its homologous genes is still rather limited
in monocots, and there are no reports about ZmBZR1 and
ZmBEH1 mutants in maize. The overexpression of maize
BZR1 in Arabidopsis enlarged organ size and produced larger
seeds and larger cotyledons and leaves, which reveals its
function in regulating cell size (Zhang et al., 2020). Recent
report on the ZmBZR1 homolog gene ZmBES1/BZR1-5 also
supports the role of BZR family numbers in controlling
maize kernel size development (Sun et al., 2020). However,
ZmBZR1 could not bind all downstream target genes identi-
fied from AtBZR1, indicating that some differences existed
in BZR1 between dicot and monocot plants (Zhang et al.,
2020). The phenotypes of the ZmBZR1 and ZmBEH1 maize
mutants were quite similar; both were semidwarf and pre-
sented decreased leaf angles (Figures 2 and 5), indicating
that the decreased levels of ZmBZR1 and ZmBEH1 might af-
fect the genes related to cell extension to regulate plant ar-
chitecture. Indeed, we observed reduced cell size in the
auricle region and reduced numbers of sclerenchyma cell

Figure 6 Leaf angle observation from single and double mutants of bzr1 and beh1. A, Leaf angle morphology of W22, single mutants of bzr1-1,
bzr1-2, and beh1-1, double mutants of bzr1-1 beh1-1 and bzr1-2 beh1-1. Bar, 3 cm. B, Quantitative measurements of leaf angle (n = 20), auricle
margin width (n = 10), and auricle area (n = 10) in W22 single and double mutants. Error bars are SD. Different letters above the columns indicate
statistically significant differences between groups (Student’s t test).
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Figure 7 ZmSCL28 works downstream of ZmBZR1 and ZmBEH1. A, Y1H assays showed that ZmBZR1 and ZmBEH1 bound to the promoter of
ZmSCL28. B, Gene model presents the positions of two mutant alleles in ZmSCL28. The triangle shows the position of a Mu insertion (UFMu-09491)
from line scl28-1 in the W22 genetic background. The position of a single-guide RNA (sgRNA) designed to mutate ZmSCL28 using CRISPR/Cas9
technology is labled in exon. The sequence of sgRNA is highlighted, and the symbols “. . .” indicate the deletion caused by CRISPR/Cas9-induced
mutations in line scl28-2 in the KN5585 genetic background. C, Leaf angle morphology in W22 and scl28-1, KN5585 and scl28-2 at the V10 stage.
Bar, 5 cm. D, Leaf angle morphology in the WT W22 and double mutants of bzr1-1 scl28-1, bzr1-2 scl28-1, and beh1-1 scl28-1 at the V10 stage. Bar, 5
cm. E, Quantitative measurements of leaf angle (n = 20), auricle margin width (n = 10), and auricle area (n = 10) in single and double mutants.
Error bars are SD. Different letters above the columns indicate statistically significant differences between groups (Student’s t test).
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layers at the adaxial site of the ligular region (Figure 2D–F).
However, how ZmBEH1 and ZmBZR1 regulate cell size and
sclerenchyma cell development at adaxial/abaxial sites needs
further exploration.

The mild decreases in plant height and leaf angle of
ZmBZR1 and ZmBEH1 mutants are quite different from
other BR signaling- and biosynthesis-related mutants
reported in maize. zmbri1, to our knowledge, was the earli-
est reported maize mutant participating in the BR signaling
pathway. The zmbri1-RNAi plants showed strongly de-
creased plant height and upright leaves (Kir et al., 2015).
Other BR biosynthetic maize mutants, e.g. na1, na2, and
brd1, all exhibited severe dwarf stature, altered leaf morphol-
ogy, and suppressed floral organ growth, similar to the BR
signaling mutants of zmbri1 (Hartwig et al., 2011;
Makarevitch et al., 2012; Best et al., 2016). In contrast, the
loss of function of ZmBZR1 and ZmBEH1 had only a mild in-
fluence on maize height and leaf angle. Despite the similar
phenotypes between ZmBZR1 and ZmBEH1 mutants, the
two genes were not redundant, at least in regulating leaf
angle formation, since the bzr1-1 beh1-1 and bzr1-2 beh1-1
double mutants displayed smaller leaf angles than any of
the single mutants (Figure 6), indicating that as a gene fam-
ily with multiple numbers, other genes belonging to the
BZR/BES1 family, such as ZmBEH2 (Zm00001d039439), which
was also bound by ZmLG2 according to the ChIP-seq results
(Supplemental Figure S1A), may also play roles in regulating
maize growth and leaf angle formation downstream of
ZmLG2. The upright leaf and semidwarf phenotypes are
ideal maize plant architectures pursued by breeders.
Therefore, the BZR1 and BEH1 genes and their family num-
bers may provide ideal alleles for maize molecular breeding.
A recent GWAS on leaf angle across the canopy in sorghum
reported that the expression of BZR1/BES1 and Dw3 (a gene
involved in auxin transport) was highly and positively
associated with the distribution of leaf angles at different
layers, and a gradient of expression existed in the collar
tissue from bottom to the top of the canopy (Mantilla-
Perez et al., 2020), further emphasizing the value of
manipulation of the BZR1 family in creating the ideal plant
architecture. However, studies on allele effects on the BZR1
and BEH1 gene families are still missing in maize and other
monocot plants, and we need to discover the best haplo-
types of these genes for breeding. As upstream members,
the ZmBZR1 and ZmBEH1 genes regulate other genes to
transduce BR signaling and control maize development.
Interestingly, our Y1H assay proved that ZmSCL28 was a di-
rect downstream target of both ZmBZR1 and ZmBEH1.
ZmSCL28 is the homolog gene of DLT in rice, and the muta-
tion of ZmSCL28 shared similar phenotypes with dlt, e.g.
dwarf and erect leaves, indicating the conserved function of
these TFs in the different species. In rice, DLT was bound by
OsBZR1 in the promoter through the BR-response element,
and the loss-of-function mutant dlt was similar to BR-
insensitive mutants (Tong et al., 2009). In maize, not only
ZmBZR1 but also ZmBEH1 could bind to the BR-response

element in ZmSCL28. We also genetically proved that
ZmSCL28 is the downstream target of ZmBZR1 and
ZmBEH1, since the double mutants of bzr1-1 scl28-1, bzr1-2
scl28-1, and beh1-1 scl28-1 have phenotypes almost identical
to the scl28-1 single mutant. For example, the leaf angle was
16.6� in the scl28-1 mutant and 16.1� in the bzr1-1 scl28-1
double mutant; however, the angle size was much larger
than the angle size of single mutants of bzr1-1 (25.7�), bzr1-
2 (26.5�), and beh-1 (26.6�; Figure 7). The DLT in rice
promotes tillering, which needs to be tightly regulated to
pursue ideal tillering numbers (Tong et al., 2009; Liu et al.,
2021). The phenotypes in maize scl28 mutants that are
stronger than bzr1-1 and beh-1 also indicate its importance
as a downstream target in regulating maize development
and architecture.

Taken together, we propose a ZmLG2-BEH1/BZR1-SCL28
regulatory cascade that affects leaf angle formation in maize
(Figure 8). In this model, we showed that ZmBEH1 is directly
activated by ZmLG2 and that ZmBEH1 can interact with
ZmBZR1. ZmBZR1 is also directly activated by ZmLG2.
Furthermore, we found that both ZmBEH1 and ZmBZR1
bind to the ZmSCL28 promoter to regulate leaf angle. As
the downstream targets of ZmLG2, the loss-of-function
mutants of ZmBEH1, ZmBZR1, and ZmSCL28 had normal de-
velopment of leaf ligules, as expected; however, the size of
the leaf angle was dramatically reduced. Therefore, we pro-
pose that these three target loci, ZmBZR1, ZmBEH1, and
ZmSCL28, are ideal targets to manipulate leaf angle to gener-
ate upright and semidwarf plant architecture, the two im-
portant traits pursued by breeders to increase planting
density and yields.

Materials and methods

Plant materials and growth conditions
The maize Uniform Mu mutants with stock numbers
UFMu-13537, UFMu-03258, and UFMu-13557 were
requested from the maize genetic cooperation stock center.

Figure 8 A proposed ZmLG2-ZmBEH1/BZR1-ZmSCL28 module regu-
lates leaf angle in maize. ZmLG2 binds to the promoter of ZmBEH1 to
activate its expression. ZmBEH1 interacts with ZmBZR1, which is also
a direct target of ZmLG2, to regulate the expression of a downstream
target gene, ZmSCL28. These proposed regulatory cascades may con-
trol the leaf angle size in maize.
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After two generations of backcrossing to maize inbred line
W22, the BC2F1 population that segregated the WT and mu-
tant phenotypes was obtained. The stable single mutants
from each gene were crossed to each other to obtain the
double mutant.

To observe the phenotypes at the seedling stage, seeds
were planted in soil and grown in a growth room at 28�C
with a 12-h light/22�C, 12-h dark cycle, and 60% relative
humidity.

Yeast one-hybrid
To test the binding of ZmBZR1 and ZmBEH1 to the
ZmSCL28 promoter, the full-length CDSs of ZmBZR1 and
ZmBEH1 were amplified and cloned into the pJG4-5 vector
at the EcoRI and XhoI restriction sites, and the fusion plas-
mids were cotransformed with the EcoRI- and KpnI-digested
LacZ reporter vector (LacZi2l) driven by the ZmSCL28 pro-
moter. The empty vector pJG4-5 and the LacZ reporter
driven by the ZmSCL28 promoter served as negative
controls.

The transformed yeast (Saccharomycetes) strain EGY48
was plated on SD/-Trp-Ura medium and grown at 30�C for
3 d. Then, the transformants were tested on an SD screen-
ing medium containing X-gal (5-bromo-4-chloro-3-indolyl-b-
D-galactopyranoside) at 30�C for 4 d. The sequences of
primers used in Y1H are listed in Supplemental Table S1.

Transient expression assay in maize protoplast
For the dual-luciferase transient expression assay, ZmBZR1
and ZmBEH1 promoter segments were amplified from in-
bred line B73 and recombined into the pGreenII 0800-LUC
vector at the HindIII and BamHI restriction sites to generate
the pZmBZR1/BEH1::LUC plasmids as reporters. The Renilla
luciferase (REN) gene driven by the 35S promoter in the
pGreenII 0800-LUC vector was used as the internal control.
The full-length CDS of ZmLG2 was amplified and recom-
bined into the pHW-3xAvi vector via Gateway LR Clonase II
Enzyme mix driven by the 35S promoter, forming the effec-
tors. The empty pHW-3 � Avi vector was used as control.
Transient dual-luciferase assays were performed in maize
protoplasts collected from the leaves of 12-d-old etiolated
seedlings of inbred line B73. The luciferase signal was
detected using dual-luciferase assay reagents following the
manufacturer’s instructions. Relative LUC activity was calcu-
lated by normalizing LUC activity to REN activity. The
sequences of primers used in the transient expression assay
are listed in Supplemental Table S1.

Electrophoretic Mobility Shift Assay
EMSA was performed as described previously (Song et al.,
2020). The protein fused with GST was purified first. Full-
length ZmLG2 cDNA was amplified with gene-specific pri-
mers and cloned into the expression vector Pcold-GST. The
construct was transformed into Escherichia coli BL21 cells
grown at 37�C. At OD600 = 0.4–0.5, the culture solution
was placed at 16�C and allowed to stand for 30 min.
Isopropylthio-b-galactoside was added at a final

concentration of 1 mM, and the culture was incubated at
16�C for 24 h. The Pcold-GST-LG2-expressing GST-LG2 fu-
sion protein was purified with BeaverBeads GSH (Beaver,
Suzhou, China) and used for EMSA. The probes with biotin
were synthesized according to the manufacturer’s recom-
mendation (Supplemental Table S1). The affinity bands la-
beled with biotin probes were detected by an EMSA kit
(Beyotime Biotechnology), and approximately 10 nm of
probe was used for each binding assay. For the competition
assay, an unlabeled probe was added to the reactions to de-
tect the binding specificity.

Yeast two-hybrid assays
The yeast two-hybrid assay was performed using the
MatchmakerTM Gold Yeast Two-Hybrid System (Clontech,
Dalian, China). The full-length coding region of ZmBZR1 was
ligated into the EcoRI- and PstI-digested pGBKT7 plasmid as
bait, and the full-length coding region of ZmBEH1 was fused
into the pGADT7 vector as prey via Gateway LR Clonase II
Enzyme mix. The bait and prey constructs were cotrans-
formed into the Y2H Gold yeast strain and grown at 30�C
for 3 d. Next, the transformants were tested on SD screening
medium containing X-a-Gal (5-bromo-4-chloro-3-indoxyl-a-
D-galactopyranoside) at 30�C for 4 d. Empty vectors were
cotransformed as negative controls. The sequences of pri-
mers used in Y2H are listed in Supplemental Table S1.

The split luciferase complementation assay
The split luciferase complementation assay was performed
to examine the interaction between ZmBEH1 and
ZmBZR1 using the constructs nLUC and cLUC. The full-
length CDS of ZmBEH1 without the stop codon and
ZmBZR1 with the stop codon were amplified and cloned
into BamHI- and SalI-digested nLUC and KpnI- and
BamHI-digested cLUC, respectively, forming the nLUC-
ZmBEH1 and ZmBZR1-cLUC constructs. Agrobacterium
strain GV3101 cells carrying all constructs were transiently
infiltrated into N. benthamiana leaves. After culturing for
3 d, luciferin (1 mM) was sprayed to activate luciferase,
and the fluorescence signals were observed by the
Chemiluminescent Imaging System (Tanon-5200). The pri-
mers used in the split luciferase complementation assay
are listed in Supplemental Table S1.

RNA extraction and RT-qPCR analysis
Total RNA was extracted using TRIzol reagent (Ambion)
from maize leaves. The RNA samples were treated with
DNase I (Thermo) and the concentration was measured by
DS-11. Subsequently, cDNA was prepared using M-MLV
Reverse Transcriptase and qPCR was conducted using the
SYBR Premix Ex Taq kit (Trans) on a Step One System
(Applied Biosystems). The quantification method (2–DCt)
was used and the gene expression level was estimated using
three independent experiments. The maize Ubi2
(UniProtKB/TrEMBL, Q42415) gene was used as an internal
control to normalize the data. The process of qPCR con-
sisted of an initial denaturation step at 95�C for 10 min,
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followed by 40 cycles at 95�C for 15 s and 60�C for 30 s.
The primers for RT-qPCR are shown in Supplemental
Table S1.

Phylogenetic analysis of ZmBZR1/BEH1 and
ZmSCL28
The full-length amino acid sequences of ZmBZR1/BEH1 and
ZmSCL28 were used to BLAST search in the protein data-
bases of GRAMENE (http://www.gramene.org/), TAIR
(http://www.arabidopsis.org), and RICEDATE (http://www.
ricedata.cn/gene/) to identify the homologous genes in
maize, Arabidopsis and rice. The amino acid sequences were
aligned using ClustalW-2.0.10 software. A phylogenetic tree
was constructed based on this alignment result using
the neighbor-joining method in MEGA version 6 with the
following parameters: Poisson model, pairwise deletion,
uniform rates, and bootstrap method (1,000 replicates).

Microscopy observations and phenotypic analysis
For scanning electron microscopy (SEM) analysis, the auricle
regions of W22 and Mu mutants at the V2 stage were sam-
pled to examine the cell size and cell number. The samples
were fixed with 2.5% (v/v) glutaraldehyde in phosphate
buffer for more than 12 h at 4�C, washed with PBS every 20
min for a total of 5 times, and then soaked in osmic acid
overnight. The next day, the samples were dehydrated by a
graded series of ethanol from 45% to 100% for approxi-
mately 30 min at each step. Subsequently, the samples were
strictly dried, coated with gold-palladium, and observed un-
der SEM (JSM-6610LV). Cell size was determined as the aver-
age cell area of 20 cells per auricle region (n = 4). Cell
numbers were counted at 1 mm2.

For the cross-section analysis, the ligular regions of WT
and mutants at the V2 stage were dissected using an ultra-
thin blade. The ligular regions were placed in a 0.1% safranin
solution for 5 min. After staining, the samples were
destained in 75% ethanol for 5 min. After decolorization, the
samples were soaked in distilled water. The cross-section of
leaf ligular region was observed using a light microscope
(NikonNi-U). The abaxial and adaxial sclerenchyma cell
layers were counted in the recorded images.

Transformation
The CRISPR/Cas9 constructs for ZmBEH1, ZmBZR1, and
ZmSCL28 were generated using the previously reported vec-
tor pBUE411 (Hui-Li Xing, 2014). The specific target sites and
PAMs (the last three nucleotides) of ZmBEH1, ZmBZR1, and
ZmSCL28 were designed and cloned into the pBUE411 vec-
tor. These constructs were introduced into the A. tumefa-
ciens strain EHA105 and transformed into the maize inbred
line KN5585 at WIMI Biotechnology Co., Ltd. The target
regions of ZmBEH1, ZmBZR1, and ZmSCL28 were amplified
from KN5585 and transgenic lines, and then the PCR prod-
ucts were sequenced to identify the mutations. For ZmBEH1,
we obtained two independent homozygous knockout lines
named beh1-2 and beh1-3. For ZmBZR1, we obtained two in-
dependent homozygous knockout lines named bzr1-3 and

bzr1-4. For ZmSCL28, we obtained one homozygous knock-
out line named scl28-2. According to the selective marker
gene, the glyphosate sensitivity of transgenic lines was
detected, and knockout lines that were very sensitive to her-
bicide were selected for further research, so that the CAS9
and bar genes were removed from the plants. The T1 plant
was self-crossed to generate T2 plants for further research.
The phenotypes of these mutants were investigated under
greenhouse or normal field planting conditions, together
with their wild-type KN5585. The primers were shown in
Supplemental Table S1.

Statistical analysis
To determine statistical significance, we employed Student’s
t test (*P5 0.05, **P5 0.01).

Accession numbers
Sequence data from this article can be found in Maize GDB
Database under the following accession numbers: ZmLG2
(Zm00001d042777), ZmBZR1 (Zm00001d021927), ZmBEH1
(Zm00001d046305), and ZmSCL28 (Zm00001d045507).

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

Supplemental Figure S1. ZmLG2 binds to the promoter
of BR signaling-related genes.

Supplemental Figure S2. Phylogenetic analysis of BZR1/
BES1 family proteins in maize, rice and Arabidopsis.

Supplemental Figure S3. Tissues from the ligular region
of V3 leaves were harvested for RT-qPCR assay.

Supplemental Figure S4. PCR identification of beh1-1,
bzr1-1, bzr1-2, and scl28-1 mutants.

Supplemental Figure S5. Diagram of the cross-section
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