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ABSTRACT

Ovule initiation is a key step that strongly influ-
ences ovule number and seed yield. Notably, mu-
tants with enhanced brassinosteroid (BR) and cy-
tokinin (CK) signaling produce more ovules and
have a higher seed number per silique (SNS) than
wild-type plants. Here, we crossed BR- and CK-
related mutants to test whether these phyto-
hormones function together in ovule initiation. We
determined that simultaneously enhancing BR and
CK contents led to higher ovule and seed numbers

than enhancing BR or CK separately, and BR and
CK enhanced each other. Further, the BR-response
transcription factor BZR1 directly interacted with
the CK-response transcription factor ARABI-
DOPSIS RESPONSE REGULATOR1 (ARRT1). Treat-
ments with BR or BR plus CK strengthened this
interaction and subsequent ARR1 targeting and
induction of downstream genes to promote ovule
initiation. Enhanced CK signaling partially rescued
the reduced SNS phenotype of BR-deficient/
insensitive mutants whereas enhanced BR sig-
naling failed to rescue the low SNS of CK-deficient
mutants, suggesting that BR regulates ovule ini-
tiation and SNS through CK-mediated and -
independent pathways. Our study thus reveals
that interaction between BR and CK promotes
ovule initiation and increases seed number, pro-
viding important clues for increasing the seed yield
of dicot crops.
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INTRODUCTION

Seed number and weight determine seed yield. Studies on
the regulation of seed yield have focused mainly on seed
development and seed weight (Schou et al., 1978; Liu
et al., 2006; Song et al., 2007), with less attention given to seed
number because an increase in seed number was presumed to

lead to decreased seed weight due to nutrient and space limi-
tations (Kiniry et al., 1990). However, recent reports indicate that
seed weight and number can be simultaneously increased to
improve yield (Bartrina et al., 2011; Huang et al., 2013; Jiang
et al., 2013; Monpara and Gaikwad, 2014).

The regulation of seed number has been investigated in
some cereal crops (Schou et al., 1978; Kiniry et al., 1990; Jiang
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and Egli, 1995; Liu et al., 2006; Gambin and Borrés, 2010),
but little is known about this process in dicots. In
the model dicot plant Arabidopsis thaliana, total seed number
depends on the number of siliques and the seed number
per silique (SNS). The SNS is affected by developmental
processes including ovule initiation and development, male and
female gametophyte development, fertilization, and zygote de-
velopment (Chaudhury et al., 1997). Plant hormones are in-
volved in nearly all aspects of plant growth and reproduction.
The number of ovules ultimately determines the maximum
SNS. Notably, two phytohormone-related mutants, ckx3 ckx5
(Bartrina et al., 2011) and bzr1-1D (He et al., 2002; Huang
et al., 2013; Jiang et al., 2013), with enhanced brassinosteroid
(BR) and cytokinin (CK) signaling, respectively, show sig-
nificantly increased SNS, indicating that these phytohormones
function in ovule initiation and SNS regulation.

The signal transduction pathways for both CK and BR
have been well studied in Arabidopsis (Purohit, 1985; Bartrina
et al., 2011; Huang et al., 2013; Cucinotta et al., 2014). CK
promotes cell division and differentiation (Morris et al., 1999;
Rin et al.,, 2002; Takatoshi et al., 2003; Higuchi et al., 2004;
Jennifer et al., 2004; Ferreira and Kieber, 2005). CK degrada-
tion is catalyzed by CK oxidase/dehydrogenase (CKX), which
maintains CK homeostasis in vivo (Morris et al., 1999; Rin
et al., 2002). CK signals are transported via ARABIDOPSIS
HISTIDINE PROTEINs to ARABIDOPSIS RESPONSE REGU-
LATORs (ARRs) (Takatoshi et al., 2003; Jennifer et al., 2004;
Ferreira and Kieber, 2005; Sakakibara, 2006; Liu et al., 2017),
with B-ARRs acting as positive transcriptional regulators in the
CK signaling pathway (Takatoshi et al., 2003; Mason
et al., 2005). BR is involved in cell elongation and division, cell
and tissue differentiation and organogenesis, and photo-
morphogenesis and responses to the environment (Grove
et al.,, 1979; Clouse et al.,, 1996; Clouse and Sasse, 1998;
Fujioka and Yokota, 2003). Upon binding BR, an active
receptor complex transports the BR signal to inhibit
BRASSINOSTEROID INSENSITIVE2 (BIN2) (Li et al., 2001; He
et al., 2002) and releases the BR-induced transcription factors
BRASSINAZOLE-RESISTANT 1 (BZR1) and BRASSINAZOLE
RESISTANT 2 (BES1) (Wang et al., 2002; He et al., 2005;
Huang et al., 2013), which regulate the expression of down-
stream genes (Wang et al., 2002; He et al., 2005). When the BR
level increases, BZR1 is activated and inhibits the expression
of biosynthetic genes, which leads to feedback inhibition of BR
signaling (He et al., 2002, 2005; Wang et al., 2002, 2012).

Phytohormones including CK and BR influence floral
organ development, which is regulated by the ABCDE genes
which refers to four-whorl development of floral organs and
ovules. Among them, class D genes control ovule identity and
ovule primordia initiation, and encode transcription factors
and regulatory proteins such as SEEDSTICK (STK) and
SHATTERPROOF 1/2 (SHP1/2) (Weige and Meyerowitz,
1994; Favaro et al., 2003). The triple mutant of ARABIDOPSIS
HISTIDINE KINASE (AHK), ahk1-12 ahk2-2 ahk3-3, produces
fewer ovules than the wild type. Conversely, the CK-
enhanced mutant ckx3 ckx5 produces more lateral branches,
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larger floral organs, and denser inflorescence apices and
ovules, with increased SNS (Ferreira and Kieber, 2005;
Mizuno, 2005; Liu et al., 2017), compared to the wild type.
We previously reported that BR-deficient and BR-insensitive
mutants show reduced ovule numbers and SNS (Huang
et al., 2013), while the gain-of-function mutant of BZR1 (bzr1-
1D) shows increased ovule number and SNS, suggesting that
BR positively regulates ovule initiation and development, as
well as SNS. Additional study demonstrated that BR pos-
itively regulates genes that promote early ovule development,
such as AINTEGUMENTA (ANT) and HUELLENLOS (HLL)
(Schneitz et al., 1998), and negatively regulates genes that
inhibit early ovule development, such as APETALA2 (AP2),
ultimately enhancing SNS (Galbiati et al., 2013).

In this study, we analyzed BR- and CK-related mutants to
investigate their regulation of ovule initiation and SNS. We ob-
served cross-talk between BR and CK, such that enhancing
both signals simultaneously promoted ovule initiation and in-
creased the SNS more efficiently than enhancing them sepa-
rately. We further demonstrated a direct protein-level interaction
between the key transcription factors related to these two hor-
mones, BZR1 and ARR1. This interaction affected the tran-
scription of downstream genes involved in ovule initiation. Our
study thus establishes that BR and CK work together to regulate
ovule initiation and SNS, and identifies candidate genes for in-
creasing seed number and yield which has both scientific sig-
nificance and potential applications for increasing crop yield.

RESULTS

BR and CK positively regulate Arabidopsis growth and
increase ovule and seed number

We previously demonstrated that BR positively regulates ovule
and seed numbers (Huang et al., 2013; Yu et al., 2020), and that
CK is also involved in these processes (Bartrina et al.,
2011; Huang et al., 2013; Jiang et al., 2013). In this study, we
investigated the effect of cross-talk between BR and CK on
ovule initiation and SNS. First, we examined the effect of CK
alone and observed that loss-of-function mutants of ARRs
(single, double, and triple mutants of ARR1, ARR10, and
ARR12; arr1 10 12) with decreased CK signaling had reduced
SNS (Figure S1A), while the ckx3 ckx5 double mutant, with
enhanced CK content, produced enlarged rosette leaves
(before bolting) (Figure 1A, B) and flowers, increased main
inflorescence stem height (Figure 1C), enlarged siliques
(Figure 1D), and increased SNS (Figure 1E), which was con-
sistent with previous studies. We assessed the expression of
CK response regulator marker genes (ARR5 and ARRY) in in-
florescence apices of ckx3 ckx5 plants using quantitative re-
verse transcription polymerase chain reaction (QRT-PCR) and
observed upregulated expression, as expected (Figure S1B).
gRT-PCR data also showed induction of STK and SHP1/2,
positive regulators of ovule initiation (Bartrina et al., 2011), in-
dicating that CK regulates ovule initiation through inducing the
expression of positive regulators of ovule identity and initiation.
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Figure 1. Brassinosteroid (BR) and cytokinin (CK) positively regulate Arabidopsis growth and increase the seed number per
silique (SNS)

(A) Seedlings (21 d after germination: DAG) and (B) statistics of leaf area of rosette leaves before bolting of wild type (Col), bzr1-1D, ckx3 ckx5, and ckx3
ckx5 bzr1-1D (scale bars, 1 cm). (C) Adult plants of wild type (Col), bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D (scale bars, 1 cm). (D) and (E) Siliques of Col,
bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D (scale bars, 1cm) and statistical analysis of silique length and SNS. Bars represent mean + SD of three
biological replicates (n = 30). Lowercase letters indicate statistically significant differences between different stages (P < 0.05). (F) Placenta and ovules in
flowers at developmental stage 9 of Col, bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D (scale bars, 50 um) and (G) statistical analysis of placenta length and
ovule number. Bars represent mean + SD of three biological replicates (n = 15). Lowercase letters indicate statistically significant differences between
different stages (P < 0.05). (H) Pistils in flowers at developmental stage 8 of Col, bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D (scale bars, 50 um) and (1)
statistical analysis of pistil length (cell layers were counted at position of red arrows) and cell numbers. Bars represent mean + SD of three biological
replicates (n =30). Lowercase letters indicate statistically significant differences between different stages (P < 0.05).

We next examined BR signaling; the bzr7-1D mutant,
with enhanced BR levels, exhibited enlarged rosette leaves
(Figure 1A, B), a taller main inflorescence stem (Figure 1C),
larger flowers, larger siliques (Figure 1D), and increased SNS
(Figure 1E), which was consistent with published data (\Wang
et al., 2002). To explore how BR affects ovule and seed num-
bers, we examined the expression of CONSTITUTIVE PHO-
TOMORPHOGENIC DWARF (CPD) and DWARF 4 (DWF4), two
BR biosynthesis genes negatively regulated by BR (Fujioka and
Yokota, 2003; Ohnishi et al., 2012), using gRT-PCR, and both
were downregulated in the bzr7-1D mutant as expected
(Figure S1C). The expression of AP2, the negative regulator of
ovule identity and initiation, was repressed, while that of
SHP1/2, positive regulators of ovule identity and initiation, was
upregulated in the mutant, suggesting that BR regulates ovule
initiation through repressing the negative regulator and inducing
the positive regulator of ovule identity and initiation
(Figure S1C), consistent with our previous data. Moreover, the
expression of three positive regulators of ovule identity and in-
itiation, STK, ANT, and HLL, was induced by treatment with
1 umol/L epi-brassinolide (eBL) or 1umol/L 6-benzylamin-
opurine (6-BA), indicating again that BR and CK influence
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ovule number through transcriptional regulation of genes in-
volved in ovule initiation (Figure S1D).

To investigate the cross-talk between BR and CK in plant
development and SNS, we crossed the bzr7-1D mutant with
the ckx3 ckx5 mutant and obtained the triple mutant ckx3 ckx5
bzr1-1D. The adult triple mutant plants exhibited similar main
inflorescence stem heights (Figure 1C) and similar silique
lengths (Figure 1D, E) as ckx3 ckx5 plants, but significantly
larger rosette leaves (Figure 1A, B) and increased SNS (Figure
1E). These phenotypes indicated that simultaneously en-
hancing BR and CK signals increased the SNS more efficiently
than enhancing them separately. bzr7-1D and ckx3 ckx5 dis-
played longer pistils and more ovules (Figure 1F, G) than the
wild type, and the ckx3 ckx5 bzr1-1D triple mutant had more
ovules than bzr1-1D and ckx3 ckx5 (Figure 1G). In addition, the
ovules in the ckx3 ckx5 bzr1-1D placentae were crowded with
almost no gaps between them. Furthermore, bzr1-1D and ckx3
ckx5 had a longer placenta (Figure 1F, G) than the wild type,
indicating that BR and CK positively regulate placenta elon-
gation. To explore the role of BR and CK in ovule primordia
protrusion, we counted cell numbers in the outermost layer of
the pistil at floral stage 8 and observed 27% more cells in ckx3
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ckx5 bzr1-1D (Figure 1H-I) than in the wild type, 10% more Similarly, downregulation of the BR negative marker
cells than in ckx3 ckx5, and 11% more cells than in bzr1-1D, genes (CPD and DWF4) by 6-BA treatment suggested
indicating that BR and CK coordinately promote cell division that CK also induces the BR response (Figure 3A). The fluo-
and pistil and placenta elongation. rescence signal of nucleus-localized BZR1 was increased in

Since BR and CK positively regulate ovule and seed devel- the ckx3 ckx5 background, indicating that BZR1 activity was
opment (He et al., 2002; Wang et al., 2002, 2012; Bartrina increased by 6-BA treatment in the mutant as compared with
et al., 2011; Huang et al., 2013; Jiang et al., 2013) and do not the wild type (Figure 3B, C). The BZR1 protein level was in-
affect fertility, the enhanced placenta length and ovule primor- creased in the ckx3 ckx5 background as compared with the
dium initiation led to increased numbers of ovules and SNS in wild type, suggesting that the 6-BA treatment induces BZR1
the above mutants. Therefore, we conclude that BR and CK accumulation and the increased CK level possibly promotes

positively regulate ovule and seed number by promoting pla- the BR response (Figure 3B, C). Together, our results implied
centa elongation and ovule primordia initiation. that BR and CK signals enhance each other.
BR and CK signals enhance each other BR promotes direct interaction of BZR1 and ARR1

The gRT-PCR analyses using wild-type Arabidopsis in- BZR1 interacts with components of other signaling path-
florescence apices demonstrated that ARR5 and ARR7, two ways to integrate BR and other signals (He et al., 2005;
positive CK marker genes, were upregulated by 10 nmol/L eBL Wang et al., 2002, 2012). To investigate whether BZR1
treatment, indicating that enhancing BR signaling promotes the mediates the integration of BR and CK, we conducted yeast
CK response (Figure 2A). The fluorescence signal in the CK two-hybrid assays and determined that BZR1 interacted
marker line, TCS:GFP, was increased in the placenta and ovule with the CK-response transcription factors ARR1 and
in the bzr1-1D background but decreased in the bin2*/~ back- ARR10 (Figures 4A, S3A). Bimolecular fluorescence com-
ground, indicating that BR positively regulates the CK response plementation (BiFC) assays revealed that BZR1 interacts
(Figures 2B, C, S2). Western blot analyses also showed a sig- with ARR1 in the nucleus (Figure 4D) but does not interact
nificant increase and decrease of TCS:GFP in bzr1-1D and with ARR10 (Figure S3B). Using the tobacco transient
bin2*'~ backgrounds (Figure 2D), respectively, further confirming expression system, we observed that BZR1 and ARR1 co-

that enhanced BR signaling upregulates the CK response. localize in the nucleus, and this co-localization was
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Figure 2. Brassinosteroid (BR) enhances cytokinin (CK) signaling

(A) Relative transcript levels of ARR5 and ARR7 under 1 umol/L eBL and 1 umol/L 6-BA treatment. (B) Fluorescence signal of TCS:GFP (CK signaling
reporter) in placenta (scale bars, 50 um) and ovules (scale bars, 20 um) of Col, bzr1-1D, and bin2*/~. Graphs represent typical phenotype of all samples. (C)
Quantitative analysis of TCS:GFP fluorescence level in placenta and ovules. Bars correspond to relative GFP signal intensity. Relative fluorescence signal
data were extracted from normalized mean gray levels in above lines. Values correspond to arithmetic means + SE of three biological replicates (n = 20).
Asterisks indicate significant difference (Student's two-tailed t-test: **P < 0.01). (D) GFP protein level in inflorescence apices of above plants. (E) ARR1-GFP
protein level in pARR1:ARR1-GFP stably transformed line under 1 umol/L eBL, 1 umol/L 6-BA treatment and co-treatment of 1 umol/L eBL+ 1 umol/L 6-BA.
Graphs represent typical phenotype of all samples. A quantitative analysis of GFP protein levels is shown below the band in the blot. Bands in blots
correspond to arithmetic means + SD of three biological replicates (n = 3). Asterisks indicate significant difference (Student's two-tailed t-test: **P < 0.01).
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Figure 3. Cytokinin (CK) enhances brassinosteroid (BR) signaling

(A) Relative transcript levels of CPD, DWF4, and SAUR-AC under 1 umol/L eBL and 1 umol/L 6-BA treatment. (B) Fluorescence signal of pBZR1:BZR1-YFP
(BR signaling reporter) in ovules of Col, bzr1-1D, and bin2*'~ (scale bars, 20 um). eBL treatment concentration is 1 umol/L. Graphs represent typical
phenotype of all samples. The red circle refers to the fluorescence located in the nucleus. Quantitative analysis of BZR1-YFP fluorescence level is shown in
picture (n = 15). (C) Phosphorylation (BZR1-P) and dephosphorylation (BZR1) of BZR1-YFP protein level in inflorescence apices of pBZR1:BZR1-YFP and
PBZR1:BZR1-YFP ckx3 ckx5 stably transformed line. eBL and 6-BA treatment concentration is 1 umol/L. Numbers below the figure show the ratio of
dephosphorylation BZR1 to phosphorylation BZR1. Graphs represent typical phenotype of all samples. A quantitative analysis of YFP protein levels is
shown below the band in the blot. Bands in blots correspond to arithmetic means + SD of three biological replicates (n = 3). Asterisks indicate significant

difference (Student's two-tailed t-test: **P < 0.01).

enhanced by 100nmol/L eBL (Figure 4B, C). We also
established that BZR1 interacts with ARR1 in a co-
immunoprecipitation (Co-IP) assay (Figures 4E, S3A) and in
vitro pull-down assays in Escherichia coli (Figure 4F). Co-IP
assays revealed that BR treatment alone and co-treatment with
CK increased the BZR1 and ARR1 protein levels as well as the
BZR1-ARR1 interaction (Figure S3C). Using Arabidopsis in-
florescence apices containing pARR1:ARR1-GFP in the Co-IP
assay to enhance the accuracy of the experiment, we ob-
served that BR treatment alone and co-treatment with CK in-
creased the BZR1-ARRT1 interaction (Figure S3D). Considering
that BR treatment enhanced the ratio of dephosphorylated
BZR1 (localized in the nucleus) (Wang et al, 2002)
(Figure S3C), and that BZR1 and ARR1 co-localized in the
nucleus (Figure 4B, C), we hypothesize that ARR1 interacts
with dephosphorylated BZR1 in the nucleus.

These in vitro and in vivo experiments demonstrated
that the interplay between BZR1 and ARR1 in the nucleus
increases BR levels, which, in turn, enhances the BZR1-
ARR1 interaction.

Transcriptome analysis identified downstream genes
involved in ovule identity and initiation

Our experiments indicated that the increase in SNS in the
bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D mutants resulted
from elongated placentae and increased ovule initiation. To
identify genes involved in regulating placenta development
and initiation of ovule primordia, we performed RNA-Seq

706 March 2022 | Volume 64 | Issue 3 | 702-716

using gynoecia of flowers at developmental stage 8 col-
lected from wild-type (Col), bzr1-1D, ckx3 ckx5, and ckx3
ckx5 bzr1-1D plants. To avoid interference, we removed the
stigma and junction parts of flower organs before extracting
total RNA and identified differentially expressed genes
(DEGS), including some associated with several metabolic
and hormone signal transduction pathways (Figure 5A).
Among them, 513 DEGs were specifically regulated by BR,
337 by CK, and 1,270 by BR and CK together (Figure 5B-E).
There were 18 commonly upregulated genes and 189
commonly downregulated genes in bzr1-1D and ckx3 ckx5,
respectively (Figure 5C). However, only one gene was up-
regulated in ckx3 ckx5 but downregulated in bzr7-1D, and
no genes were upregulated in bzr7-1D but downregulated in
ckx3 ckx5 (Figure 5C-E).

The significant downregulation of CPD and DWF4 in
bzr1-1D indicated enhanced BR signaling in this mutant
(Dataset S1), while the significant upregulation of ARR75 in
the ckx3 ckx5 mutant indicated enhanced CK signaling. No-
tably, significant downregulation of DWF4 and significant
upregulation of ARRS5 in the ckx3 ckx5 bzr1-1D triple mutant
indicated enhanced BZR1 activity and increased CK levels
(Dataset S1). In addition, STK was upregulated in the ckx3
ckx5 mutant, and much more upregulated in ckx3 ckx5 bzr1-
1D plants, which suggested that increased CK levels pos-
itively regulate ovule primordia initiation through promoting
STK expression, and that the enhanced BR signaling am-
plifies the effect of CK (Figure 5F; Dataset S1). Furthermore,
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the downregulation of AP2 in the bzr1-1D mutant indicated
that enhanced BZR1 activity promotes ovule primordia ini-
tiation through repressing the expression of this negative
regulator (Figure 5F; Dataset S1) (Galbiati et al., 2013). The
transcript levels of HLL and SHP2 were not significantly
changed in bzr1-1D and ckx3 ckx5 plants but were sig-
nificantly upregulated in the ckx3 ckx5 bzr1-1D mutant, sug-
gesting that BR and CK coordinately promote ovule initiation
by inducing the expression of these positive regulators
(Figure 5F; Dataset S1). These changes in the transcript
levels of ovule identity and initiation genes in the bzr1-1D and
ckx3 ckx5 backgrounds suggested that our transcriptome
analysis was reliable. We identified new genes involved in
ovule initiation that respond to BR and CK signals to regulate
SNS. Our transcriptomic data indicated that BR and CK
coregulate placenta development and ovule primordia
initiation by coregulating downstream genes.

BR and CK interaction increases the transcription of
positive regulators of ovule initiation

ARR1 and BZR1 are key transcription factors in CK and
BR pathways and have a positive regulatory effect on
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downstream genes (including ovule initiation regulatory
genes), such as ARR1 target genes WUSCHEL (WUS), STK,
and HLL, and the BZR1 target gene DWF4. CK and BR reg-
ulate plant growth and development (including ovule ini-
tiation) through activating ARR1 and BZR1, respectively, to
target and regulate the transcription of downstream genes.
To study whether the coordination of BR and CK is more
effective than their individual effects on the regulation of
positive regulators of ovule initiation, we used WUS, STK,
HLL, and DWF4 as marker genes in a dual LUC assay.
WUS is involved in regulation of plant development (in-
cluding ovule development) (GroB-Hardt et al., 2002). We
conducted chromatin immunoprecipitation (ChIP) and LUC
assays using WUS as a positive control because WUS is
targeted and induced by ARR1 but not by BZR1 (Sun
et al., 2010). The ChIP result confirmed this, and showed
that the targeting of WUS by ARR1 is enhanced by CK
treatment alone and by co-treatment with BR (Figure 6A, B).
Although ChIP assay was carried out in seedlings, the same
conclusion could be obtained in ovule samples. Conversely,
DWF4 is targeted by BZR1 but not ARR1 (Xie et al., 2018).
Our ChIP assay showed that BR treatment enhanced the
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Figure 4. BRASSINAZOLE-RESISTANT 1 (BZR1) directly interacts with REGULATOR1 (ARR1)

(A) Yeast two-hybrid assay showing that ARR1 interacts with BZR1. (B) Confocal images of tobacco epidermal cells co-expressing ARR1-mcherry and
BZR1-GFP (scale bar, 100 um). The red arrow refers to the co-localization of the two proteins. (C) Confocal images of tobacco epidermal cells co-
expressing ARR1-mcherry and BZR1-GFP under 100 nmol/L eBL treatment (scale bar, 100 um). The red arrow refers to the enhanced co-localization of the
two proteins. (D) Bimolecular fluorescence complementation analyses of interaction between ARR1 and BZR1 (scale bar, 50pum). (E) Co-
Immunoprecipitation (Co-IP) assays confirmed that BZR1-GFP interact with ARR1-mCherry in tobacco leaves. (F) In vitro pull-down assays demonstrating
direct interaction between HIS-ARR1 and GST-BZR1.
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targeting of DWF4 by BZR1, and co-treatment with CK
strengthened this interaction, indicating that CK enhances
the BR-induced targeting of DWF4 by BZR1. In addition,
the expression of PUTATIVE INCREASED SNS1 (INST;
At1G68440), which has not been characterized, was in-
duced in bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D in our
transcriptome analysis. Our ChIP analysis showed that
BZR1 targets INS17, and this targeting was enhanced by BR
treatment but not by co-treatment with CK, indicating
BR-specific regulation of INST.

To further determine whether BZR1 aids in ARR1 activa-
tion of WUS, we performed transient expression assays in the
tobacco transient expression system with pWUS:LUC, pSTK:
LUC, and pHLL:LUC as reporters using a dual LUC system.
Overexpression of ARR1 and BZR1-1D (containing the same
point mutation as in the bzr7-1D mutant, causing increased
BR signaling) (He et al., 2002) resulted in a two-fold increase
in pWUS:LUC activity (Figure 6D). Overexpression of ARR1
alone resulted in an increase of pSTK:LUC and pHLL:LUC
activity (Figure 6D). And overexpression of ARR1 and bzr1-1D
resulted in a two-fold increase in pSTK:LUC and pHLL:LUC
activity (Figure 6D). These results suggest that BZR1
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strengthens the ARR1-mediated induction of downstream
genes to regulate ovule initiation and SNS.

BR regulates the SNS partially through a CK-mediated
pathway

Based on the phenotypes of the bzr1-1D ckx3 ckx5 mutant
with enhanced BR and CK signals, we hypothesized that BR
and CK cooperate to promote ovule initiation and increase the
SNS. To investigate their cross-talk under reduced BR and CK
signaling, we crossed the ckx3 ckx5 mutant with the BR-
deficient or -insensitive mutants det2, bin2*~, and bin2~'~
(Figures 7A, S4A). Enhanced CK partially rescued the SNS in
BR-deficient or -insensitive mutants (Figures 7, S4B). The SNS
for det2, bin2*'~, and bin2~'~ were 33, 34, and 3, respectively,
while the SNS for the det2 ckx3 ckx5, bin2*'~ckx3 ckx5, and
bin2~~ckx3 ckx5 mutants were significantly higher at 39, 49,
and 6, respectively (Figures 7C, S4B).

We constructed 35S:CKX3 transgenic lines overexpressing
the CK metabolic enzyme CKX3 (Rin et al., 2002). Transgenic
plants showed severe CK deficiency phenotypes, including
poor growth and dramatically decreased SNS (Figure 7B, C).
We crossed two BR-signal-enhanced plant lines, DWF4-OX
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Figure 5. Transcriptomic analyses of placenta of bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D

(A) Gene ontology (GO) analysis for genes. Differentially expressed gene (DEG) analysis (B) and venn diagram (C) showing number of overlapping up- and
downregulated in bzr1-1D (represented by letter B) and ckx3 ckx5 (represented by letter C) compared with wild type (Col-0) (represented by letter A) under
control conditions. (D) Expression levels of DEGs (upregulated in bzr1-1D vs. Col, ckx3 ckx5 vs. Col, and ckx3 ckx5 bzr1-1D vs. Col) in Col, bzr1-1D, ckx3
ckx5, and ckx3 ckx5 bzr1-1D. (E) Expression level of DEGs (downregulated in bzr1-1D vs. Col, ckx3 ckx5 VS. Col, and ckx3 ckx5 bzr1-1D vs. Col) in Col,
bzr1-1D, ckx3 ckx5, and ckx3 ckx5 bzr1-1D. (F) Tables show expression changes of ovule initiation regulating genes in bzr1-1D VS Col, ckx3 ckx5 VS Col,
and ckx3 ckx5 bzr1-1D VS Col. The calculation methods for expressing changes are as follow: 20987194, 2(9C-164) '5(9D-1aM) in b7r1_1D (represented by letter
B) versus Col, ckx3 ckx5 (represented by letter C) versus Col, and ckx3 ckx5 bzr1-1D (represented by letter D) versus Col.
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Figure 6. BRASSINAZOLE-RESISTANT 1 (BZR1) enhances the ability of REGULATOR1 (ARR1) to transcriptionally regulate downstream
genes to influence ovule initiation and seed number per silique (SNS)

(A) Genomic sequences of WUS, INS1, and DWF4. Blue lines and boxes indicate promoter and coding regions, respectively. Yellow box marks promoter
regions (WUS: —770 bp to —533 bp; INS1:—198 bp to —99 bp; DWF4:—743 bp to —601 bp) used in chromatin immunoprecipitation (ChlP) analyses. (B) ChIP
analyses using pARR1:ARR1-GFP and pBZR1:BZR1-YFP. Seedlings (7 d after germination) treated with 30 min 1 umol/L eBL or 1 umol/L 6-BA were used
for ChIP analyses. Immunoprecipitation was conducted with anti-GFP beads. Error bars represent SE (n =3 biological replicates). Lowercase letters
indicate statistically significant differences between different stages (P < 0.05). (C) Diagrams of the effector and reporter constructs used in (D) (WUS:
—3301 bp to —533 bp; STK: —2,008 bp to 1,085 bp; HLL: —878 bp to 0 bp). (D) Transient activation assays in tobacco leaves. Bars represent mean + SD of
three biological replicates (n = 30). Lowercase letters indicate statistically significant differences between different stages (P < 0.05).

and bzr1-1D, with the 35S:CKX3 lines that showed sig-
nificantly increased CKX3 expression (Figure S4C). There were
no significant differences of SNS between the 35S:CKX3
DWF4-OX or 35S:CKX3 bzr1-1D lines and 35S:CKX3 plants
(Figure 7C). The increased BR signaling in an arr1 bzr1-1D line
did not restore the decreased SNS of the arr? mutant
(Figure S4D). These results revealed that increased BR sig-
naling does not rescue the CK-reduced phenotypes of poor
growth (Figure 7B) and decreased SNS (Figures 7C, S4D).
Overall, our results indicated that BR regulates the SNS
through strengthening CK function. Since BR and CK increased
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the SNS in a coordinate manner, and enhanced CK only partially
rescued BR-reduced mutants, BR likely regulates the SNS via
CK-dependent and -independent pathways (Figure 7D).

DISCUSSION

BR and CK interaction promoted ovule initiation and
increased the SNS

Previous studies demonstrated that BR and CK positively
regulate plant growth and seed number, indicating that they
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Figure 7. Brassinosteroid (BR) regulates seed number per silique (SNS) partially through a cytokinin (CK)-mediated pathway

Adult plants (50 d after germination: DAG) of wild type (Col), bin2*/~, bin2*'~ckx3 ckx5, bin2~'~, and bin2~'~ckx3 ckx5 (scale bars, 2 cm). (B) Seedlings
(30 DAG) of Col, 355:CKX3-GFP, bzr1-1D, bzr1-1D 35S:CKX3-GFP, DWF4-ox, and DWF4-ox 35S:CKX3-GFP (scale bars, 2 cm). (C) Statistical analysis of
seed number per silique (SNS) of above lines. Bars represent mean + SD of three biological replicates (n = 30). Asterisks indicate significant difference
(Student's two-tailed t-test: “P < 0.05; **P <0.01). (D) Hypothetical model of how BZR1 and ARR1 cooperate to regulate ovule initiation and SNS in
Arabidopsis. CK regulates ovule initiation through transcriptional regulation of downstream genes involved in ovule initiation (e.g., STK, HLL, and SHP2)
via the CK-response transcription factor ARR1. In this model, the blue/orange arrows and lines represent the pathways of BR/CK, respectively, and the
purple arrows and lines represents how the pathways cooperate to regulate by two hormones. BR regulates ovule initiation through transcriptional
regulation of downstream genes involved in ovule initiation (e.g., AP2, HLL, and SHP2) via the BR-induced transcription factor, BZR1. BR enhances CK
function through strengthening the interaction between BZR1 and ARR1, thereby strengthening ARR1 ability of transcriptional regulation of downstream
genes (e.g., STK and HLL), thus promoting ovule initiation and SNS in Arabidopsis. BR also positive regulate ovule initiation through other ways, for

example, enhancing auxin response.

contribute to seed yield by increasing seed number (Higuchi
et al., 2004; Bartrina et al., 2011; Huang et al., 2013; Jiang
et al., 2013). Therefore, we infer that ovule number is likely
increased in BR- and CK-enhanced mutants. Conversely, mu-
tants that are deficient in or insensitive to BR and CK show
arrested growth, smaller flowers, and reduced SNS. The reg-
ulatory mechanisms of these two hormones in ovule initiation
may differ since BR is mainly involved in cell elongation while
CK generally promotes cell division (Sakakibara, 2006; Zhang
et al., 2009, 2013; Tong et al., 2014). The BR-enhanced mutant
bzr1-1D and the CK-enhanced mutant ckx3 ckx5 show in-
creased SNS. Our detailed phenotypic analysis demonstrated
that these mutants exhibit enlarged siliques and
increased ovule number, but with normal gametophyte devel-
opment, fertilization, and zygote development, which leads to
increased SNS. Both mutants show increased pistil, placenta,
and silique lengths, which can result in increased ovule
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initiation. The ckx3 ckx5 bzr1-1D triple mutant had a longer
placenta and more ovules than the bzr7-1D mutant, and a
similar placenta length with more ovules than the ckx3 ckx5
mutant (Figure 1F, G). This suggests that CK may improve
ovule initiation by increasing space in the placenta for more
ovules, and BR promotes ovule initiation through other mech-
anisms, and both signals coordinate to promote ovule initiation
and SNS. Based on the results that enhanced CK signaling
partially rescued the SNS phenotypes of BR-deficient or -
insensitive mutants (Figure 7A-C), we speculate that CK is
required for BR-promoted seed number. Taken together, BR
and CK do not function entirely in the same pathway but they
overlap and coordinate to promote ovule initiation (Figure 7D).

Here, we present several lines of evidence that BR and CK
jointly regulate ovule initiation. The gRT-PCR analyses, in which
BR induced the expression of CK-positive marker genes
(Figures 2A, 3A) while CK repressed the expression of
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BR-negative marker genes, suggest that BR positively regulates
the CK response and that CK enhances the BR signal. This was
supported by GFP observations and western blot assays. Based
on GFP fluorescence, BR induced the activity and abundance of
TCS:GFP, and thus the CK response (Figures 2B, C, S2). Based
on the western blot analyses, TCS:GFP protein abundance was
increased in the bzr1-1D background but decreased in the bin2
background, again demonstrating that BR upregulates the CK
signal (Figure 2D). Furthermore, the increased BZR1 protein level
(Figure 3C) and enhanced BZR1-YFP signals in the nucleus in
the CK-enhanced mutant (Figure 3B) imply that CK positively
regulates BR signaling. Finally, the triple mutant with enhanced
BR and CK signaling showed increased transcription of several
ovule initiation genes, suggesting that BR and CK promote ovule
initiation through coregulating ovule initiation genes (STK and
HLL, suggested by the LUC assay, Figure 6D).

Enhanced CK signaling partially rescued the ovule and
SNS phenotypes of BR-deficient or -insensitive mutants (Fig-
ures 7, S4B), which indicated that BR regulates the SNS
partially through a CK-dependent manner. Our finding that
enhanced BR signaling did not rescue the reduced SNS
phenotype in CK-deficient plants, but increased the SNS
phenotype in the CK-enhanced mutant (Figure 7), suggested
that BR also regulates the SNS via a CK-independent pathway
(Figure 7D). Our previous study demonstrated that BR pos-
itively regulates ovule initiation through enhancing the auxin
response and direct transcriptional regulation of downstream
genes involved in early ovule development. Here, we clarified
that some ovule initiation regulators (e.g., AP2) are specifically
regulated by BR, some are directly regulated by CK (e.g., STK;
BR strengthened CK function), and some (e.g., HLL, SHP1/2,
and ANT) are regulated by both BR and CK. Therefore, si-
multaneously enhancing BR and CK signaling induces genes
regulated by BR and CK, as well as the CK-mediated regu-
lators of ovule initiation, thereby promoting ovule initiation and
increasing the SNS (Figure 7D). The new candidate genes
identified by our transcriptomic analysis warrant further in-
vestigation to find more genes involved in BR- and/or CK-
mediated regulation of ovule initiation.

Newly identified candidate genes that promote ovule
initiation and increase the SNS

We identified many candidate downstream genes by tran-
scriptomic comparisons among ckx3 ckx5, bzr1-1D, and ckx3
ckx5 bzr1-1D mutants. We isolated young pistils of floral stage
8 with empty placentae to avoid influencing the transcriptome
analysis. Stigmas and junctions of floral organs were removed
to exclude interference. The set of DEGs included some
known genes, such as three D class genes of the ABCDE
model (STK and SHP1/2) that are involved in development of
the placenta from the carpel margin meristem and early ovule
development (Villarino et al., 2016). Other known genes in-
cluded the transcription factor ANT, regulators HLL and AGL
(Sun et al., 2010; Schmidt et al., 2011; Chen et al., 2012), and
several hormone-related genes (Paponova et al., 2008;
Sun et al., 2010; Schmidt et al., 2011).

www.jipb.net

BR and CK promote ovule initiation and SNS

The expression of marker genes CPD, DWF4, and ARR5/
7/15 was altered in the BR- or CK-related mutants. The
expression of candidate genes STK, HLL, and SHP2 dem-
onstrated that BR and CK regulate ovule initiation by in-
ducing the positive regulators of ovule identity and initiation
(Figure 5F). In addition, our data suggested that BR and CK
increase ovule initiation by coordinately inducing the ex-
pression of positive regulators such as SHP1 and ANT
(Figure S1). These experiments demonstrated that BR and
CK regulate ovule initiation through affecting the expression
of genes involved in ovule initiation.

We detected 18 genes that were upregulated and 189
genes that were downregulated in bzr1-1D and ckx3 ckx5
mutants. As shown in Figure 5, there was almost no overlap
between the BR-upregulated genes and the CK-downregulated
genes, or between the CK-upregulated genes and the BR-
downregulated genes (Figure 5). This suggested that BR and
CK function coordinately to regulate the SNS. A few genes
were upregulated in all three mutants (ckx3 ckx5, bzr1-1D, and
ckx3 ckx5 bzr1-1D), suggesting that BR and CK share a gene
network to promote ovule initiation. The finding that several
genes encoding metabolic enzymes were downregulated in
Ckx3 ckx5, bzr1-1D, and ckx3 ckx5 bzr1-1D suggested that BR
and CK likely suppress some primary metabolic pathways to
conserve energy for cell division and expansion in the placenta,
resulting in enlarged placentae and more ovule primordia.

Interaction of BR and CK signaling pathways in ovule
initiation and SNS

This work demonstrates that the cross-talk between BR and CK
plays important roles in ovule initiation and SNS. BZR1 directly
interacted with ARR1, and treatment with BR and co-treatment
with BR and CK enhanced the interaction between these two
transcription factors, further indicating that enhanced BR sig-
naling increased their effect on ovule initiation via regulation of
common and specific target genes. The gRT-PCR and ChIP
analyses demonstrated that downstream genes were targeted
by BZR1 and/or ARR1, and that enhanced BR and CK signaling
strengthened this targeting. Consequently, BR and/or CK further
induced or repressed these genes to regulate the SNS. ARR1
induced WUS expression (Zhang et al., 2017). STK and HLL, two
ovule initiation genes, were induced by ARR1, and enhanced
BZR1 activity strengthened the ARR1-mediated induction of
STK, HLL, and WUS (Figure 6), suggesting that BR positively
regulates ovule initiation and development through strength-
ening CK signaling (Figure 7D). Furthermore, we conclude that
BR regulates the SNS through a CK-mediated pathway.

INS1, a newly identified gene, was strongly targeted by BZR1
but not significantly targeted by ARR1. Treatment with BR
strengthened the targeting of INS7 by ARR1, while treatment
with CK did not strengthen the targeting of INS7 by BZR1,
suggesting that INS7 regulation is BR specific and that BR might
also regulate the SNS through a CK-independent pathway. Our
results showed that BR regulates genes involved in ovule ini-
tiation and SNS through CK-mediated and -independent path-
ways by strengthening the interaction between BZR1 and ARR1.
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The candidate genes identified here have potential application in
increasing the seed yield of dicot crops.

MATERIALS AND METHODS

Plant materials, growth conditions, and transformation
procedure

All Arabidopsis plant materials were in the Col-0 ecotype
background. The arr? (CS6971), arr10 (CS39989), arr12
(CS6978), arrt arr10 (CS39990), arrt arr12 (CS6981), and arr1
arr10 arr12 (CS39992) mutants and TCS:GFP transgenic lines
were provided by the Arabidopsis Biological Resource
Center. The double mutant ckx3 ckx5 was obtained by
crossing ckx3 (SALK_050938) with ckx5 (SALK_064309). The
triple mutant ckx3 ckx5 bzr1-1D was obtained by crossing
ckx3 ckx5 with bzr1-1D. Because the vegetative growth and
fertility of homozygous mutants of bin2 are very poor, the
experiments involving the bin2 mutant in this experiment
used both homozygous mutants (bin2~~) and heterozygous
mutants (bin2*/~) of bin2 (Li et al., 2001). The triple mutants
ckx3 ckx5 bin2*'~ and ckx3 ckx5 bin2~'~ were obtained by
crossing ckx3 ckx5 with bin2*~ and bin2~/~, respectively.
The triple mutant ckx3 ckx5 det2 was obtained by crossing
ckx3 ckx5 with det2. The bzr1-1D TCS:GFP line was obtained
by bzr1-1D with TCS:GFP, and the bin2*'~TCS:GFP line was
obtained by crossing bin2*/~ with TCS:GFP.

All Arabidopsis plants were grown in soil under glass-
house conditions (22°C; 16-h light: 8-h dark photoperiod for
long-day conditions) or on half- strength Murashige and
Skoog (2 MS) medium (Murashige and Skoog,1962) con-
taining 2% (w/v) sucrose and 0.75% (w/v) agar in a growth
chamber (22°C:18°C, 16-h light: 8-h dark photoperiod). The
35S:CKX3-GFP (pCAMBIA1302) vector was transformed into
wild type (WT) Arabidopsis plants (Col-0), bzr1-1D, and
DWF4-ox. Agrobacterium-mediated transformation was per-
formed using the floral-dip method (Clough and Bent, 1998).

Hormone and inhibitor treatments in culture systems
Flowers were submerged in the medium. In the pistil culture
method, hormone and inhibitor solution was dropped directly
onto a single excised pistil with a pipette as described in a pre-
vious paper (Li et al., 2018). The pistils were immersed in, and
slowly absorbed, the phytohormone solution. The 6-BA and eBL
was dissolved in ethanol to a stock concentration of 10 mmol/L;
mock treatments were performed with distilled water containing
0.2% (v/v) ethanol and 0.01% SilwetL-77. The hormone treat-
ments used in this article are all short-term, high-concentration
treatments (30 min 1 umol/L eBL and 30 min 1 umol/L BRZ).

Construction of vectors

The 1,570-bp coding sequence (CDS) of CKX3 was amplified
by PCR with KOD-FX DNA polymerase and the primers 35:
CKX3-GFP-F and 35:CKX3-GFP-R, and then cloned into
the pCAMBIA1302 vector (digested with EcoRI and Ncol) to
generate the 35S:CKX3-GFP vector. The 1,008-bp CDS of
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BZR1 was amplified by PCR with KOD-FX DNA polymerase
and the primers pGBKT7-BZR1-F and pGBKT7-BZR1-R, and
then cloned into the pGBKT7 vector (digested with Ndel and
BamHI) to generate the pGBKT7-BZR1 vector. Similarly, the
CDS of BZR1 was amplified using the primers pXY104-BZR1-
F and pXY104-BZR1-R, and cloned into the pXY104 vector
(digested with Spel) to generate the pMY304-BZR1 vector;
and with the primers pGEX-4T-1-BZR1-F and pGEX-4T-1-
BZR1-R, and cloned into the pGEX-4T vector (digested with
EcoRl) to generate the pGEX-4T-1-BZR1 vector. The 2,070-
bp CDS of ARR1 was amplified by PCR with KOD-FX DNA
polymerase and the primers pGADT7-ARR1-F and pGADT7-
ARR1-R, and cloned into the pGADT7 vector (digested with
Ndel and BamHI) to generate the pGADT7-ARR1 vector.
Similarly, the ARR1 CDS was amplified with the primers
pXY104-ARR1-F and pXY104-ARR1-R, and cloned into the
pXY104 vector (digested with Spel) to generate the pXY104-
ARR1 vector; and with the primers pET30a*-HIS-ARR1-F and
pET30a*-HIS-ARR1-R, and cloned into the pET30a* vector
(digested with BamHI) to generate the pGEX-4T-1-BZR1
vector. All primer sequences are shown in Table S1.

qRT-PCR assays

Quantitative real-time PCR assays were carried out as de-
scribed previously (Zhang et al., 2016). Primer sequences are
shown in Table S1. For each experiment, three biological
replicates were analyzed.

Confocal imaging analysis

Roots for fluorescence observation were separated from seed-
lings (5 d after germination: DAG), which were grown vertically in
Y2 MS medium containing 2% (w/v) sucrose. Ovules were sep-
arated from pistils of flowers at developmental stages 10 and 11,
and fixed, cleaned, and dyed. For confocal fluorescence mi-
croscopy, after the pistil side was slit open, it was fixed in 4%
paraformaldehyde for half an hour, and then soaked in Clearsee
solution for a week as described before (Kurihara et al., 2015).
Before observation, dissolve calcofluor white (Fluorescent
brightener 28) in Clearsee solution was used to stain the cell wall
of the ovule. For observation, the ovule was sealed with
Clearsee solution and observed with an Upright Laser Confocal
Microscope (Nikon & Nikon Ni-E A1 HD25). The excitation and
emission wavelengths were as follows: calcofluor white, ex-
citation at 405 nm and emission at 425-475 nm; CFP, excitation
at 445nm and emission at 455-505nm; GFP and YFP, ex-
citation at 488 nm and emission at 505-550 nm; and FM4-64
and mCherry, excitation at 561 nm and emission at 575-620 nm.
All samples were observed using the same parameters: confocal
pinhole, 1.2 um; excitation intensity, 15; HV, 30. Details of these
methods are described elsewhere (Jiang et al., 2020).

Identification and characterization of transgenic lines
The 35S:CKX3-GFP transgenic lines were verified with pri-
mers 35S:CKX3-GFP-F4 and GFP. Primer sequences are
shown in Table S1. The phenotype of 21 d old plants and the
leaf shape of transgenic lines were photographed using a
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Canon EOS60D digital camera. The siliques from different
lines were observed under a Leica S8APO stereomicroscope
and photographed with a Leica DFC450 digital camera. Three
biological replicates were analyzed for each line. Silique
length was analyzed using IMAGEJ software (http://rsbweb.
nih.gov/ij/download.html).

Bimolecular fluorescence complementation assays

The CDSs of BZR1 and ARR1 were amplified and cloned into
the pXY106-nYFP and pXY104-cYFP plasmids. The recombi-
nant vectors were co-transformed into Agrobacterium
tumefaciens GV3101. After collection by centrifugation, the
bacterial cells were resuspended in infection solution (10
mmol/L MES, 10 mmol/L MgCl,, and 200 umol/L acetosyr-
ingone) to ODggo=0.6 for infiltration. The prepared suspen-
sions were infiltrated into Nicotiana benthamiana leaves and
the plants were kept in the dark for 2 d. Fluorescent YFP sig-
nals were monitored under a Leica SP8 confocal microscope.

Western blot assays

Protein extraction and immunoblots were performed as de-
scribed previously (Wang et al., 2020). The antibodies used in
this study were anti-GFP, anti-mCherry, anti-BZR1, anti-
TUBULIN A, anti-ACTIN, anti-HIS, and anti-GST. The quan-
tifications of the western blots were made using ImageJ
(https://imagej.nih.goVv/ij/). In each related experiment, the
number of repeats (n) and statistical methods are indicated in
the figure legends.

Yeast two-hybrid assay

The CDSs of BZR1 and truncated or mutated ARR1 were
amplified and cloned into pGBKT7 or pGADT7 (Clontech) and
then transformed into the yeast stain AH109. Yeast trans-
formants were plated onto minimal SD Agar Base (Clontech)
plates supplemented with DO Supplement -Leu/-Trp (Clon-
tech) and further incubated for 4d at 30°C. Finally, well-
grown colonies were plated onto minimal SD Agar Base
(Clontech) plates supplemented with DO Supplement -His/-
Leu/-Trp/-Ade (Clontech) for activity assays.

In vitro pull-down assays

The full-length CDSs of BZR1 and ARR1 were each cloned into
pGEX-4T-1 and pET30a+ to generate BZR1-GST and ARR1-
HIS. These proteins were expressed in, and purified from, E. coli
BL21. Anti-GST antibodies were used to pull-down the protein
complexes, and unbound proteins were removed by washing.
The bound proteins were eluted and analyzed by immunoblot-
ting with an anti-His antibody. GST-BZR1 was incubated with
the HIS-ARR1 and GST beads were used to pull-down the
protein complexes. The proteins were eluted and analyzed by
immunoblotting with anti-HIS or anti-GST antibodies.

In vitro co-immunoprecipitation assays

Proteins were extracted from tobacco epidermal cells co-
expressing ARR1-mcherry and BZR1-GFP, which were
ground in liquid nitrogen to a fine powder. Protein Im-
munoprecipitation was conducted as described previously

www.jipb.net

BR and CK promote ovule initiation and SNS

with the GFP antibody. mCherry-tagged ARR1 and
GFP-tagged BZR1 were detected by western blotting using
the GFP antibody and the mCherry antibody.

Chromatin immunoprecipitation assays

According to a published protocol (Wang et al., 2020), 7 DAG
seedlings of Col expressing pARR1:ARR1-GFP were pre-
pared for analyses after 2 h treatment with 100 nmol/L eBL or
2h treatment with 10umol/L 6-BA. The chromatin extract
was immunoprecipitated with anti-GFP beads. All primer
sequences are shown in Table S1. For all of the ChIP ex-
periments, three biological replicates were analyzed.

Dual LUC assay

According to a published protocol (Wang et al., 2020), the
effector and reporter vectors were co-transformed into A.
tumefaciens GV3101 and were infiltrated into N. benthamiana
leaves and the plants were kept in the dark for 2 d. LUC and
REN activities were quantified and measured with a lumin-
ometer (Promega 20/20). LUC activity was calculated by
normalizing to that of REN. Three independent experiments
(biological triplicates) were performed.
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Dataset S1. Differentially expressed genes (DEGs) of bzr1-1D vs Col,
ckx3 ckx5 vs Col, and ckx3 ckx5 bzr1-1D vs Col

Figure S1. Cytokinin (CK) and brassinosteroid (BR) regulate ovule
initiation

(A) Statistical analysis of seed number per silique of ARR loss-of-
function mutants. Bars represent mean + SD of three biological
replicates (n=15). Asterisks indicate significant difference (Stu-
dent's two-tailed t-test: *P < 0.05; **P <0.01). Quantitative re-
verse transcription polymerase chain reaction (QRT-PCR) analysis
shows the relative expression level of genes involving in ovule
primordia identity and initiation in ckx3 ckx5 (B) and bzr1-1D (C)
and under 30 min 1 umol/L 6-BA and 30 min 1 umol/L eBL treat-
ment (D). Bars represent mean + SD of three biological replicates
(n=15). Asterisks indicate significant difference (Student's two-
tailed t-test: *P < 0.05; **P < 0.01).

Figure S2. Brassinosteroid (BR) enhances cytokinin (CK) signaling
Fluorescence signal of TCS:GFP (the reporter of cytokinin signal) in roots
of 4-DAG seedlings of Col, bzr7-1D and bin2 *'~ (scale bars, 50 um).
Figure S3. BZR1 interacts with ARR1 but doesn't interact with ARR10
(A) Yeast two-hybrid assays show that BZR1 interacts with ARR10. (B)
Bimolecular fluorescence complementation analyses reveal there are
no interactions between ARR10 and BZR1 (scale bar, 50 um). (C) Co-
immunoprecipitation (Co-IP) assays show induction of ARR1 by
brassinosteroid (BR) treatment and co-treatment with CK and BR. Co-
IP assays illustrate interaction between BZR1 and ARR1, and in-
duction of this interaction by 1 umol/L BR treatment, 1 umol/L CK and
co-treatment with 1 umol/L CK and 1 umol/L BR. Western blots were
conducted using tobacco co-expressing ARR1-mcherry and BZR1-
GFP. Proteins were extracted from infiltrated leaves and detected
using antibodies GFP and mCherry. (D) Immunoprecipitation assays
showing induction of ARR1 transcription by cytokinin (CK) and co-
treatment with CK and BR, and induction of BZR1 transcription by BR
and co-treatment with CK and BR. Co-immunoprecipitation assays
illustrating interaction between ARR1 and BZR1, and induction of this
interaction by CK and co-treatment with CK and BR. Western blots
were conducted using inflorescence of pARR1::ARR1-GFP seedlings.
Proteins were extracted from infiltrated leaves and detected using
antibodies to GFP and BZR1.

Figure S4. Enhanced cytokinin (CK) content partially rescues phenotypes
of brassinosteroid (BR)-deficient mutant, but enhanced BR signal can't
rescue CK-deficient mutant

(A) Seedlings (21d after germination: DAG) of det2 and three in-
dependent lines of ckx3 ckx5 det2. (B) Statistical analysis of silique
length and seed number per silique (SNS) of det2 and ckx3 ckx5 det2.
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Bars represent mean + SD of three biological replicates (n=30). As-
terisks indicate significant difference (Student's two-tailed t-test: *P <
0.05; **P < 0.01). (C) gRT-PCR analysis shows relative expression level
of CKX3 gene in Col, 35S:CKX3-GFP, bzr1-1D, bzr1-1D 35S:CKX3-
GFP, DWF4-ox, and DWF4-ox 35S:CKX3-GFP. Bars represent mean +
SD of three biological replicates (n = 30). Asterisks indicate significant
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difference (Student's two-tailed t-test: *P < 0.05; **P < 0.01). (D) Stat-
istical analysis of seed number per silique of Col, arr? and arr1 bzr1-
1D. Bars represent mean + SD of three biological replicates (n=5).
Asterisks indicate significant difference (Student's two-tailed t-test: *P
<0.05; **P < 0.01).

Table S1. Primers used in this work
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