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Abstract

Key message Moderate overexpression of CYP734A4
improves grain number per main panicle and seed set-
ting rate.

Abstract Brassinosteroid (BR) homeostasis and signaling
are crucial for plant growth and development. CYP734A
genes encode cytochrome P450 monooxygenases that con-
trol the level of bioactive BRs by degrading BRs. How-
ever, fertile plants overexpressing CYP734As have not been
reported in rice. Here, we isolated a novel semi-dominant
mutant brd3-D, in which T-DNA was inserted approxi-
mately 4 kb upstream of the CYP734A4 gene (GenBank
Accession AB488667), causing its overexpression. The
mutant is characterized by dwarfism, small grains, and erect
leaves and is less sensitive to brassinolide-induced lamina
joint inclination and primary root elongation. However,
increased grain number per main panicle and improved
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seed setting rate were also found in heterozygous brd3-
D. To our knowledge, these traits have not been reported
in other BR deficient mutants. Quantitative real-time PCR
analysis indicated that phenotypic severity of the brd3-D
mutant is positively correlated with the CYP734A4 tran-
scription level. In accordance with the increased expres-
sion of CYP734A4, a lower castasterone (a rice BR) content
was detected in the brd3-D mutants. Knockout of brd3-D
by using the CRISPR/Cas9 system rescued the mutation.
In addition, transgenic plants overexpressing CYP734A4
with the 35S enhancer mimicked the brd3-D phenotypes,
confirming that moderate overexpression of the CYP734A4
gene can improve grain number per main panicle and the
seed setting rate in rice. Further studies showed that over-
expression of CYP734A4 influences the expressions of
multiple genes involved in the BR pathway, and the expres-
sion of CYP734A4 is induced by exogenous brassinolide,
confirming the negative regulatory role of CYP734A4 in
the BR pathway. CYP734A4 might provide a useful gene
resource for developing new high-yielding rice varieties.

Keywords Rice - Brassinosteroids catabolic gene -
Brd3-D mutant - CYP734A4 overexpression - Grain
number - Seed setting rating - Erect leaf

Introduction

Brassinosteroids (BRs) are plant steroid hormones that are
widely distributed in plants. Thus far, more than 69 types
of BRs have been isolated from different plants, among
which castasterone and brassinolide play roles in many
biological processes, including plant growth and develop-
ment, cell division and elongation, vascular bundle differ-
entiation, photomorphogenesis, male fertility, flowering,
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senescence and seed germination (Bajguz 2011; Gudesb-
lat and Russinova 2011). They can also improve a plant’s
ability to withstand low temperature, high temperature, salt
stress and other adverse conditions (Koh et al. 2007).

BR biosynthesis occurs in a complex metabolic net-
work and can be divided into three steps: (1) formation of
campestanol from campesterol, (2) formation of castaster-
one from campestanol, and (3) formation of brassinolide
from castasterone. Recently, several rice BR biosynthesis
genes functioning in the second step have been isolated.
BRD?2 is involved in converting 24-methylenecholesterol to
campesterol, the precursor of BRs (Hong et al. 2005). D11
and OsDWARF4, which are redundant proteins, function
in C-22 hydroxylation, the rate-limiting step in BR bio-
synthesis (Sakamoto et al. 2006; Tanabe et al. 2005). The
BRDI gene encodes BR-6-oxidase, which regulates multi-
ple C-6 oxidation steps from the late to the early C-6 oxi-
dation pathway (Hong et al. 2002; Mori et al. 2002). The
D2 protein catalyzes the conversions from 6-deoxoteaster-
one to 3-dehydro-6-deoxoteasterone and from teasterone to
3-dehydroteasterone in the late step of the BR biosynthesis
pathway (Hong et al. 2003).

The endogenous level of bioactive BRs is also main-
tained by inactivation of the bioactive forms. In contrast
to BR biosynthesis, fewer advances were made in BR
catabolism in plants. Several BR catabolic genes, includ-
ing BASI, CYP72CI, UGT73C5 and UGT73C6, have been
found in Arabidopsis. Overexpression of these genes led
to BR-deficient phenotypes (Husar et al. 2011; Nakamura
et al. 2005; Neff et al. 1999; Takahashi et al. 2005). How-
ever, little is known about rice catabolic genes. Four BAS]
homologues, including CYP734A2, CYP734A4, CYP734A5
and CYP734A6, but not the CYP72C1 ortholog, have been
found in rice. These genes appear to be upregulated in
response to brassinolide (Thornton et al. 2011; Sakamoto
et al. 2011). In vitro analysis showed that these CYP734As
were multifunctional and multisubstrate P450s, which
inactivate all C-22 hydroxylated BRs, including 6-Deoxo-
cathasterone, Cathasterone, and their downstream prod-
ucts (Sakamoto et al. 2011). Transgenic rice overexpress-
ing CYP734As driven by the rice actinl promoter showed
serious defects in vegetative growth and did not produce
floral organs (Sakamoto et al. 2011). Loss of function of
CYP734A6 leads to a strongly bending lamina phenotype
(Park et al. 2006).

Extensive genetic and biochemical studies in Arabidopsis
have identified almost all major BR signaling components.
Most components of the BR signaling pathway are conserved
between Arabidopsis and rice. However, some BR signaling
components in Arabidopsis have not been identified in rice.
In addition, a number of rice-specific components, includ-
ing OsLIC, OsDLT and OsTUDI, have also been identi-
fied (Zhang et al. 2014). In rice, OsBRI1 and OsBAKI1
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coperceive BRs at the plasma membrane (Li et al. 2009;
Nakamura et al. 2006; Yamamuro et al. 2000). BR binding to
OsBRI1 promotes association with OsBAK1, and inactivates
OsGSK1 and OsGSK2, which are orthologues of Arabidop-
sis BIN2 that functions as a key negative regulator of BR
signaling (Koh et al. 2007; Tong et al. 2012). OsGSK1 and
OsGSK2 repress the activity of OsBZR1, OsLIC and DLT by
phosphorylation. OsBZR1 inhibits the expression of OsLIC
and DLT, whereas OsLIC also inhibits the expression of
OsBZR1I (Bai et al. 2007; Tong et al. 2012; Wang et al. 2008).
OslILIT and OsIBH1 interact antagonistically with each other
and function downstream of OsBZR1. OsBZRI induces
OslILI1, but represses OsIBHI expression, whereas OsLIC
directly represses OsILII to oppose the action of OsBZRI
(Zhang et al. 2009, 2012). 14-3-3 proteins bind phosphoryl-
ated OsBZR1 to retain OsBZR1 in the cytoplasm (Bai et al.
2007). OsMDPI play a negative regulatory role in BR signal-
ing. In OsMDP-deficient plants, expression of OsXTRI was
enhanced and that of OsXTH1 was suppressed. OsXTHI and
OsXTRI encode xyloglucan endotransglycosylase, which is
necessary for cell elongation (Duan et al. 2006). BU! encod-
ing a helix-loop-helix protein is a positive regulator of BR
response (Tanaka et al. 2009). D1 and TUDI act together
to mediate BR signaling; however, the connection between
D1 and OsBRII-mediated BR signaling remains unknown
(Hu et al. 2013; Wang et al. 2006). OsGSR1 activates BR
synthesis by directly interacting with BRD2 (Wang et al.
2009). OsSPY and RAVLI coordinate the expression of genes
involved in BR signaling and biosynthesis (Je et al. 2010;
Shimada et al. 2006).

In this study, a semi-dominant mutant, brd3-D, with
a BR-deficient phenotype was identified as the first fer-
tile mutant caused by overexpression of a rice BR cata-
bolic gene, CYP734A4. Different from other BR defi-
cient mutants, the heterozygous brd3-D mutant displayed
improved grain number per main panicle and seed setting
rate. Knockout of CYP734A4 using the CRISPR/Cas9 sys-
tem rescued the brd3-D mutant phenotype. Furthermore,
transgenic plants overexpressing CYP734A4 with the 35S
enhancer mimicked the heterozygous brd3-D phenotype,
confirming that moderate overexpression of the CYP734A4
gene can increase grain number per main panicle and the
seed setting rate in rice. Our results showed that controlling
the BR level by BR catabolism could be useful for increas-
ing grain yield in crop plants.

Materials and methods

Plant materials and phenotypic analysis

The brd3-D mutant with the genetic background of japon-
ica rice cultivar Zhonghuall was isolated from a T-DNA
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insertion library containing 15000 transgenic rice lines
(Zhu et al. 2001). F2 generation plants from a cross of the
mutant and wild type parent Zhonghuall were used for
genetic analysis. All rice plants were grown under natural
conditions in the paddy field at the China National Rice
Research Institute (119°57'E, 30°03'N). The above-men-
tioned rice materials were obtained from the State Key
Laboratory of Rice Biology, China National Rice Research
Institute.

F2 plants from the cross of the brd3-D mutant and its
original parent, and T1 plants from NO-I transgenic lines
were used for phenotypic analysis. The plant height, inter-
node length, panicle length, grain length and effective tiller
number, grain number per main panicle, seed setting rate,
and thousand seed weight were investigated. Data were
analyzed with IBM SPSS Statistics 20 software.

Hygromycin resistant assay

To determine whether the mutant phenotype was caused
by T-DNA insertion, a hygromycin resistant assay was per-
formed. Fresh blades from the T, generation of the brd3-
D mutant line were sheared into 2—4-cm segments and
placed in two Petri dishes containing a solution of 0.5 mg/L
6-BA and 50 mg/L hygromycin. Care was taken to ensure
the segments were in direct contact with the hygromycin
solution. The experiment was carried out at approximately
26°C under 12-h light/12-h dark cycles for 3 days (Wang
and Waterhouse 1997).

Isolation and sequencing of T-DNA flanking sequence

Thermal asymmetric interlaced PCR (TAIL-PCR) was
used to amplify the rice genome sequence flanking the
T-DNA insertion site (Liu et al. 1995). Specific primers
complementary to the T-DNA left border sequences were
designed to amplify the genome sequence flanking the
T-DNA insertion site. In addition, four arbitrary degener-
ate primers were synthesized (Supplemental Table 2). The
tertiary TAIL-PCR products were recovered, cloned into a
pMDI18-T carrier after purification, and then sequenced by
the Huada Gene Research Institution (Shenzhen, Guang-
dong, China).

DNA extraction and PCR-based co-segregation analysis

Fresh leaves of F, generation plants were used for extract-
ing rice total DNA according to the modified method of
Lu and Zheng (Lu and Zhen 1992). Three primers were
designed to study whether the brd3-D phenotype co-seg-
regated with the T-DNA insertion (Supplemental Table 2;
Fig. 3b). The PCR reaction was carried out as follows:
denaturation at 94 °C for 2 min, followed by 30 cycles of

94 °C for 30 s, annealing at 56 °C for 30 s, 72 °C for 1 min,
and a final extension step at 72 °C for 7 min.

Quantitative real-time PCR analysis

Total RNA was extracted from various plants using the
Qiagen RNeasy Plant Mini Kit (Qiagen, Hilden, Germany).
First-strand cDNAs were synthesized using the Transcrip-
tor First Strand cDNA Synthesis Kit (Roche, Indianapolis,
IN, USA). The cDNAs were assayed by quantitative real-
time PCR using SYBR Green or TagMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA, USA)
on the Applied Biosystems 7900 Real-Time PCR Sys-
tem. The relative expression levels of each transcript were
obtained by normalization to the OsACTI gene. PCR was
carried out as follows: preheating at 95 °C for 10 min, fol-
lowed by 40 cycles of denaturation at 95°C for 15 s and
annealing/extension at 60°C for 1 min. No reverse tran-
scription control and no template control were included in
all qRT-PCR experiments and no non-specific amplifica-
tion was seen. The primers and probes used for quantitative
real-time PCR analysis are listed in Supplemental Table 2.

Plasmid construction and rice transformation

For obtaining mutants with loss of function of CYP734A4,
a CRISPR/Cas9 vector targeting the CYP734A4 gene was
constructed. A 20-bp fragment of the CYP734A4 gene was
assembled into the intermediate vector SK-gRNA. The
gRNA was then inserted into the CRISPR/Cas9 binary
vector pC1300-Cas9 (Wang et al. 2015). For the construc-
tion of the overexpression vector, two overlapped frag-
ments containing the promoter and whole coding region of
CYP734A4 and the 35S enhancer were amplified by PCR
and inserted into the p130035SSI-X binary vector (Fig. 6a).
The two constructs were introduced into rice using the
Agrobacterium tumefaciens-mediated genetic transforma-
tion method (Wu et al. 2010).

Lamina joint bending assay

The lamina joint bending assay was performed at the 3-leaf
stage. One microliter of ethanol containing 0, 10, 1000 ng
of 24-epiBR was spotted on the joint between the lamina
and leaf sheath of homozygous brd3-D, the wild type and
dl. After incubation for 4 days, the angle between the lam-
ina and leaf sheath was measured. Five plants were meas-
ured in each treatment.

The influence of 24-epiBR on primary root elongation

Seeds were soaked in water for 1 day and germi-
nated at 30°C in darkness for 2 days, and then grown in
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nutrient solutions with different concentrations (0, 10, 100,
1000 nM) of 24-epiBR. The primary root length was meas-
ured after the seedlings were cultured for 4 days at 28 °C
under an 18-h photoperiod.

Results

Morphological and genetic characterization
of the brd3-D mutant

The brd3-D mutant was identified from a transgenic rice
line that displayed a dwarf phenotype typical of BR-defi-
cient mutants. The progeny of brd3-D segregated into dis-
crete groups of wild type, weak, and severe dwarf plants
(Fig. 1a), suggesting that the parental dwarf mutants were
heterozygous for a semi-dominant mutation. The homozy-
gous mutant was further crossed with its wild type parent
Zhonghuall. All F1 generation plants exhibited the muta-
tion phenotype. The separation of wild type, weak, and
severe dwarf plants in the F2 generation showed a good fit
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Fig. 1 Phenotype of the brd3-D mutant. a Phenotypes of the wild
type and brd3-D heterozygous (brd3-D/+) and homozygous (brd3-
D/brd3-D) mutants at the flowering stage. Bar 5 cm. b Panicle
morphology and leaf angle of the wild type and brd3-D. Bar 5 cm.
¢ Schematic representation of the elongation patterns of internodes
of the wild type and brd3-D. P panicle, I-IV internodes from top to
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to a 1:2:1 segregation ratio (normal:weak:severe =109:206
:85, X*=1.69 <X?)(5=5.99). The results showed that the
mutation was controlled by a single semi-dominant gene.
The phenotype of the mutant was further characterized
using F2 generation plants under natural field conditions.
Similar to most BR-related mutants, the brd3-D mutant
had crinkly, dark green and erect leaves (Fig. la, b). In
comparison with the wild type, both homozygous and het-
erozygous brd3-D mutants exhibited significantly reduced
plant height (Fig. 1a, c¢). The height of the homozygous
and heterozygous mutant was reduced on average to
about 56.0 and 75.0%, respectively, that of the wild type
plants (Fig. 1c, Supplemental Table 1). A further survey
showed that all internodes of brd3-D were shortened sig-
nificantly, but the homozygous brd3-D had little specific
reduction in the second internode (Supplemental Table 1,
Fig. 1c), which is similar to d61, a BR-insensitive mutant
(Yamamuro et al. 2000). Although plant height was sub-
stantially reduced, there was no significant difference in
panicle length between the homozygous mutant and wild
type, and the panicle of the heterozygous mutant was even
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bottom. d Seed morphology of the wild type and brd3-D. Bar 1 mm.
e Tiller number from the wild type and brd3-D. f Thousand grain
weight of the wild type and brd3-D. g Grain number per main pani-
cle of the wild type and brd3-D. h Seed setting rate of the wild type
and brd3-D. Values are means of ten biological replicates (*P <0.05,
**P<0.01)
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longer than that of the wild type (Fig. lc, Supplemental
Table 1). The grain of brd3-D was significantly smaller
than that of the wild type (Fig. 1d). The number of effective
panicles per plant was reduced significantly by 45.6% in the
homozygous mutant and 25.5% in the heterozygous mutant
(Fig. 1e). The thousand grain weight was reduced by 28.8%
in the homozygous mutant and reduced by 18.4% in the
heterozygous mutant (Fig. 1f). Remarkably, although there
was no significant difference between the homozygous
mutant and wild type, the heterozygous mutant had a sig-
nificantly higher grain number per main panicle (Fig. 1g).
We also found that the heterozygous mutant had a slightly
higher seed setting rate than the wild type (Fig. 1h). Gener-
ally, most traits of the brd3-D mutant were similar to those
of BR-deficient mutants; however, improved grain num-
ber per main panicle and seed setting rate have not been
reported in other BR-deficient mutants.

brd3-D displayed less sensitivity to 24-epiBR

Since some traits of the brd3-D mutant were similar to the
BR-deficient mutants, we further examined whether brd3-
D was sensitive to BR. Previous studies have shown that a
low concentration of BR promotes root elongation, but high
concentrations of BR inhibit root growth in rice (Yama-
muro et al. 2000). Therefore, we measured the length of
the roots under different concentrations of 24-epiBR. The
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Fig. 2 Response of the brd3-D homozygous mutant to 24-epiBR.
a Primary root elongation response to 24-epiBR. The wild type and
homozygous brd3-D were treated with different concentrations of
24-epiBR (from left to right: 0 nM, 1 nM, 10 nM, 100 nM, 1000 nM).
Primary root length was measured on day 4 after germination. Bar

(B)

Degree of lamina
joint bending (<)

result showed that 1 nM 24-epiBR promoted root elon-
gation, but 10 nM or higher concentrations of 24-epiBR
(24-epibrassinolide) inhibited root growth in the wild type
and brd3-D. However, the brd3-D mutant showed less sen-
sitivity to high concentrations of 24-epiBR than the wild
type (Fig. 2a).

Lamina joint inclination is one of the most sensitive BR
responses in rice (Zhang et al. 2009). To further confirm
that brd3-D is a less sensitive BR mutant, a lamina joint
inclination assay was performed. When treated with dif-
ferent concentrations of 24-epiBR, both brd3-D and wild
type plants showed enhanced bending of the lamina joint
in a dose-dependent manner. However, in contrast to the
wild type, the degree of lamina joint bending of brd3-D
was lower under all treatments. The lamina joint bending
of brd3-D at 1000 ng/uL. was almost the same as that of
the untreated wild type (Fig. 2b). The results further sug-
gest that the brd3-D mutation reduces BR responses in rice.

T-DNA insertion co-segregates with the brd3-D mutant

Transgenic plants expressing the hygromycin phospho-
transferase gene can be identified by a hygromycin resist-
ant assay (Wang and Waterhouse 1997). To determine
whether the mutation phenotype is caused by T-DNA
insertion, 120 T1 generation plants of the brd3-D mutant
line were used for co-segregation analysis according to

wild type
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1 cm. b The dose response to 24-epiBR of the bending angle in
the wild type and homozygous brd3-D mutants at the 3-leaf stage
(from left to right: 0 ng/uL, 10 ng/uL, 1000 ng/uL). Values are the
means + SD of five biological replicates. (*P <0.05, **P <0.01)
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the leaf response to hygromycin. The segments from the
brd3-D mutant remained green after 3 days in the hygro-
mycin solution, while all the leaves from the wild type
exhibited brown, necrotic, water-soaked lesions under
the same condition (Supplemental Fig. 1a). The results
suggest that the mutation phenotype could be caused by
T-DNA insertion.

Since the mutation could be caused by a T-DNA inser-
tion, we used the TAIL-PCR method to obtain the genomic
sequence flanking the T-DNA insertion in the brd3-D
mutant (Liu et al. 1995). The tertiary TAIL-PCR products
were cloned into pMDI8-T vectors and then sequenced
(Supplemental Fig. 1b). Sequence analysis indicated that
the T-DNA was inserted approximately 4 kb upstream of
the CYP734A4 gene of the PAC clone P0O457B11, which
is located on the sixth chromosome. Both the annotation
results of the RiceGAAS system and alignment between
the full-length cDNA (002-114-A02) and the genomic
sequence of CYP734A4 showed that the CYP734A4
gene contains five exons and four introns (Fig. 3a). The
CYP734A4 full-length cDNA encodes a cytochrome P450
family protein of 538 amino acid residues, which inac-
tivates C-22 hydroxylated BRs in vitro (Sakamoto et al.
2011).

(A)

Ninety F, generation plants were genotyped to further
study whether the brd3-D phenotype co-segregated with the
T-DNA insertion (Fig. 3b). Homozygous mutants were also
found to be homozygous for the T-DNA insertion because
only the 500-bp bands were amplified by the P1 and P2
primer pairs (Fig. 3c). Normal phenotype plants were found
with no T-DNA insertion because only the 623-bp bands
were amplified by the P1 and P3 primer pairs (Fig. 3¢c). Both
the 500-bp and 623-bp bands were amplified from heterozy-
gous mutants, which showed their heterozygous nature for
the T-DNA insertion (Fig. 3c). These results further suggest
that the brd3-D phenotype is caused by the T-DNA insertion.

Expression of the CYP734A4 gene is increased
drastically in brd3-D

In the brd3-D mutant, T-DNA carrying cauliflower mosaic
virus 35S enhancer sequences on its right border, was
inserted approximately 4 kb upstream of the CYP734A4
gene. Therefore, we speculated that the 35S enhancer
sequence may enhance the transcription of CYP734A4 in
brd3-D. The mRNA expression levels of the CYP734A4
gene in different organs of the wild type and brd3-D het-
erozygous and homozygous mutants were quantified by
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Fig. 3 Schematic diagram of brd3-D and cosegregation analysis of
T-DNA and the brd3-D phenotype. a Schematic diagram of the brd3-
D gene. T-DNA was inserted approximately 4 kb upstream of the
CYP734A4 gene, which contains five exons and four introns. Exons
are indicated with boxes, coding region with filled boxes, and introns
with lines between boxes. b Schematic diagrams of the genotyping.
P forward primer from rice genome flanking the left end of the
T-DNA, P2 reverse primer in T-DNA, P3 reverse primer from rice
genome flanking the right border of the T-DNA. The P1 and P2 prim-
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ers produced a 500 bp PCR fragment from the T-DNA insertion DNA
template; P1 and P3 primers produced a 623-bp PCR band from the
wild type DNA, while no PCR band was obtained from the T-DNA
insertion template because the expected fragment was too large to
amplify. ¢ Genotyping of F2 plants derived from a cross between
brd3-D and its parent Zhonghuall. A1-A7, Homozygous mutants
(brd3-D/brd3-D); B1-B7, Heterozygous mutants (brd3-D/+); C1-C7,
wild type plants; M marker
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real-time RT-PCR analysis. In the wild type, the highest
expression level of CYP734A4 was found in the leaf blades,
followed by roots, leaf sheath, node, panicle and internode
(Fig. 4a). Compared with the wild type, the expression lev-
els of CYP734A4 in all organs were significantly increased
in the brd3-D mutant. CYP734A4 in the leaf blade was
increased by about 38 fold in the brd3-D homozygous
mutant and by about 22-fold in the heterozygous mutant
(Fig. 4b). Moreover, CYP734A4 in both the brd3-D
homozygous and heterozygous mutants showed a similar
expression pattern as that in the wild type (Fig. 4a, b). The

results suggested that the T-DNA insertion resulted in over-
expression of the CYP734A4 gene in brd3-D, and the sever-
ity of the brd3-D phenotype was positively correlated with
the expression level of CYP734A4 in the transgenic line.
Because the CYP734A4 gene is involved in BR catab-
olism, we quantified the contents of castasterone and
brassinolide, which are the most potent BRs in plants. As
expected, in comparison to the wild type, the castasterone
content was reduced by 94.31, 94.32, 94.02% in leaf blade,
stem, and panicle in the homozygous brd3-D mutant,
respectively (Fig. 4c). A previous study showed that there
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is no or little brassinolide in rice (Nakamura et al. 2006).
Similarly, we did not detect any brassinolide in either the
wild type or the homozygous brd3-D mutant.

Knockout of the CYP734A4 gene by CRISPR/Cas9
rescues the brd3-D phenotype

To elucidate the effects of reduced CYP734A4 expression, a
CRISPR/Cas9 vector targeting CYP734A4 was constructed
(Wang et al. 2015) and transformed into the wild type cul-
tivar Zhonghuall using the Agrobacterium tumefaciens-
mediated genetic transformation method. Five homozy-
gotes with frameshift mutations in the CYP734A4 gene
were identified by sequencing. However, none of these
plants showed obvious changes in leaf morphology, leaf
angles or seed sizes compared with those of the wild type
plants (Supplemental Fig. 2). BLASTp analysis showed
that CYP734A4 had high identity with CYP734A2 (78%),
CYP734A6 (69%) and CYP734A5 (58%) in rice (Supple-
mental Fig. 3). Therefore, it is suggested that the unaltered
phenotype under reduced expression of CYP734A4 could
be due to the functional redundancy of CYP734As in rice.
To prove that overexpression of the CYP734A4 gene is
responsible for the brd3-D phenotype, the CRISPR/Cas9
construct targeting CYP734A4 was also transformed into
homozygous brd3-D mutants. A frameshift mutation in the
CYP734A4 gene restored the homozygous brd3-D plant to a
wild type phenotype (Fig. 5a, b). We therefore concluded that
CYP734A4 is the gene responsible for the brd3-D mutation.

Overexpressing CYP734A4 with the 35S enhancer
mimicked the brd3-D phenotypes

Phenotypic analysis of the brd3-D mutant showed that the
moderate overexpression of CYP734A4 improved the grain
number per main panicle, panicle length, and seed set-
ting rate. To further confirm the function of CYP734A4,
a T-DNA construct containing CYP734A4 with the 35S
enhancer was generated and transformed into the rice
cultivar Nipponbare (Fig. 6a). One transgenic line with a
mild phenotype was selected for detailed analysis. In these
transgenic plants, the expression level of CYP734A4 was
increased significantly (Fig. 6b). These transgenic plants
showed reduced plant height (Fig. 6¢) and lamina joint
bending (Fig. 6d). These plants also exhibited an increase
in total grain number (Fig. 6¢) and filled grain number per
main panicle (Fig. 6f), panicle length (Fig. 6g), and seed
setting rate (Fig. 6h), but a decrease in the thousand grain
weight (Fig. 61, j). These results suggested that manipulat-
ing the expression of CYP734A4 can reduce lamina joint
angle and improve grain number and seed setting rate in
rice.
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Fig. 5 Knockout of the CYP734A4 gene with the CRISPR/Cas9 sys-
tem rescues the brd3-D phenotype. a Phenotypic differences between
the homozygous brd3-D with a frameshift mutation in the CYP734A4
gene (brd3-D-a4) and the homozygous brd3-D plant (brd3-D/brd3-
D). Bar 10 cm. b Partial nucleotide sequence of the brd3-D-a4 and
wild type alleles. 28: the amino acid number from the translation start
site. Amino acid changes in brd3-D-a4 are represented in red in com-
parison to the reference gene

CYP734A4 plays a role in regulating BR homeostasis
in vivo

BR homeostasis is controlled by both BR biosynthesis
and BR catabolism. Exogenous BR reduces the expres-
sion of BR biosynthesis genes, while BR deficiency
induces their expression (Tong et al. 2009). However,
little is known about the role of BR catabolic genes
on BR homeostasis in rice. To investigate the in vivo
function of CYP734A4 in regulating BR homeosta-
sis, we monitored changes in CYP734A4 expression in
response to 1000 nM 24-epiBR treatment using quanti-
tative real-time RT-PCR. The mRNA levels in the wild
type were dramatically increased 8 h after BR treatment
and by more than 50 times at 48 h (Fig. 7a). Consist-
ently, expressions of BR biosynthetic genes, including
BRD2, D2 and OsDWARF4, were significantly increased
and expressions of BR catabolic genes, including
CYP734A5 and CYP734A6, were significantly reduced
in the brd3-D mutant (Fig. 7b). These results confirmed
that CYP734A4 is involved in regulating BR homeostasis
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NO-1

Fig. 6 Overexpression of CYP734A4 under the control of the wild
type CYP734A4 promoter together with the CaMV 35S enhancer
recapitulates the brd3-D phenotype. a Schematic diagrams of the
overexpression construct pN208OX. Pol PolyA terminator, Hpt
hygromycin phosphotransferase gene, Nos nos terminator, CYP734A4
cDNA sequence coding for CYP734A4, P734A4 rice CYP734A4
promoter, 35SE 35S enhancer. b Gross morphology of NO-I1 (a
transgenic positive plant from the T1 generation) and the wild type
(a transgenic negative plant from the T1 generation). Bar 10 cm. ¢
Real-time PCR analysis results of the CYP734A4 transcripts in the

in vivo. We also found that the expression of BRDI was
decreased in brd3-D (Fig. 7b), suggesting that BRDI
transcripts could be regulated in a feed-forward manner.

Overexpression of CYP734A4 affects expression of BR
signaling genes

To further investigate the underlying molecular basis of
the brd3-D phenotype, we tested the effects of the brd3-D

leaf blade of NO-1 and the wild type. The levels of the CYP734A4
transcript in the wild type plants were arbitrarily set to 1. Values are
the mean =+ SD of three replicates. d Panicle morphology of NO-I and
the wild type. Bar 5 cm. e Grain number per main panicle of NO-1
and the wild type. f Filled grain number per main panicle of NO-1
and the wild type. g Main panicle length of NO-1 and the wild type. h
Seed setting rate of NO-1 and the wild type. i Thousand grain weight
of NO-1 and the wild type. j Grain morphology of NO-1 and the wild
type. Values are the means of five biological replicates (*P <0.05,
**P<0.01)

mutation on the BR signaling genes through quantitative
real-time PCR. OsBRI1 and OsBAK1 mediate BR sign-
aling at the plasma membrane (Li et al. 2009; Nakamura
et al. 2006). The expression of OsBRII and OsBAKI
was increased in brd3-D (Fig. 7¢). In rice, the OsBZR1
protein mediates feedback inhibition of BR biosyn-
thetic genes (Bai et al. 2007). Interestingly, a decreased
expression of OsBZRI was found in brd3-D (Fig. 7c).
OsBZR]1 inhibits the expression of OsLIC. Consistently,
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Fig.7 CYP734A4 regulates BR homeostasis in vivo. a Expression
of CYP734A4 in response to 24-epiBR in the wild type. 2-month-old
rice plants were incubated in solutions of 1000 nM 24-epiBR and
leaves were collected at 0, 2, 8, 24, 48, 96 h after treatment. The lev-
els of the CYP734A4 transcript at 0 h were arbitrarily set to 1. b Real-
time PCR analysis results of the transcripts of BR biogenesis and BR
catabolism-related genes in the leaves of the wild type and homozy-
gous brd3-D. ¢ Real-time PCR analysis results of the transcripts
of genes related to BR signaling in the leaves of the wild type and
homozygous brd3-D. The transcript levels of all tested genes in the
wild type were arbitrarily set to 1. Values were obtained from three
independent experiments

expressions of OsLIC were enhanced in brd3-D (Fig. 7c).
OsBZRI induces OsILII, but represses OsIBHI expres-
sion. In brd3-D, the expression of OsIBHI was increased
(Fig. 7c). It has been reported that the expression of
OsXTH]1 is decreased and that of OsXTRI is increased in
OsMDP]-deficient plants that exhibited enhanced lam-
ina joint inclination (Duan et al. 2006). Interestingly, the
expression of OsXTRI was decreased in brd3-D (Fig. 7c).
We also found elevated levels of /4-3-3 and decreased
levels of BUI (Fig. 7c). These results suggested that a
complicated regulation mechanism underlies the BR sign-
aling pathway.
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Discussion

Control of BR catabolism and BR homeostasis is important
for plant growth and development. However, little is known
about BR catabolism, and fertile plants overexpressing
BR catabolic genes have not been reported in rice. In the
present study, a semi-dominant mutant brd3-D with a BR-
related dwarf phenotype was isolated from a rice T-DNA
insertion library and the T-DNA was inserted approxi-
mately 4 kb upstream of the BR catabolic gene, CYP734A4.
Gene expression analysis revealed that the expression of
CYP734A4 dramatically increased in the brd3-D mutant,
and the severity of the brd3-D phenotype was correlated
with the expression level of the CYP734A4 gene. Trans-
genic brd3-D mutants harboring a frameshift mutation
in the CYP734A4 gene rescued the mutation. In addition,
transgenic plants overexpressing full-length CYP734A4
cDNA under the control of the wild type CYP734A4 pro-
moter together with the CaMV 35 S enhancer recapitulated
the brd3-D phenotype. These results demonstrated that
overexpression of the CYP734A4 gene was responsible for
the brd3-D phenotype. The expression of CYP734A4 was
dramatically increased by treatment with 24-epiBR in the
wild type, and the expressions of BR biosynthetic genes
were significantly increased (Fig. 7a, b). These results sug-
gest that CYP734A4 plays a role in modulating bioactive
BR levels in vivo.

In  Arabidopsis, it has been reported that
CYP734A1/BAS1 is involved in BR degradation, and over-
expression of BASI caused a BR-deficient phenotype (Neff
et al. 1999; Turk et al. 2005). In rice, four BASI homo-
logues, including CYP734A2, CYP734A4, CYP734A5,
CYP734A6, have been found. All four rice CYP734As
showed high identities with BAS1 (ranging between 50.5
and 60.2%). In vitro analysis showed that rice CYP734As
can catalyze inactivation of BRs (Sakamoto et al. 2011).
Furthermore, the present study demonstrated that over-
expression of the CYP734A4 gene resulted in the brd3-D
phenotype, such as dwarfism, small grains, erect and dark
green leaves, high grain number per main panicle, and high
seed setting rate (Fig. 1). BAS1 and CYP734As exhibit
high sequence identity and share a similar function, sug-
gesting that the mechanisms controlling BR inactivation
are conserved in monocots and dicots.

Previously, BR was shown to have opposing effects
on root meristem size, depending on its site of action
(Vragovi€ et al. 2015). Our results showed that the brd3-D
mutant, different from other BR-deficient mutants, exhibits
increased grain number per main panicle and an improved
seed setting rate. It is possible that the spatiotemporal over-
expression of CYP734A4 caused specific BR degradation,
which resulted in the brd3-D phenotype. In addition, the
brd3-D phenotype might also be caused by inactivation of a



Plant Mol Biol (2017) 93:197-208

207

series of intermediate products for BR biosynthesis. It can-
not be excluded that CYP734A4 plays a role in the metabo-
lism of other steroids that affect plant architecture.

Rice BR-related mutants showed distinctive internode
elongation features. In the mild BR mutants, including
dll, d2, and d61-1, the second internodes were com-
pletely stunted but the other internodes were elongated
(Hong et al. 2003; Tanabe et al. 2005; Yamamuro et al.
2000). The brd2 and d61-2 mutants with intermediate
phenotypes had a specific reduction from the second to
the fourth internodes (Hong et al. 2005; Yamamuro et al.
2000). The brdi-1 and brdI-2 mutants with severe phe-
notypes showed elongation at the neck internode (Hong
et al. 2002). In the heterozygous brd3-D mutants, the
length of each internode was almost uniformly shortened
(Fig. 1c), resulting in an elongation pattern similar to that
of the wild type plant. However, the homozygous brd3-
D exhibited little specific reduction in the second inter-
node (Fig. lc; Supplemental Table 1), but the phenotype
was far less conspicuous than that of d/1, d2, and d61-1.
Therefore, the internode elongation pattern of brd3-D is
different from those of previously isolated rice BR-related
mutants.

Different from mutants deficient in BR biosynthesis,
which exhibit supersensitivity to 24-epiBR, the brd3-D
mutant was less sensitive to 24-epiBR. Because the brd3-
D mutant displayed significantly higher transcription of the
CYP734A4 gene, we inferred that an increased CYP734A4
mRNA level produced more CYP734A4 protein in this
mutant, which resulted in 24-epiBR degradation and less
available 24-epiBR to bind the BR receptor in brd3-D.

Both the overproduction and a mild deficiency of
BR can enhance grain yields under certain conditions.
Increased BR levels in specific tissues produce more and
heavier seed, thus increasing per-plant grain yields (Wu
et al. 2008). In contrast, an overall reduction in BR levels
results in lower per-plant grain yields due to reduced seed
number and size. However, reduced BR levels or sensitiv-
ity make leaves more erect. Erect leaves enable planting
at higher densities and increase the grain yield per plot
(Morinaka et al. 2006; Sakamoto et al. 2006). These results
suggest that manipulating BR levels by catabolism can
improve crop yield. Our results revealed that overexpres-
sion of CYP734A4, a catabolic gene, showed a phenotype
with erect leaves in the brd3-D and NOI mutants. Sur-
prisingly, different from previously reported BR-deficient
or insensitive mutants, the heterozygous brd3-D and NOI
mutants also exhibited increased seed setting rate and num-
ber of seeds in the main panicle (Figs. 1g, h, 6e, h). These
traits are valuable for increasing seed yield. Therefore,
CYP734A4 might provide a useful gene resource for devel-
oping new high-yielding rice varieties.
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