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ABSTRACT

In two cases, mutations in the same brassinosteroid-related genes caused different phenotypes in japonica varieties
Nipponbare and Taichung 65. The mutant phenotypes were less severe in the Taichung 65 background than in the Nip-
ponbare background. Three newly isolated brassinosteroid-insensitive mutants (¢61-1N, d61-11, and d61-12) derived
from a Nipponbare mutant library were found to be alleles of 61, which represent defects in the OsBRII gene. Al-
though the Nipponbare-derived mutant ¢61-1N had the same nucleotide substitution as the previously characterized
Taichung 65-derived mutant d61-1T, these two mutants showed different phenotypes for plant stature, internode elon-
gation pattern, and seed shape; in each case, d61-1N (in the Nipponbare genetic background) had the more severe mu-
tant phenotype. Similar trends were seen for phenotypes caused by mutants of @2, a brassinosteroid biosynthesis gene.
Consistent with these phenotypes, the expression of brassinosteroid-responsive genes was lower in the Nippon-
bare-derived mutants. These results can be explained by our findings that feed-forward up-regulation of OsBR/1 did not
occur in the Nipponbare-derived mutants and that an mPing transposon is inserted into the promoter region of Nippon-
bare OsBRI1. Based on these results, we conclude that the expression of OsBRI1, especially its feed-forward up-regula-
tion, is misregulated in wild-type Nipponbare and in brassinosteroid-related mutants in a Nipponbare genetic back-
ground. Although Nipponbare is a model rice genotype, it can be categorized as an OsBRI1 mutant that has reduced
sensitivity to brassinosteroid.
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1. Introduction oxidase is encoded by CYP8541/0sDWARF [8,9].
CYP904s, which are encoded by CYP9043/0OsCPD1 and
CYP9044/0sCPD?2, are also believed to be involved in
brassinosteroid biosynthesis in rice, although their cata-
lytic function has not been clarified [10]. Because the
most biologically active brassinosteroid, brassinolide, has
been detected in Arabidopsis and some other dicot plants
but not in rice, the precursor of brassinolide, castasterone,
is believed to act as the bioactive brassinosteroid in rice
[11]. Consistent with this hypothesis, only a single copy
of the CYP854 gene is found in the rice genome, whereas
duplication of this gene has occurred in most dicots and
one of the genes in each pair encodes a brassinolide syn-
thase function [12].

Genetic and molecular studies have also identified key
components of the brassinosteroid signaling pathway,
which include membrane receptor kinases (BRI1 and
SERKSs including BAKZL), intracellular kinases (BIN2
and BSKs) and phosphatase (BSU1), and nuclear tran-
“Corresponding author. scription factors (BES1 and BZR1); subsequent bio-

Brassinosteroids are essential phytohormones for various
growth and developmental processes in higher plants
such as cell and stem elongation, dark-adapted morpho-
genesis (skotomorphogenesis), responses to environmen-
tal stress, and tracheary element differentiation [1-3]. The
major pathway for brassinosteroid biosynthesis was elu-
cidated in Arabidopsis, and a number of dwarf mutants
have been identified as brassinosteroid deficient [4,5].
Brassinosteroid biosynthesis starts with the plant sterol
campesterol, and the bioactive brassinosteroids, castas-
terone and brassinolide, are synthesized by sequential
reactions catalyzed mainly by six enzymes. Among the
six major enzymes involved in brassinosteroid biosynthe-
sis in plants, four are cytochrome P450 monooxygenases.
In rice, C-22 hydroxylase is encoded by CYP90B2/
OsDWARFA and CYP724B1/D11 [6]; C-23 hydroxylase
is encoded by CYP90D2/D2 and CYP90D3 [7]; and C-6
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chemical studies have revealed many details about sig-
naling events from brassinosteroid perception at the cell
surface to gene expression in the nucleus [13,14]. In rice,
the putative brassinosteroid receptor gene OsBRI1, and
its loss-of-function mutants, 461, have been identified
[15]. Although the first two d61 mutants identified were
weak alleles, each having a single amino acid substitu-
tion, subsequent analysis added eight alleles including
four null mutants having severely malformed phenotypes
[16]. Two other brassinosteroid-insensitive rice mutants,
dwarf and low-tillering (dlf) and leaf and tiller angle
increased controller (lic), have recently been identified
[17,18]. DLT encodes a GRAS-family transcription fac-
tor and probably acts downstream of a putative rice
BZR1 ortholog. OsLIC encodes an ancestral and unique
CCCH-type zinc finger protein and probably acts as an
antagonistic transcription factor of a putative rice BZR1
ortholog. dlt and /ic-1 showed semi-dwarf and erect-leaf
phenotypes, which were also observed for the weak al-
leles of d61, suggesting that such phenotypes are com-
mon in brassinosteroid-insensitive rice mutants.

In this study, we have characterized three rice mutants
having dwarf and erect-leaf phenotypes. Because these
mutants also showed a short-grain phenotype that was
not observed in previously identified d61 alleles, we hy-
pothesized that these mutants have defects in novel
brassinosteroid signaling components.

2. Materials and Methods

2.1. Characterization of New
Brassinosteroid-Related Mutants

To obtain brassinosteroid-related mutants, we performed
large-scale screening of rice mutant collections that were
produced by using a retrotransposon (7os17), chemical
mutagens, and p-ray irradiation. Three candidate lines
(d61-1N, d61-11, and d61-12) were obtained from a
Nipponbare library of tissue culture-induced mutations
[19]. Seeds of wild-type Nipponbare and the mutants
were sterilized in 1% NaCIlO for 30 min and sown on
Murashige and Skoog agar medium. For the initial phy-
tohormone treatment, seedlings were grown in a growth
chamber at 28°C under continuous light for 2 weeks, and
then transplanted into medium containing 10 nM brassi-
nolide. For the subsequent field experiments, seedlings
were grown for 1 month in a greenhouse, and then trans-
planted into a paddy field. For the gene expression
analysis, we selected 10-day-old seedlings that exhibited
uniform growth and adapted them to hydroponic culture
for 2 days before treatment. Brassinolide treatment (100
nM) was carried out by adding the pure chemical to the
culture medium. Whole seedlings were harvested 3 h
after the treatment and used for RNA isolation as de-
scribed below.
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2.2. Mapping and Sequence Analyses

For the mapping of each mutant, we performed linkage
analysis using an F, population of about 2000 plants de-
rived from crosses between the Nipponbare-derived mu-
tant (japonica) and wild-type Kasalath (indica). The mu-
tation sites of all three candidate lines were mapped onto
the long arm of chromosome 1, tightly linked to the d61
locus (OsBRI1 gene). The nucleotide sequence of the
OsBRI1 gene (from positions —4825 to +4571, taking the
translation initiation site as +1) from these three lines,
Nipponbare, and Taichung 65 was determined by using a
dideoxynucleotide chain-termination method using an
automated sequencing system (ABI377; Applied Biosys-
tems, Foster City, CA, USA), and was analyzed by using
the Lasergene software (DNAStar, Inc., Madison, WI,
USA).

2.3. Plasmid Constructs and Plant
Transformation

For complementation of the d61-1N mutant, we ampli-
fied the wildtype (Nipponbare) genomic sequence of D61
(OsBRIL1) from -4825 to +4571 (taking the translation
initiation site as +1) by PCR and cloned into pBluescript
Il SK (Stratagene, La Jolla, CA, USA). The sequence of
the amplified fragment was determined as described
above, and the fragment was then cloned into the hy-
gromycin-resistant binary vector pPCAMBIA 1300. The
resulting construct was introduced into Agrobacterium
tumefaciens strain EHAL05, and Agrobacterium-medi-
ated transformation of the d61-1N mutant was performed
as described [20]. Transgenic plants were selected on
medium containing 50 mg-L™" hygromycin.

2.4. Gene Expression Analysis

Total RNA was extracted from whole seedlings by using
an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA).
Single-strand cDNAs were synthesized by using the Ad-
vantage RT-for-PCR Kit (Clontech, Palo Alto, CA, USA).
Quantitative RT-PCR was performed with an iCycler iQ
real-time PCR system (Bio-Rad Laboratories, Hercules,
CA, USA). The primer sequences were 5’-GTAGCCAG
CTTGATCTCATCTC-3’ and 5’-GGGACGACTCTAC
TGCATCA-3’ for BUL, 5’-TGATCCATTCCTGTACC
CTG-3’ and 5’-TACCTTCTTCCTCCCATCTG-3’ for
CYP8541, 5-CAGCTACTTGGCTATCTTGAAGCTC
AGC-3’ and 5-CCATTCTTGTTGAAGGTGTACTCC
GTGC-3° for OsBRI1, and 5-CGCCAGTTTGGTC
GCTCTCGATTTCG-3" and 5-TCAGGAGCTCCGTG
CTCTTCTGGTAC-3’ for Histone H3. These primers
specifically amplified the target gene sequences. Expres-
sion levels were normalized against the values obtained
for Histone H3, which was used as an internal reference
gene.
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3. Results and Discussion

3.1. Isolation of Three Mutants with
Brassinosteroid-Insensitive Phenotypes

As the result of a large-scale screening of rice mutant
collections, we identified three lines that showed the
morphological characteristics of brassinosteroid-related
mutants, namely dwarf plant stature and erect leaves.
These mutants were obtained from a Nipponbare library
of tissue culture-induced mutations [19]. The most well-
known physiological effect of brassinosteroids on growth
and development of rice is the increasing of leaf angle
(leaf lamina inclination), which has been used as a sensi-
tive bioassay for brassinosteroids [21-24]. When wild-
type seedlings were treated with brassinolide, the leaf
angles increased (Figure 1(a)). However, exogenously
applied brassinolide did not affect the leaf angle of the
mutants (Figures 1(b)-(d)), suggesting that these mutants
are brassinosteroid insensitive. Previously isolated bra-
ssinosteroid-insensitive rice mutants have been catego-
rized into two groups on the basis of leaf morphology
and gross morphology. Plants exhibiting a group-1 phe-
notype formed only abnormal leaves with stiff, tortuous
blades, and their leaf sheaths were scarcely developed.
These plants did not flower, exhibit internode elongation,
or bear seeds. These phenotypes were observed in d61-3,
d61-4, d61-5, and d61-6 [16]. Plants exhibiting a group-2
phenotype showed a range of semi-dwarf phenotypes
(about 70% - 95% height of wild-type). The leaves of
these plants were erect, but the other abnormal pheno-
types such as twisted leaf blades were not observed. Re-
productive development of group-2 phenotype plants
seems normal. These phenotypes were observed in

Figure 1. Effect of exogenous brassinolide treatment on the
leaf angle of wild-type and mutant seedlings. (a) Wild-type
Nipponbare; (b) d61-1N; (¢) d61-11; (d) d61-12. Each panel
shows 2-week-old seedlings transplanted into MS medium
containing either 10 nM brassinolide dissolved in ethanol
(right) or ethanol alone (left) and grown for another 2
weeks. Bars, 10 cm.

Copyright © 2013 SciRes.

d61-1, d61-2, d61-7, d61-8, d61-9, dit, and lic-1 [15,
17,18,25]. Because the gross morphology of newly iso-
lated three mutants were ranged between group-1 and
group-2 (discuss below), we hypothesized that these mu-
tants had defects in one or more novel brassinosteroid
signaling components or had novel defects in one or
more previously identified brassinosteroid signaling
components.

3.2. The Three New Brassinosteroid-Insensitive
Mutants Were New d61 Alleles

For the mapping of each mutant, linkage analysis was
performed using an F, population of ~2000 plants de-
rived from crosses between the mutant (japonica) and
Kasalath (indica) varieties. The mutation sites of all three
mutant lines were mapped onto the long arm of chromo-
some 1, tightly linked to the d61 locus (OsBRI1 gene).
OsBRI1 encodes the rice ortholog of Arabidopsis BRI1, a
leucine-rich-repeat receptor-like kinase that functions as
a brassinosteroid receptor [15]. Sequence analysis of
OsBRI1 revealed that one of the three lines had a single
nucleotide substitution (ACC to ATC) that resulted in a
substitution of amino acid residue Thr-988 (in the kinase
domain) with lle. Because the same nucleotide substitu-
tion was found in the previously characterized d61-1
mutant, in this paper, we designated this new mutant al-
lele as d61-1N (d61-1 from wild-type Nipponbare) and
renamed d61-1 as d61-17 (d61-1 from wild-type Tai-
chung 65). The other two lines (¢61-11 and ¢61-12) had
single nucleotide substitutions (GGG to GAG and GGG
to AGG) that resulted in substitution of amino acid resi-
due Gly-643 in the leucine-rich repeats with Glu and Arg,
respectively (Figure 2(a)). The mutant phenotype of
d61-1N was complemented by the introduction of a 9.4-
kb genomic segment containing the OsBRI1 gene (from
positions —4825 to +4571, taking the translation initiation
site as +1; Figure 2(b)). Based on these results, we con-
clude that abnormal phenotype of d61-1N is caused by a
defect in the OsBRI1 gene, and considered that all three
lines identified in this study contain novel d61 mutant
alleles.

3.3. Phenotypic Variation in the d61 Mutants

The previously identified brassinosteroid-insensitive d61
alleles could be categorized into two groups (weak and
strong alleles) by their leaf and gross morphology [16,25].
The culm length of Taichung 65, the strain from which
d61-1T was derived (hereafter, “original strain”), was
about 110 cm, whereas that of weak allele d61-17 was
about 75 cm (Figures 3(a) and (b)). In wild-type rice, the
leaf blade bends away from the vertical axis of the leaf
sheath toward the abaxial side, whereas almost all of the
leaves of d61-1T were erect (Figure 3(c)). The other
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weak d61 alleles showed similar semi-dwarf phenotypes,
with plant heights ranging between 60 and 100 cm [25].
On the other hand, strong alleles such as d61-4 formed
only abnormal leaves with twisted, stiff blades, and the
leaf sheath was scarcely developed (Figure 3(d)). These
plants did not flower, show internode elongation, or bear
any seeds, as described previously [16].

The three newly obtained lines had similar phenotypes,
including severely dwarfed stature and completely erect
leaves. The culm length of Nipponbare, the original
strain of d61-1N, was about 90 cm, whereas those of
d61-1N, d61-11, and d61-12 were about 25 cm (Figures
3(e)-(h)). Although the ratio of leaf sheath length to leaf
blade length was reduced in the mutants, other abnormal
leaf morphologies such as the twisted leaf blade observed
in the d61 strong alleles (such as d61-4; Figure 3(d))
were not observed. In addition to the mutant phenotypes

d67-9 (G539D) yg1.11 (GE43E)* 611N (T988I)*

d61-8 (G522E 2 * }
Weak alleles e (V4(191M) )| d61-12 (G643R)* d61-1T (T988I)
d61-7 (A467V) ‘
|
||| LRRs ] [lc/[m | KD I
I I
‘d61-5(N426Y) ‘ d61-4 (E847Stop)

Strong alleles

d61-3 (H420P)*  d671-6 (D759Stop)*

Figure 2. Characterization of the d61 mutants. (a) Modular
structure of the OsBRI1 (D61) protein and positions of the
mutations in the three dé61 alleles discovered in the present
study (d61-1N, d61-11, and d61-12; bold type) and the pre-
viously identified alleles (d61-1 to d61-9). SP, C, LRRs, ID,
TM, JM, and KD indicate signal peptide, cysteine pair, leu-
cine-rich repeats, island domain, transmembrane domain,
juxtamembrane domain, and kinase domain, respectively.
Asterisks indicate alleles derived from the wild-type, Nip-
ponbare. (b) Complementation of the abnormal morphol-
ogy of the d61-1N mutant by introduction of the OsBRI1
gene. Panels show the d61-1N mutant containing the empty
vector (left) and containing the DNA fragment encompass-
ing the entire OSBRI1 gene (right). Bar, 20 cm.

Copyright © 2013 SciRes.

of the vegetative organs of the Nipponbare-derived d61
mutants, abnormal morphology was also found in the
grains. Although the grains of d61-17 were indistin-
guishable from those of its original strain, Taichung 65
(Figures 3(i) and (j)), those of d61-1N, d61-11, and
d61-12 were visibly shorter and smaller than those of
their original strain, Nipponbare (Figures 3(k)-(n)).

The phenotypes of d61-1N, d61-11, and d61-12 were
less severe than those of the d61 strong alleles (such as
d61-4): all three lines showed culm elongation, flowering,
and normal leaf blade morphology. On the other hand,
the phenotypes of the three Nipponbare-derived d61 mu-
tants were more severe than those of the d61 weak alleles
(such as d61-17): all three lines had severely dwarfed
stature and small grains, neither of which was observed
in d61-17. Among the previously identified brassinoster-
oid-related rice mutants, only the brassinosteroid-defi-
cient d11 mutants showed the small-grain phenotype,
although their culm length reached 60% of that of their
original strains [26]. Based on these observations, we
conclude that d61-1N, d61-11, and d61-12 have unique
brassinosteroid-related abnormal phenotypes and hypo-
thesize that these mutants have novel defects in the func-
tion of brassinosteroid receptor OsBRI1.

Figure 3. Phenotypic variation in the d61 mutants. (a, b)
Gross morphologies of wild-type Taichung 65 (a) and the
Taichung 65—derived d61-1T mutant (b). (¢) Comparison of
the leaf angle between Taichung 65 (left) and d61-1T (right).
(d) Gross morphology of a strong allele, d61-4. (e-h) Gross
morphologies of wild-type Nipponbare (e) and Nippon-
bare-derived d61-1N (f), d61-11 (g), and d61-12 (h) mutants.
(i-n) Grain morphologies of Taichung 65 (i), d61-1T (j),
Nipponbare (k), d61-1N (1), d61-11 (m), and d61-12 (n). Bars,
20 cm in (a, b, e-h), and 3 cm in (d).
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3.4. The Same Nucleotide Substitution Caused
Different Abnormal Phenotypes in Two
japonica Varieties

Next, we compared the pattern of internode elongation
between d61-1N and d61-1T to characterize the mutant
phenotypes in detail. In rice, the junction of the culm and
the spike is referred to as the neck of the spike. We
numbered the internodes of each culm from top to bot-
tom; i.e., the internode just below the neck of the spike
was called the first internode. Dwarf mutants of rice have
been categorized into six groups based on the elongation
pattern of the upper four to five internodes [27], and we
attempted to place the new mutants into these categories.
d61-1T showed specific inhibition of second-internode
elongation; therefore, it was grouped into the dm type
(Figures 4(a), (b), (f) and (g)). In contrast, the elongation
of all internodes below the first internode was severely
suppressed in d61-1N, which clearly fit into the d6 type
(Figures 4(c), (f) and (g)). dm-type internode elongation
patterns were also observed in the brassinosteroid-defi-
cient d2 and d11 mutants [26,28], suggesting that a
stunted second internode is one of the characteristic phe-
notypes of brassinosteroid-related rice mutants. Although
the reason why the elongation of second internode is spe-
cifically inhibited in these mutants has not yet been clari-
fied, it is possible that brassinosteroids produced in the
developing spike at a particular stage are necessary for
second-internode elongation because internode differen-
tiation occurs successively from top (first internode) to
bottom, and synchronously with spike development. On
the other hand, the second through fourth internodes
were stunted in the d6-type mutant d61-1N, indicating
that incomplete internode differentiation occurred for a
prolonged period during culm development.

In many japonica varieties, the basal rachis internode
of the spike (just above the neck) scarcely elongates;
however, it was elongated in both d61-1N and d61-1T
(Figures 4(a) and (c)-(g)). This is very interesting be-
cause it indicates that partial suppression of brassinoster-
oid receptor function caused two inverse phenomena: re-
duced culm internode elongation and increased rachis in-
ternode elongation. Internode elongation depends on the
intercalary meristem, whereas elongation of the rachis
internode depends on the rib meristem of the shoot apical
meristem [29], suggesting that brassinosteroids have op-
posite effects on the activity of these two meristems.

Note that the mutation in d61-1N was identical to that
in d61-17, although the phenotypes of d61-1N and
d61-1T were quite different (Figure 4). Because d61-1N
and d61-17 were derived from two different japonica
varieties (Nipponbare and Taichung 65, respectively),
our results suggest that the genetic background of a mu-
tant affects the severity of the mutant phenotype. Inter-
estingly, all of the previously identified d61 weak alleles

Copyright © 2013 SciRes.
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Figure 4. Comparison of the internode elongation patterns
of d61-1IN and d61-1T. (a-e) Elongation of internodes in
d61-1N and d61-1T. Main culm of d61-1T (a) and d61-1N (c),
and close-up view of the second internode of d61-1T (b).
Close-up view of basal rachis internode of spike of d61-1T
(d) and d61-1N (e); Small arrows, closed arrowheads, and
open arrowheads indicate nodes, necks, and basal rachises,
respectively. Roman numerals indicate the internode num-
ber. P, panicle; (f) Comparison of the length of panicles and
upper four internodes of Taichung 65, d61-1T, Nipponbare,
and d61-1N. The lengths of panicles and upper four inter-
nodes of five main culms were averaged for each genotype.
P-1, basal rachis internode of the spike; (g) Comparison of
the relative lengths of panicles and upper four internodes of
Taichung 65, d61-1T, Nipponbare, and d61-1N, calculated
from data shown in (f).
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(d61-1, d61-2, d61-7, d61-8, and d61-9) were obtained
from a Taichung 65 mutant library, whereas the strong
alleles include both Nipponbare-derived (461-3 and d61-
6) and Taichung 65-derived mutants (¢61-4 and d61-5;
Figure 2(a)). These results indicate that severe defects in
brassinosteroid receptor function induce the same ab-
normal phenotypes (group-1 phenotype described above)
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in mutants regardless of their genetic background. On the
other hand, partial suppression of brassinosteroid recep-
tor function resulted in different phenotypes in two dif-
ferent japonica varieties: the d61-1 mutant phenotype
was less severe in the Taichung 65 background than in
the Nipponbare background.

3.5. Different Background-Dependent Abnormal
Phenotypes Were also Observed in
Brassinosteroid-Deficient Mutants

We want to point out that differences in phenotype were
also observed for Nipponbare— and Taichung 65-derived
brassinosteroid-deficient mutants. ebisu dwarf (d2) mu-
tants are caused by defects in the rice brassinosteroid
biosynthetic enzyme gene CYP90D2/D2 [28]. CYP90D2/
D2 encodes a cytochrome P450 monooxygenase that
functions in brassinosteroid C-23 hydroxylase [7]. We
have isolated three new 42 alleles derived from a Nip-
ponbare mutant library (d2-3, d2-4, and d42-6), and
showed that they produced more severe dwarf pheno-
types in the Nipponbare genetic background than did
d2-1, a previously characterized null allele from a Tai-
chung 65 mutant library [28], produced in the Taichung
65 genetic background [30].

The phenotype of Taichung 65-derived null allele d2-1
was semi-dwarf: plants reached ~55% (about 60 cm) of
the total culm length of wild-type Taichung 65 (about
110 cm; Figures 5(a), (b) and (e)). Interestingly, the total
culm length of the Nipponbare—derived null allele d2-6
(about 15 cm) was only about 16% of that of wild-type
Nipponbare (about 95 cm; Figures 5(c), (d) and (e)). We
also compared the pattern of internode elongation be-
tween d2-6 and d2-1. As was the case with d61, a stunted
second internode (dm-type pattern) and elongated basal
rachis internode were observed in the Taichung 65-de-
rived allele d2-1, whereas the elongation of internodes Il
and below was severely suppressed in the Nipponbare-
derived allele d2-6 (d6-type pattern; Figures 5(e) and (f)).
These results indicate that in two cases (d2 and d61-1),
the severity of phenotype conferred by mutants at the
same locus differed between the two genotypes, whereas
the phenotypes of mutants at two different loci were
similar when evaluated within the same genetic back-
ground. In other words, the dwarf phenotypes conferred
by d61 weak alleles and 42 null alleles are strongly af-
fected by the genetic background in which they are
evaluated.

3.6. Genetic Background Influenced the
Expression of Brassinosteroid-Related
Genes

To compare the brassinosteroid response between the
Nipponbare- and Taichung 65-derived mutants, we moni-
tored the effect of brassinolide treatment on the expres-

Copyright © 2013 SciRes.

sion of BU1 and CYP85A41. BU1 encodes a helix-loop-
helix protein that participates in the regulation of rice
lamina inclination [31]. BUL is thought to be a primary
brassinosteroid-responsive gene, because brassinosteroids
increase BUL expression even in the presence of the pro-
tein synthesis inhibitor cycloheximide. CYP8541 encodes
a cytochrome P450 monooxygenase that functions in
brassinosteroid C-6 oxidation, and its expression is regu-
lated by a homeostatic system that controls bioactive
brassinosteroid levels [8].

The level of BUL mRNA in Taichung 65 seedlings
was increased by brassinolide treatment to 2.4 times that
in untreated plants (Figure 6(a)). Similarly, BUL expres-
sion was increased by brassinolide treatment in the

120
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60+

Culm length (cm)

40+

20+

Nipponbare 2-6

100

Relative culm length (%)

Taichung 65 d2-1

®

Figure 5. Phenotypic variation in the d2 mutants. (a, b)
Gross morphologies of wild-type Taichung 65 (a) and the
Taichung 65-derived mutant d2-1 (b). (c,d) Gross mor-
phologies of wild-type Nipponbare (¢) and the Nippon-
bare—derived mutant d2-6 (d). Bars, 20 cm. (¢) Comparison
of the length of panicles and upper four internodes of
Taichung 65, d2-1, Nipponbare, and d2-6. The lengths of
panicles and upper four internodes of five main culms were
averaged for each genotype. Roman numerals indicate the
internode number. P, panicle. P-I, basal rachis internode of
the spike. (f) Comparison of the relative lengths of panicles
and upper four internodes of Taichung 65, d2-1, Nippon-
bare, and d2-6, calculated from data shown in (e).

Nipponbare -6
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Taichung 65-derived ¢d2-1 mutant, to 3.1 times that in
untreated mutant plants. The level in the treated @2-1
mutant plants was the same as that in treated wild-type
Taichung 65, although the steady-state level of BU1
mRNA in the absence of brassinolide treatment was
lower in d2-1 than in Taichung 65 (about 78% of that in
Taichung 65; Figure 6(a)). This expression pattern of
BUL in d2-1 plants can be explained by brassinosteroid
deficiency. In d61-17, however, BUl expression was
only about 74% of that in untreated Taichung 65, regard-
less of brassinolide treatment (Figure 6(a)).

Expression of BUL in the Nipponbare seedlings was
also increased by brassinolide treatment both in the
wild-type (to 2.0 times that in untreated plants) and in the
Nipponbare-derived ¢2-6 mutant (to 2.6 times that in
untreated mutant plants; Figure 6(a)), although the
steady-state level of BUL mRNA in the absence of
brassinolide treatment was lower in d2-6 than in Nip-
ponbare (about 72% of that in Nipponbare; Figure 6(a)).
In d61-1N, BUL expression was about 68% of that in
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Nipponbare in the absence of exogenous brassinolide and
was not affected by brassinolide treatment (Figure 6(a)).

The relative increase in BU1 expression caused by
brassinolide treatment was less in Nipponbare (to 2.0
times) and the Nipponbare-derived d2-6 mutant (to 2.6
times) than in Taichung 65 (to 2.4 times) and the Tai-
chung 65-derived @d2-1 mutant (to 3.1 times). In addi-
tion, the steady-state level of BUL mRNA in the absence
of brassinolide treatment was lower in d61-1N (68% of
that in Nipponbare) than in d61-17 (74% of that in un-
treated Taichung 65). These results support our hypothe-
sis that the response to brassinosteroid is weaker in the
Nipponbare background.

The level of CYP8541 mRNA in brassinolide-treated
Taichung 65 seedlings decreased to about 35% of the
untreated control level owing to feedback down-regula-
tion by the homeostatic system (Figure 6(b)). Similarly,
CYP85A41 expression decreased in brassinolide-treated
d2-1 plants (to 43% of that in untreated mutant plants),
although the steady-state level of CYP8541 mRNA in the
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Figure 6. Expression of brassinosteroid-related genes in d61 and d2 mutants. (a-c) Expression of BU1 (a), CYP85A1 (b), and
OsBRI1 (c) in wild-type, d61-1 mutants, and d2 mutants. We treated 10-day-old seedlings with 100 nM brassinolide dissolved
in ethanol (+) or ethanol alone (-) for 3 h. Expression levels were normalized against the values obtained for Histone H3. The
value obtained from the ethanol-treated (control) Nipponbare seedlings was then normalized to a value of 1.0. Nipponbare is
the wild-type for d61-1N and d2-6; Taichung 65 is the wild-type for d61-1T and d2-1. Each bar represents the mean =+ s.d. of
three biological repeats. (d) Genomic structure of OSBRI1 and the position of the mPing insertion in Nipponbare. Black box
represents the single exon. Nucleotide substitutions are shown with the Nipponbare sequence given first. (e) Detection of the
mPing insertion in various rice cultivars. 1, Nipponbare; 2, Taichung 65; 3, Koshihikari; 4, Sasanishiki; 5, Akitakomachi; 6,
Hitomebore; 7, Haenuki; 8, Aichinokaori; 9, Norin 22; 10, Asahi; 11, IR20; 12, IR24; 13, IR26; 14, Aikawa 1; 15, Blue Rose;
16, Lemont. M, size marker (¢X/HaelIl). PCR fragments with and without mPing insertion are 985 bp and 552 bp, respec-
tively.
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absence of brassinolide treatment was higher in ¢2-1 than
in wild-type Taichung 65 owing to feed-forward up-re-
gulation by the homeostatic system (about 1.2 times that
in Taichung 65; Figure 6(b)). This expression pattern of
CYP85A41 in d2-1 plants can also be explained by brass-
inosteroid deficiency. In d61-17, CYP85A41 expression
was slightly higher than wild-type in the absence of bras-
sinolide treatment (1.1 times that in Taichung 65) and
unaffected by brassinolide treatment (Figure 6(b)).

Expression of CYP8541 in brassinolide-treated Nip-
ponbare seedlings decreased to about 44% of the un-
treated control level (Figure 6(b)). Interestingly, the lev-
el of CYP8541 mRNA in untreated ¢2-6 was lower than
that of Nipponbare (about 85%), and was further de-
creased by brassinolide treatment (Figure 6(b)). Be-
cause the bioactive brassinosteroid castasterone accumu-
lated in d2-6 mutant [30], we hypothesize that the ex-
pression of CYP8541 may also be regulated directly by
its catalytic product, castasterone. On the other hand, the
level of CYP8541 mRNA in d61-1N was 1.3 times that
of wild-type Nipponbare and was not affected by brassi-
nolide treatment (Figure 6(b)).

The differences in expression between the wild-type
and ¢61-1 mutant in each genotype indicate that the ef-
fect of feed-forward up-regulation on CYP85A41 expres-
sion was greater in d61-1N (Nipponbare background)
than in d61-1T (Taichung 65 background), even though
both ¢61-1N and d61-1T harbor the same amino acid
change in the brassinosteroid receptor OsBRI1.

3.7. Nipponbare Has Mutations in the Promoter
Region of OsBRI1

The expression analysis of BU1 and CYP8541 supports
our hypothesis that the response to brassinosteroid is
weaker in the Nipponbare background than in the Tai-
chung 65 background. Next, we monitored the effect of
brassinolide treatment on the expression of OsBRI1 in
the Nipponbare- and Taichung 65-derived mutants. The
level of OsBRI1 mRNA in Taichung 65 seedlings was
decreased by brassinolide treatment to about 70% of that
in untreated plants (Figure 6(c)). Similarly, OsBRI1 ex-
pression was decreased by brassinolide treatment in the
Taichung 65-derived ¢2-1 mutant to about 67% of that in
untreated mutant plants, although the steady-state level
of OsBRI1 mRNA in the absence of brassinolide treat-
ment in d2-1 was 1.1 times that in Taichung 65 (Figure
6(c)). This expression pattern of OsBRI1 in d2-1 plants
can be explained by the regulation of feedback mecha-
nism caused by brassinosteroid deficiency. In d61-17,
OsBRI1 expression was about 1.1 times that in Taichung
65 and was not affected by brassinolide treatment (Fig-
ure 6(c)).

Expression of OsBRI1 in the Nipponbare seedlings
was decreased by brassinolide treatment to about 56%
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that in untreated plants (Figure 6(c)). Interestingly, how-
ever, expression of OsBRI1 in the untreated d61-1N and
d2-6 mutants was about 80% and 89% of that in un-
treated Nipponbare, respectively (Figure 6(c)). These re-
sults are clearly opposite those observed for the Taichung
65-derived d61-1T and 42-1 mutants, which had higher
levels of OsBRI1 than wild-type Taichung 65, and indi-
cate that feed-forward up-regulation of OsBRI1 did not
occur in the Nipponbare-derived d61-1N and d2-6 mu-
tants. Feed-forward up-regulation of OsBRI1 (and the re-
sulting increase in the amount of OsBRI1 receptor) is
considered to partially compensate for the deficiency of
brassinosteroids in biosynthetic mutants and for the in-
sensitivity to brassinosteroids in receptor mutants, even
though the function of OsBRI1 is partially suppressed in
these mutants. Thus, a defect in regulation of OsBRI1
would explain why the response to brassinosteroid is
weaker in the Nipponbare background and why the Nip-
ponbare-derived d61-1N and d2-6 mutants showed more
severe phenotypes than the Taichung 65-derived d61-1T
and d2-1 mutants.

Because the expression of OsBRI1 was regulated dif-
ferently in the Nipponbare and Taichung 65 genetic back-
grounds, we hypothesized that Nipponbare has a mutant
OsBRI1 gene and that the expression of OsBRI1 is mis-
regulated in the Nipponbare genetic background. To test
this hypothesis, we compared the nucleotide sequence of
a 9.4-kb genomic segment containing the OsBRI1 gene
(from positions —4825 to +4571, taking the translation
initiation site as +1) from Nipponbare and Taichung 65.
We found two nucleotide substitutions at positions —2269
(G to A) and -848 (G to C), and an insertion of a Tour-
ist-like miniature inverted-repeat transposable element
(MITE) of 430 bp, miniature Ping (mPing) [32-34], in
the promoter region of OsBRI1 from the Nipponbare ge-
nome (Figure 6(d)). The insertion was flanked on both
ends by a three-nucleotide sequence, TAA, which is the
typical target sequence for duplication upon mPing trans-
position. These structural features indicate that mPing
transposed into the promoter region of OsBRIL in Nip-
ponbare. Ohmori et al. [35] reported that an insertion of
Ping (an autonomous transposon that can activate mPing
transposition) into the fourth intron of the DROOPING
LEAF (DL) gene decreased the transcript level of DL. In
our case, the Nipponbare OsBRI1 promoter contains an
mPing insertion, and the expression of OsBRI1 in Nip-
ponbare seems to be misregulated by the homeostatic
system that controls the levels of brassinosteroid contents
and signals. We also compared the nucleotide sequence
of the CYP90D2 (D2) and CYP8541 genes from Nip-
ponbare and Taichung 65, and found no nucleotide sub-
stitution between these two cultivars. Based on these re-
sults, we conclude that the severity of the mutant pheno-
types caused by the mutations in brassinosteroid-related
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genes can be explained by the insertion of mPing into the
promoter of the Nipponbare OsBRI1 gene.

Nipponbare is a model rice genotype being sequenced
by the International Rice Genome Sequencing Project
Consortium; however, based on the results here, it can be
categorized as an OsBRI1 mutant having reduced sensi-
tivity to brassinosteroid. The insertion of mPing in the
promoter region of OsBRI1 can be detected by PCR, and
we found this insertion in several other rice cultivars we
tested (Figure 6(e)), indicating that this mutation might
be present in other rice cultivars investigated for brassi-
nosteroid function. Although brassinosteroid-related mu-
tants have not been isolated from any of these mPing-
inserted cultivars other than Nipponbare, we speculate
that the expression of OsBRI1 is misregulated in these
cultivars. These findings indicate that possible changes in
sensitivity to brassinosteroids caused by this mPing in-
sertion must be considered when the effects of brassi-
nosteroids on the regulation of various growth and de-
velopmental processes in rice are examined.

4. Conclusion

In this study, we characterized three new alleles of the
rice d61 mutation. Although the Nipponbare-derived d61-
1N mutant had the same nucleotide substitution as the
previously characterized Taichung 65-derived d61-1T
mutant, these two mutants showed different phenotypes
for dwarfism, internode elongation pattern, and seed
shape. Consistent with these phenotypes, the expression
of brassinosteroid-responsive genes is lower in the Nip-

ponbare background than in the Taichung 65 background.

Because the feed-forward up-regulation of OsBRI1 seen
in the Taichung 65-derived mutants was not observed in
the Nipponbare-derived mutants and an mPing transpo-
son was found in the promoter region of Nipponbare
OsBRI1, we conclude that the expression of OsBRI1,
especially its feed-forward up-regulation, is misregulated
in wild-type Nipponbare and in brassinosteroid-related
mutants in a Nipponbare genetic background.
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