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Brassinosteroids Regulate Grain Filling in Rice"*

Chuan-yin Wu,? Anthony Trieu,? Parthiban Radhakrishnan,? Shing F. Kwok,? Sam Harris,? Ke Zhang,? Jiulin Wang,®
Jianmin Wan,P Huqu Zhai,? Suguru Takatsuto,® Shogo Matsumoto, Shozo Fujioka,? Kenneth A. Feldmann,?
and Roger l. Pennell?1

aCeres Inc., Thousand Oaks, California 91320

b Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing 100081, China

¢ Department of Chemistry, Joetsu University of Education, Joetsu-shi, Niigata 943-8512, Japan

d Advanced Science Institute, RIKEN (The Institute of Physical and Chemical Research), Wako-shi, Saitama 351-0198, Japan

Genes controlling hormone levels have been used to increase grain yields in wheat (Triticum aestivum) and rice (Oryza
sativa). We created transgenic rice plants expressing maize (Zea mays), rice, or Arabidopsis thaliana genes encoding sterol
C-22 hydroxylases that control brassinosteroid (BR) hormone levels using a promoter that is active in only the stems, leaves,
and roots. The transgenic plants produced more tillers and more seed than wild-type plants. The seed were heavier as well,
especially the seed at the bases of the spikes that fill the least. These phenotypic changes brought about 15 to 44%
increases in grain yield per plant relative to wild-type plants in greenhouse and field trials. Expression of the Arabidopsis
C-22 hydroxylase in the embryos or endosperms themselves had no apparent effect on seed weight. These results
suggested that BRs stimulate the flow of assimilate from the source to the sink. Microarray and photosynthesis analysis of
transgenic plants revealed evidence of enhanced CO, assimilation, enlarged glucose pools in the flag leaves, and increased
assimilation of glucose to starch in the seed. These results further suggested that BRs stimulate the flow of assimilate.
Plants have not been bred directly for seed filling traits, suggesting that genes that control seed filling could be used to

further increase grain yield in crop plants.

INTRODUCTION

Many of the semidwarf but high-yielding crop varieties that were
developed during the Green Revolution are defective in gibber-
ellin biosynthesis or unresponsive to gibberellin (Peng et al.,
1999; Sasaki et al., 2002). Of the other plant hormones, cytoki-
nins and brassinosteroids (BRs) seem to be among the most
useful for controlling plant productivity. BR mutants can be
dwarfs, and overexpression of coding sequences active in the
BR biosynthesis pathway can result in higher per-plant seed
yields (Choe et al., 2001).

Like many hormones, BRs affect many plant processes,
including those that control tiller number, leaf size, and leaf angle
(Fuijii et al., 1991; Sakamoto et al., 2005; Morinaka et al., 2006).
This suggests that manipulation of BR levels in specific parts of
crop plants could be one way to further increase grain yields. In
the case of rice (Oryza sativa), it seems unlikely that an overall
reduction in BR levels, such as those that occur in os-dwf4-1
mutants, could result in higher per-plant grain yields, since this
reduces leaf area and harvest index (Sakamoto et al., 2005).
However, reduced BR levels make the leaves of rice plants more
upright, allow planting at higher densities, and provide increases
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in grain yield per plot without a need for additional fertilizer
(Sakamoto et al., 2005). It also seems unlikely that overall
increases in BR levels, such as those that occur in plants
overexpressing DWF4 sequence, could result in higher per-plot
grain yields, since this changes leaf shape, causes leaves to
adopt more horizontal angles and to be more overlapping, and
renders plants taller and makes them prone to lodging (Choe
et al., 2001; Sakamoto and Matsuoka, 2004; Reinhardt et al.,
2007). However, increased BR levels increase per-plant seed
yields (Choe et al., 2001), suggesting that gain-of-function pro-
cedures need to be targeted to specific plant parts or to partic-
ular stages in development to optimize light harvesting, planting
density, and grain yield.

We have been focusing on enhancing the loading of rice seed
with assimilate to increase grain yield. Rice plants deficient in or
insensitive to BRs produce shortened and smaller seed (Hong
et al.,, 2005; Tanabe et al., 2005; Morinaka et al., 2006),
suggesting that BRs play an important role in controlling seed
size and weight. Although the mechanism for this is unclear, it
has been shown that BRs can regulate the initial carboxylation
activity of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) and thereby influence photosynthetic CO, assimilation
(Yu et al., 2004). Therefore, it could be that BR mutants are
reduced in seed weight because of impaired transport of sucrose
and other sugars to the endosperm and embryo. Alternatively, it
could be that the seed are smaller because of the reduced leaf
area that is available for photosynthesis (Horton, 2000) or
because of reduced cell expansion in the seed themselves
(Szekeres et al., 1996; Azpiroz et al., 1998).



To investigate how BRs affect seed weight, we used an
S-ADENOSYLMETHIONINE SYNTHASE promoter (pAS), which
we show to be active in the stems, leaves, and roots of rice
plants, but not active in the flowers other than in the filaments of
the stamens or in the seed other than in the epidermis of the seed
coat, to control the expression of each of four sterol C-22
hydroxylases active in BR biosynthesis in rice. These were a
maize (Zea mays) CYP724B3 cDNA (Zm-CYP), an Arabidopsis
thaliana CYP90B1 cDNA (At-CYP) or a corresponding genomic
sequence (At-gCYP), and a rice CYP90B2 cDNA (Os-CYP). We
used DNA sequences encoding sterol C-22 hydroxylases for
these experiments rather than others encoding different en-
zymes in the BR biosynthetic pathway or BR signaling pro-
teins because the C-22 hydroxylation of campestanol (CN) to
6-deoxocathasterone (6-DeoxoCT) is rate limiting in the pathway
and effective for increasing the levels of the BRs with significant
biological activity (Choe et al., 1998), which are castasterone (CS)
and brassinolide (BL). We used cDNA clones from three plant
species in an attempt to compare the effects of related monocot
and dicot sequences on seed development in a monocot.

By manipulating the BR pathway in the stems, leaves, and
roots of rice, we generated 15 to 44% increases in grain yield per
plant in greenhouse- and field-grown plants containing Zm-CYP,
Os-CYP, and At-gCYP transgenes relative to wild-type plants,
some of which was the result of an increase in seed weight. By
comparing the At-gCYP plants that differed in transgene mRNA
levels and the extent of the phenotypic changes, we show that
At-gCYP stimulated CO, uptake and the filling of the seed. These
results suggest that genes controlling BR levels could be useful
for increasing seed filling and grain yield in crop plants.

RESULTS

Construction of Plants Overexpressing Sterol C-22
Hydroxylase Genes

We characterized an Arabidopsis pAS promoter in rice. Imaging
(Figures 1A to 1F) and RT-PCR analysis (Figure 1K) of green
fluorescent protein (GFP) expression in rice plants carrying a
two-component construct containing pAS, the yeast transcrip-
tional activator HAP1, five tandem repeats of the yeast upstream
activating sequence recognized by HAP1 (HAP1yas), and GFP
(PAS:HAP1:UASap1:GFP [aHAP]; see Supplemental Figure
1 online) showed that pAS directs expression to many or all of
the cells in the stems, leaves, and roots of rice but not to the
flowers other than weakly in the filaments of the anthers or to the
seed other than weakly in the epidermis of the seed coat. In these
plants, HAP1 operated in cis to activate the HAP7as repeats
and drive amplified expression of GFP (Zhang and Guarente,
1994; Johnson et al., 2005). Imaging of plants containing a pAS:
GFP direct fusion showed a similar, but weaker, expression
pattern. By contrast, imaging and RT-PCR analysis of the ex-
pression of a rice UBIQUITIN2 promoter (pRUBQ2:HAPT:
UASuap1:GFP [uHAP]; see Supplemental Figure 1 online)
showed that there was GFP expression in the flowers and seed
as well (Figures 1G, 1J, and 1K). Thus, pAS activity is widespread
in developing rice plants but essentially ceases at the onset of
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inflorescence development and resumes again in the next gen-
eration. Imaging showed that this was ~2 d after the start of
germination (Figure 1H), with expression resuming in the shoot
and root ~3 d later (Figure 1I).

We then used pAS to direct the expression of Zm-CYP724B4
(Zm-CYP), At-CYP90B1 (At-CYP), and Os-CYP90B2 (Os-CYP)
cDNAs to the stems, leaves, and roots of rice. To begin, we
prepared a series of direct fusions and used them to develop
transgenic rice plants, so that we could compare the effects of
related monocot and dicot sequences on growth and seed
development. Then, we used a genomic At-CYP90B1 sequence
as a direct fusion (At-gCYP) and through a series of aHAP X
UASHap1:At-gCYP90B1 (uAt-gCYP) two-component crosses to
compare and amplify the effects of the genomic sequence
originally shown to increase seed yield (Choe et al., 2001) with
those of the cDNAs. In double hemizygous F1 plants arising from
the crosses, HAP1 operated in cis and in trans to activate two
sets of five UAShap1 repeats and drive amplified expression of
GFP and At-gCYP (see Supplemental Figure 1 online). For the
direct fusions, we generated ~10 independent transgenic lines
carrying single T-DNAs and examined ~14 T2 generation ho-
mozygous plants for each of them (we did not study the hemi-
zygotes). For the two-component crosses, we also generated
~10 independent transgenic lines carrying single T-DNAs for
each of the parents to be used for the crosses and developed
~10T1 generation hemizygous plants for each of them; we used
pollen from each of four aHAP plants to pollinate each of four
UuAt-gCYP plants and examined up to ~20 double hemizygous
F1 plants from each of the crosses.

RT-PCR using coding sequence and terminator primers for
each of the cDNAs, or spanning the boundary between the fifth
and sixth exons of the At-gDNA, allowed us to identify Zm-CYP,
Os-CYP, At-CYP, and At-gCYP (including uAt-gCYP) plants
containing the respective mRNAs. RT-PCR also allowed us to
see that the Zm-CYP, Os-CYP, At-CYP, and At-gCYP mRNAs
had the predicted sizes, although in some At-gCYP lines, the pre-
mRNAs were not efficiently spliced (Figure 1L) and the mRNA
levels in At-CYP lines were quite variable (Figure 1M) relative to
the RT-PCR products for rice 3-tubulin, which were used as an
internal control. Quantitative RT-PCR of Os-CYP and wild-type
plants using coding sequence primers showed that the rice
transgene was expressed at a level between ~15-fold (Os-CYP-
6 plants, P = 7.73E-04) and ~25-fold (Os-CYP-15 plants, P =
1.40E-05) higher than that of the endogenous gene.

Accordingly, we identified seven lines for metabolite analysis
and preliminary phenotypic observations, focused on three of the
seven (Zm-CYP-1, Os-CYP-14, and At-gCYP-5 lines) as well as
some F1 plants from aHAP; X uAt-gCYP crosses (aHAP-7 X
uAt-gCYP-16 crosses) for phenotypic evaluations and field
studies and used one of the four (At-gCYP-5) together with a
line containing the same transgene but showing lower transgene
mRNA levels (At-gCYP-3) for microarrays and photosynthesis
experiments (Table 1). The three lines were representative of
each of the transgenes phenotypically. We did not include any
At-CYP plants among those grown in the field because they were
phenotypically similar to the At-gCYP plants (that spliced the
pre-mRNA) but tended to be more variable in transgene mRNA
levels (Figure 1M).
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Figure 1. Expression Pattern of an Arabidopsis pAS Promoter in Rice.

(A) aHAP fluorescence in roots and leaves.

(B) aHAP fluorescence in mesophyll cells.

(C) and (D) aHAP in flower buds (no fluorescence).
(E) aHAP fluorescence in filaments.

(F) aHAP fluorescence in seed (15 d after pollination).
(G) and (J) uHAP fluorescence in flowers and seed.
(H) and (I) aHAP fluorescence in germinating seed.
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(K) to (M) mRNA levels. Primers were designed to the coding sequence and OCS terminator of each of the transgenes. Primers to the Os-CYP
transgene were used for the wild type and did not reveal mRNA levels for the endogenous gene. The plasmid in (L) contained At-gCYP and in (M)
contained At-CYP. The top At-gCYP bands in (L) are from unspliced pre-mRNA.

Emb, embryo; End, endosperm; F1 and F2, flower buds; P, pith; R, root; SC, seed coat.

Enhancement of the BR Biosynthesis Pathway

CYP724B and CYP90B proteins catalyze sterol C-22 hydroxyl-
ations in the BR biosynthesis pathway, including the hydroxyl-
ation of CN to 6-DeoxoCT (Fuijita et al., 2006; Sakamoto et al.,
2005). Metabolite analysis of flag leaves of Zm-CYP-1, Os-CYP-
6 and -14, At-CYP-4, and At-gCYP-3, -5, and -7 plants showing
phenotypic changes typical of elevated BR levels revealed
increases in 6-DeoxoCT and downstream BR pathway interme-
diates (Table 2; see Supplemental Tables 1 and 2 online). The
increases in 6-DeoxoCT, 22-OH-3-one, 3-epi-6-DeoxoCT,
6-DeoxoTE, 6-DeoxoTY, and TY levels were conspicuous and
significant in least significant difference (LSD) tests when aver-
aged across all transgenes and all biological replicates (Table 2;
see Supplemental Tables 1 and 2 online). However, metabolite
analysis of seed from the same plants showed that there were
not any significant changes in the levels of any of the interme-

diates (Table 2; see Supplemental Tables 1 and 2 online). These
data suggested that the genes encoding the sterol C-22 hydrox-
ylaseses brought about increases in the levels of BR pathway
intermediates downstream of 6-DeoxoCT in the flag leaves but
had little or no effect in the seed.

Of the downstream intermediates, only CS and BL have
significant biological activity in plants (Shimada et al., 2001).
Both are present at very low levels in plant tissues and are difficult
to measure accurately. Our results for CS were not significant in
LSD tests, and BL levels were too low to measure (Table 2; see
Supplemental Tables 1 and 2 online), so we assayed for their
activities instead. CS and BL stimulate cell elongation (Fujioka
et al., 1996; Szekeres et al., 1996) and provide tolerance to heat
stress (Dhaubhadel et al., 2002). We found that the number of
epidermal cells at the bases of the leaf blades measuring 300 to
350 pm in length was increased to ~80% in At-gCYP-5 plants
from ~12% in wild-type plants (see Supplemental Table 3 online)
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Table 1. Plant Lines

Type of Analysis

Transgene BR Metabolite Greenhouse Phenotype Field Phenotype Microarray Photosynthesis
Zm-CYP 1 1 1 ND ND
Os-CYP 6, 14 14 14 ND ND
At-CYP 4 4 ND ND ND
At-gCYP 3,57 5 5 3,5 3,5
aHAP1 X uAt-gCYP ND 7 X 16 F1 ND ND ND

Seven lines were used for metabolite analysis. Four of the seven, and F1 plants from aHAP1 X uAt-gCYP crosses, were used for phenotypic
evaluations. Two At-gCYP lines were used for microarray gene expression and photosynthesis experiments. The numbers are of the specific plant

lines used. ND, no data.

and that the number of seedlings in which the first two leaves
were killed when two-leaf seedlings were exposed to 48°C was
decreased to ~9% in At-gCYP-5 plants from ~91% in wild-type
plants (see Supplemental Figure 2 and Supplemental Table 4
online), suggesting that there were increased CS and BL levels in
the transgenic plants.

Phenotypic Analysis of Greenhouse-Grown Plants

When grown in a greenhouse, more than half of the homozygous
Zm-CYP, Os-CYP, At-CYP, and At-gCYP T2 plants and more
than two-thirds of the double hemizygous F1 plants from aHAP1
X UuAt-gCYP crosses showed clear phenotypic changes. For
example, Zm-CYP-1, At-CYP-4, and aHAP1-7 X uAt-gCYP-16
F1 plants produced leaves that were up to ~23% longer than
those of wild-type plants grown alongside them (Figures 2A and
2C, Table 3; see Supplemental Table 5 online). The internodes
were also elongated and the leaf joints higher up on the tillers
(Figure 2B), so that the Os-CYP-14 and At-gCYP-5 plants, for
example, were ~6% and ~10% taller, respectively, than wild-
type plants (Table 3; see Supplemental Table 5 online). In
contrast with the upright leaves of os-dwf4-1 and other BR
mutants (Sakamoto and Matsuoka, 2004; Sakamoto et al., 2005;
Morinaka et al., 2006), the leaves of the Zm-CYP-1 plants were at
increased angles to the vertical so that the plants were slightly
sprawling when unsupported (Figures 2C to 2E). Tiller diameter
(determined for three tillers per plant) was also increased by
~18% in aHAP1-7 X uAt-gCYP-16 F1 plants (Table 3; see
Supplemental Table 5 online), although there were not any
increases in leaf number per tiller in any of our transgenic plants.
Some transgenic plants appeared to have more ftillers, larger
panicles, and more seed per panicle (determined for the largest
three panicles per plant) than wild-type plants, although the
differences were not significant statistically (Figures 2F and 2G,
Table 3; see Supplemental Table 5 online). In contrast with the
small seed typical of os-dwf11 BR mutants (Tanabe et al., 2005),
the seed of Zm-CYP-1, Os-CYP-14, and At-gCYP-5 plants were
larger than those of the wild-type plants. Whereas the average
weight for the seed of a Zm-CYP-1 plant, for example, was ~28
mg, the average weight for the seed of a wild-type plant was ~25
mg, which is a difference of ~14% (Figures 2H to 2K, Table 3; see
Supplemental Table 5 online). The seed of the transgenic plants

were more evenly sized than those of the wild-type plants as well:
the standard deviations for the weights of 100 Zm-CYP-1 and
100 wild-type seed, for example, were 1.8 and 1.5, respectively.
These phenotypic changes resulted in significant ~15 to 31%
increases in seed yield per plant in these greenhouse-grown
transgenic plants relative to wild-type plants (Table 3; see
Supplemental Table 5 online).

Table 2. BR Metabolite Analysis

Leaf Mean Seed Mean

Intermediate Wild Type Transgenic Wild Type Transgenic

24MC 8233 7000 1650 1900
CR 84733 84786 70250 70200
CN 1793 1590 2360 1960
6-OxoCN 28.04 27.5 35.5 37.2
22-OHCR 0.43 1.82 0.09 0.14
22-OH-3-one 1.08 2.79* 0.15 0.54
6-DeoxoCT 1.06 2.81" 0.48 0.59
3-epi-6-DeoxoCT 2.23 5.29" 0.045 0.16
6-DeoxoTE 0.18 0.25~ 0.085 0.060
6-Deoxo3DT 1.18 1.64 0.075 0.090
6-DeoxoTY 8.96 14.03* 0.14 0.12
6-DeoxoCS 1.84 2.84 0.115 0.11
CT ND ND ND ND
TE 0.027 0.035 0.040 0.047
TY 1.47 1.75* 0.080 0.10
CS 0.68 0.83 0.080 0.096
BL ND ND ND ND

Sterol C-22 hydroxylases increase the levels of BR intermediates
downstream of 6-DeoxoCT. The numbers are arithmetic mean levels
calculated from all samples analyzed (Zm-CYP-1, Os-CYP-6 and -14,
At-CYP-4, and At-gCYP-3, -5, and -7 samples) in ng/g fresh weight. CR,
campesterol; CT, cathasterone; TE, teasterone; TY, typhasterol; 3-epi-
6-DeoxoCT, 3-epi-6-deoxocathasterone; 6-DeoxoTE, 6-deoxoteasterone;
6-Deoxo3DT, 3-dehydro-6-deoxoteasterone; 6-DeoxoTY, 6-deoxoty-
phasterol; 6-DeoxoCS, 6-deoxocastasterone; 6-OxoCN, 6-oxocampesta-
nol; 22-OH-3-one, (22S,24R)-22-hydroxy-5a-ergostan-3-one; 22-OHCR,
(22S)-22-hydroxycampesterol; 24-MC, 24-methylenecholesterol. ND, not
detected. *, Statistically different from the wild type at 5% level; **,
statistically different from the wild type at 1% level.
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Figure 2. Greenhouse Phenotypes.

(A) Leaf height of seedlings.

(B) Leaf sheath. The boxes show the positions of the nodes.

(C) Leaf angle.

(D) Leaf angle in the wild type.

(E) Leaf angle in Zm-CYP-1.

(F) Tillering.

(G) Panicle size (the panicles are among the largest three for each plant).
(H) and (J) Seed size in the wild type (branch 9).

(I) and (K) Seed size in Zm-CYP-1 (branch 9).

Arrows in (D) and (E) point to leaf joints.

In contrast with these Zm-CYP-1, Os-CYP-14, and At-gCYP-5
plants that showed clear phenotypic changes, several other
transgenic plants that failed to splice the transgene pre-mRNA
correctly (such as At-gCYP-19 plants) or that showed low
transgene MRNA levels (such as At-gCYP-3 plants) were not
significantly taller than the wild-type plants and showed little or
no evidence of increases in leaf angle or tiller diameter.

Since pAS is not active in the seed other than weakly in the
epidermis of the seed coat, these data suggested that the
increases in seed weight were secondary effects of the trans-
genes, resulting from BR activities elsewhere in the plant. To test
this, we used an INT:HAP1:UASuap1:GFP enhancer trap line
(IHAP) that directs expression only to the embryo (Figure 3A; see
Supplemental Figure 1 online) and a rice GLOBULINT promoter
(pGLBT1)thatis active only in the endosperm (Wu et al., 1998) as a
pPGLB:HAP1:UASHap1:GFP construct (gHAP) (Figure 3A; see
Supplemental Figure 1 online) to direct expression of At-gCYP

to the endosperm. This was accomplished by performing iHAP-
60 X uAt-gCYP-17 and gHAP-5 X uAt-gCYP-17 two-component
crosses (see Supplemental Figure 1 online). When we selfed the
double hemizygous F1 plants from these crosses and sorted the
F2 seed according to the level of GFP fluorescence, we found
that there were three groups of seed representing those that
were wild-type (GFP —), hemizygous (GFP +), and homozygous
(GFP ++) for the respective HAP1 constructs (Figures 3B and
3C). The expected segregation of the UASap1:At-gCYP con-
struct within each group was 3:1, meaning that ~75% of the
seeds in each of the GFP + and GFP ++ groups should have
transcribed the At-gCYP sequence and accumulated higher BR
levels. However, when we examined these seed, we could not
find any significant effects on their weight (Figure 3D).

These experiments further suggested that the increases in
seed weight in Zm-CYP, Os-CYP, and At-gCYP plants resulted
from BR activities in the stems and leaves rather than in the seed



Table 3. Phenotype Data from Greenhouse-Grown Plants

Trait Wild Type Zm-CYP-1 Os-CYP-14 At-gCYP
Seed yield

Number of seed panicle™' 58.0 ND ND 66.02
Number of seed plant™' 376 430 416 393P
Weight (g) 100 seed~! 2.48 2.83* 2.63 ** 2.73**P
Seed vyield (g) plant™ 9.22 12.1* 10.9* 10.6*
Plant Size

Leaf length (cm) 26.0 ND ND 32.0*a
Internode length (cm) 28.3 ND ND 35.0%
Height (cm) plant 89.9 93.0 95.6* 98.8**0
Number of tillers plant' 9.38 10.3 9.88 11.10
Tiller diameter (cm) 0.11 ND ND 0.13*@

Sterol C-22 hydroxylases affect development and seed weight. Tillers
were counted when the plants flowered, ~2 months after germination.
Stem, leaf, and seed size measurements were taken at maturity, ~3
months after germination. ND, no data. *, Statistically different from the
wild type at 5% level; **, statistically different from the wild type at 1%
level.

2 aHAP-7 X uAt-gCYP-16.

b At-gCYP-5.

themselves. We examined this by weighing two sets of 100
double hemizygous F2 seed from aHAP1-7 X uAt-gCYP-16 and
aHAP1-7 X uAt-gCYP-17 crosses, ordering the weights from
heaviest to lightest, and subtracting from them the weights of
100 wild-type seed, which were also ordered from heaviest to
lightest. We found that the greatest increases in the weights of
these seed were associated with the lightest seed (the seed that
fill the least) in wild-type plants (Figure 4), which are at the base
of the spikes. These results explained the more even sizes of the
transgenic seed and suggested that at least some of the increase
in seed weight in the Zm-CYP, Os-CYP, and At-gCYP plants
resulted from enhanced seed filling, especially of the seed at the
base of the spikes. The iIHAP and gHAP crosses also suggested
that rice embryo and endosperm tissues were unable to respond
to BRs directly, although seed from some other iIHAP X uAt-
gCYP crosses, which resulted in very high At-gCYP mRNA
levels, were delayed in germination, suggesting that there could
have been an effect on embryo dormancy.

Field Experiments

When grown in paddy fields, Zm-CYP-1, Os-CYP-14, and At-
gCYP-5 T3 plants showed phenotypic changes similar to those
for the greenhouse-grown plants, although the additional fertil-
izer applied to fields made the grain yields generally larger. For
example, the Zm-CYP-1 plants produced seed that were ~19%
heavier (when measured for the five largest of the 60 plants
growing in each plot) than the seed of the wild-type plants
(Figures 5A and 5B, Table 4; see Supplemental Table 6 online).
This, in contrast with the reduced per-plant yields typical of os-
dwf4-1 BR mutants grown in fields (Sakamoto et al., 2005),
resulted in ~32 to ~44% increases in grain yield per plant in the
Zm-CYP-1 and Os-CYP-14 plots (Table 4; see Supplemental
Table 6 online) and ~44 to ~59% increases in grain yield when
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averaged across the four plots. The At-gCYP-5 plants seemed
to perform better as well, although their grain yield was not
statistically higher than the wild-type plants (Figure 5E, Table 4;
see Supplemental Table 6 online). There were also up to 19%
increases in height in the transgenic plants and up to 28%
increases in tiller number in the Zm-CYP-1 and At-gCYP-5
plants, which contributed to an up to 42% increase in biomass
(Figures 5C and 5D, Table 4; see Supplemental Table 6 online).
Some transgenic plants appeared to have more panicles than

iHAP

gHAP

O iHAP-60 x uAtg-CYP-27 F,
B gHAP-5 x UAtg-CYP-27 F,

I

0.8 -

0.4 4

Seed Weight
(Relative to Control)

- + ++
GFP Fluorescence

Figure 3. Expresssion of At-gCYP in Seed.

(A) Fluorescence in seed.

(B) iHAP X uAt-gCYP fluorescence in F2 seed.

(C) gHAP X uAt-gCYP fluorescence in F2 seed.

(D) Weights of F2 seed. —, +, and ++ represent segregants: wild type,
hemizygous, and homozygous for GFP. Bars indicate SE.
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Figure 4. Effects of At-gCYP on Seed Filling.

The data were calculated by weighing two sets of 100 double hemizy-
gous aHAP1 X uAt-gCYP F2 seed and 100 aHAP1 X uAt-gCYP F2 seed,
ordering each group of weights from heaviest to lightest, and subtracting
from them the weights of 100 wild-type seed. The heavier seeds are to
the left and the lighter to the right. Bars indicate SE.

wild-type plants, although the differences were not statistically
significant (Table 4; see Supplemental Table 6 online).

The largest and most significant grain yield increases were in
our Zm-CYP-1 plots (Table 4; see Supplemental Table 6 online).
RT-PCR of many Zm-CYP lines revealed consistently high
transgene mRNA levels, at least when compared with our At-
gCYP lines (Figures 1L, 5F, and 5G), which could have sustained
high mRNA levels in the field and help to explain these larger
grain yield increases.

Gene Expression Analysis

We sought to determine if the metabolic or phenotypic changes
observed in the transgenic plants could be correlated with
changes in gene expression. We assayed the expression of
most of the genes in the rice genome using rice microarrays
containing 57,381 features in an analysis that was similar to a
previous study in Arabidopsis (Mussig et al., 2002). The RNA
samples for the microarrays came from seedling leaves, flag
leaves, and seed of At-gCYP-3 and At-gCYP-5 plants.

In general terms, the microarray data were similar for both sets
of RNA samples, although the changes in gene expression were
greater for the data from the At-gCYP-5 plants. Statistical
analysis revealed the changes in gene expression in the At-
gCYP-5 plants that had P values of <0.05 and fold inductions of
>2 relative to wild-type plants. Only the genes in this category
were studied further. Analysis of these genes showed that
whereas 144 features corresponding to 53 genes were defined
as induced and 760 features corresponding to 363 genes were
defined as repressed in At-gCYP-5 seedling leaves (see Sup-
plemental Data Set 1 online) and 137 features corresponding to
61 genes were defined as induced and 151 features correspond-
ing to 71 genes were defined as repressed in At-gCYP-5 flag
leaves (see Supplemental Data Set 2 online), there were 6256
features corresponding to 3988 genes defined as induced and

2775 features corresponding to 1816 genes defined as re-
pressed in At-gCYP-5 seed (see Supplemental Data Set 3
online). Since the expression levels of the homologous genes
were mostly unaltered through the course of seed development
in Arabidopsis wild-type plants (http://www.Arabidopsis.org/
info/expression/ATGenExpress.jsp), we concluded that these
changes were brought about by the At-gCYP transgene. The
most conspicuous result for any single gene was the ~19-fold
induction of a Gly-rich cell wall protein (Os07g32710) in all four of
the At-gCYP-5 seedling and flag leaf samples (see Supplemental
Table 7 online), which could have been associated with cell
expansion in the growing basal parts of the developing leaves
(Xu et al., 1995).

By filtering the 132 regulated flag leaf genes for those that
carried COG_PFAM (http://www.ncbi.nlm.nih.gov/COG/) func-
tional category descriptions, we identified a group of 32 genes
with such descriptions. Of these, 15 were involved with tran-
scription, seven in DNA replication, recombination, and repair,
and six with posttranslational modification, protein turnover, and
chaperone functions. By clustering the features on the chip with
P values of <0.05 and fold inductions of >2, we identified a group
of 33 genes that were expressed only in the flag leaves of wild-
type plants and induced only in the flag leaves of At-gCYP-5
plants (Figure 6A). These 33 genes included 17 protein kinases

(0Os01g02780, 0Os01g02790, 0s01g02810, 0Os01g41750,
0s02g13420, 0Os02g13460, 0Os04g30030, 0Os04g34250,
Os05g13770, 0Os05g44570, 0Os07g03880, 0Os07g35010,

0Os09g09510, Os09g16950, Os09929540, Os10g40490, and
0s12g17550) and a BRI1-associated receptor kinase precursor
(Os11g31530) encoding a protein 38% identical to Arabidopsis
BRI1 (which is repressed by BRs; Nemhauser et al., 2004) but
52% identical to Arabidopsis BAK1, suggesting that BRs exert
complex feedback control over the BRI1/BAK1 heterodimer
(Nam and Li, 2002).

By filtering the 5804 regulated seed genes in the same way, we
identified a group of 1185 genes. Of these, 308 were involved
with transcription, 300 had a general function prediction only,
206 were involved with DNA replication, recombination, and
repair, 152 with amino acid transport and metabolism, 148 with
carbohydrate transport and metabolism, 119 with translation,
ribosomal structure, and biogenesis, and 107 with inorganic ion
transport and metabolism. By clustering the features on the
chip with P values of <0.05 and fold inductions of >2, we
identified a group of 28 genes that were expressed only in
the seed of wild-type plants and induced only in the seed of
At-gCYP-5 plants (Figure 6A). These 28 genes included 12
hypothetical proteins (Os02g15140, Os02g41610, Os02g56500,
Os04g31170, 0Os04g38270, Os04g44580, Os08g40350,
0s09g20340, Os10g25180, Os10g40260, Os11g06410, and
0Os11g38610) and a homolog of FIE (Os08g04290), which in
Arabidopsis is known to be induced by vernalization (Wood
et al., 2006) but not by BRs. It was interesting that the kinases
were not only expressed at higher levels in flag leaves than in seed
but also at higher levels than in seedling leaves (Figure 6A).

When we checked >30 metabolic pathways in the KEGG meta-
bolic pathway database (http://www.genome.jp/kegg/pathway.
html), we found three pathways in which consecutive genes in
entire pathway branches were defined as induced or defined as
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Figure 5. Field Phenotypes.

(A) Seed size in the wild type.
(B) Seed size in Zm-CYP-1.

(C) Tiller number in the wild type.
(D) Tiller number in Zm-CYP-1.
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(F) and (G) Representative RT-PCR of mRNA levels. The RT-PCR primers in (F) were the same as those for Zm-CYP in Figure 1L, but the primers in (G)
were different from those for At-gCYP in Figure 1L. All primers were designed to coding and terminator sequences.

repressed. These were the pathways representing the shunt
from glucose-1-phosphate to trehalose in the flag leaf, the
pathway from glucose-6-phosphate to sucrose and starch
in the seed, and the pathway from geranyl pyrophosphate to
cycloartenol and lanosterol in the seed (see Supplemental Table
8 online).

We examined all 15 genes in the three pathway branches by
quantitative RT-PCR (qRT-PCR), using mRNAs from At-gCYP-5
flag leaf and seed samples for the reactions, and found that the
microarray and gRT-PCR results were in general agreement
given the kind of quantitative differences that are typical when
the two procedures are compared (Wang et al., 2003; Misson
et al.,, 2005) (see Supplemental Table 8 online). Specifically,
according to this gRT-PCR, there was an approximately 2- to
5-fold repression of UDP-glucose pyrophosphorylase (UGPase)
(0s02g02560), trehalose-phosphate synthase (Os05g44100),
and trehalose phosphatase (0s02g54820) at consecutive steps
in the shunt from glucose-1-phosphate to trehalose in all four of
the flag leaf samples (Figure 6B; see Supplemental Table 8
online). There was an ~13-fold to ~720-fold induction of phos-

phoglucomutase (Os10g11140), UGPase, sucrose-phosphate
synthase (Os06g43630), sucrose synthase (0Os03g22120),
glucose-1-phosphate adenylyltransferase (Os05g50380), starch
synthase (0s05g45720), and 1,4-a-glucan branching enzyme
(0s02g32660) at consecutive steps in the pathway from glucose-
6-phosphate to sucrose and starch in all eight of the seed
samples, according to qRT-PCR and classified according to
KEGG (Figure 6C; see Supplemental Table 8 online). There was
an ~7-fold to ~30-fold induction of farnesyl-diphosphate
synthase (geranyltransferase) (Os05g46580), geranylgeranyl-
pyrophosphate synthase (0s07g39270), squalene synthase
(Os03g59040), squalene monooxygenase (0s03g12900), cyclo-
artenol synthase (0Os11g18366), and lanosterol synthase
(Os02g04710) at consecutive steps in the pathway from geranyl
pyrophosphate and geranylgeranyl pyrophosphate synthase to
cycloartenol (Bouvier-Navé et al., 1998) and lanosterol (Jiang and
Wang, 2006) in all eight of the seed samples, also according to
gRT-PCR and classified according to KEGG (Figure 6D; see
Supplemental Table 8 online). These results showed that all three
pathways were tightly controlled by BRs.
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Table 4. Phenotype Data from Field-Grown Plants

Trait Wild Type Zm-CYP-1 Os-CYP-14 At-gCYP-5

Grain Yield

Number of panicles 16.8 23.1 21.0 20.6
plant=1

Weight (g) 100 seed~' 2.37 2.83** 2.56** 2.82**

Grain Yield (g) plant~" 13.6 19.6™ 17.9* 16.3

Grain Yield (g) plant~' 0.44 0.58 0.53 0.53
day~"

Grain Yield (g) plot-! 537 853** 774* 603

Grain Yield (g) plot-' 17.3 25.08 22.80 19.46
day—1

Plant Size

Height (cm) plant—" 61.1 71.6* 72.6* 71.0*

Height (cm) plant—1 1.97 2.10 2.14 2.29
day—"

Number of tillers 9.70 12.5" 10.9 12.4*
plant-1

Biomass (g) plant—' 26.7 37.9* 35.7* 33.3*

Biomass (g) plant—! 0.86 1.1 1.04 1.08
day~1

Sterol C-22 hydroxylases affect growth and development and seed
weight in paddy fields. Tillers were counted 20 d after transplanting to
paddy fields, whereas panicles were counted at maturity, ~2.5 months
later. More tillers were produced in between 20 d after transplanting and
maturity, and most of the tillers went on to produce a single panicle.
Grain yield per plant was measured for five of the plants growing in each
of the plots, and grain yield, plant height, and biomass per plant were
divided by the number of days from transplanting to the time when the
plants flowered, ~2 months after germination, to give productivity per
day. *, Statistically different from the wild type at 5% level; **, statistically
different from the wild type at 1% level.

Photosynthesis

Our flag leaf and seed gene expression data and our seed weight
studies suggested that the effects of the Zm-CYP, Os-CYP, and
At-gCYP transgenes on seed weight were indirect and resulted
from greater loading of sucrose and other sugars to the phloem
and enhanced transport to the endosperm in the seed. We
therefore studied photosynthesis itself to examine the possibility
that there was greater sucrose accumulation in the leaves.

The maximum quantum efficiency (F./F.,) of the At-gCYP
plants was increased by up to ~2.5% in 150 and 1100 wmol m—2
s~ 1 of white light (Figure 7A) and CO, uptake was increased by
up to ~30% at 380 ppm CO, and by up to 45% at 760 ppm CO,
in higher intensities in the range from 0 to 2000 pmol m—2 s~ of
white light (Figure 7B) relative to wild-type plants. However, At-
gCYP-3 plants, which contained lower transgene mRNA levels,
showed increased F,/F,, in only 1100 wmol m~2 s~ light con-
ditions and lesser (although statistically significant) increases in
CO, uptake (Figures 7A and 7B), even though some of the BR path-
way intermediates downstream of 6-DeoxoCT were increased in
more or less the same way in one of the two At-gCYP-3 flag leaf
replicates (see Supplemental Tables 1 and 2 online).

According to the microarrays, there were very few gene
expression changes in the flag leaves of the At-gCYP-5 plants

that could have been associated with enhanced photosynthesis.
Of the 108 annotated genes represented on the chips that
encoded proteins affecting the reaction centers or CO, assim-
ilation, there was only an ~1.4-fold induction of a Rubisco small
subunit (Os12g19470) and an ~3-fold repression of a light-
regulated U-box ubiquitin ligase (Os04g34140) in each of the four
flag leaf samples, which gRT-PCR showed to be ~2.5-fold
induced and ~6.2-fold repressed, respectively (see Supplemen-
tal Table 9 online). There was also microarray evidence for an
~2.6-fold repression of a chloroplast protease (Os06g12370) in
the At-gCYP-5 flag leaves, although the gRT-PCR data, which
suggested that the repression was ~2.3-fold, were not signifi-
cant statistically (see Supplemental Table 9 online). However,
overexpression of an Arabidopsis gene (At2g30950) encoding a
protein 64% identical to this protease, in Arabidopsis, resulted in
albinos at the five-leaf stage (see Supplemental Figure 3 online),
suggesting that genes encoding proteins of this kind could have
played arole in controlling photosynthesis (Garcia-Lorenzo et al.,
2005; Sjogren et al., 2006).

DISCUSSION

Increased BR Levels Affect Development and Increase
Seed Weight

We introduced DNA sequences encoding three sterol C-22
hydroxylase proteins sufficient to catalyze key reactions in the
BR biosynthesis pathway (Sakamoto et al., 2005) into rice plants.
These coding sequences resulted in increases in BR levels, tiller
and seed number per plant, and seed weight, especially of the
seed that are normally the lightest. They also resulted in in-
creases in leaf length and angle, height, and tiller diameter. All
these traits can be valuable in rice and other crop species.

Elevated BR levels increase branch number in Arabidopsis and
tobacco (Nicotiana tabacum; Choe et al., 2001) and also increase
tiller number in rice, even though the branches develop from the
axils on the main stem and the tillers from bases of the culms
(Doust, 2007). This suggests that the processes that determine
branching and tillering are conserved in dicots and monocots
and that BRs help to control the processes in them both. Several
genes that influence tillering in monocots have been identi-
fied, such as MONOCULUM1 (Li et al., 2003), TEOSINTE
BRANCHED1 (Takeda et al.,, 2003), and HIGH-TILLERING
DWARF1 (HTD1; Zou et al., 2005), but a link between the activity
of these genes and BR levels has not been demonstrated.
However, auxin affects the expression of HTD1 (Zou et al., 2005,
2006), and BRs interact with auxin (Nemhauser et al., 2004,
2006), suggesting that auxin could provide this link.

We show that BR levels that are elevated in the leaves, and
probably also elevated in the stems and roots, have significant
effects on the weight of the seed. BRs do not undergo long-
distance transport in pea (Pisum sativum; Symons and Reid,
2004), and small amounts of radiolabeled BRs applied to the
leaves of rice do not enter the seed (Yokota et al., 1992),
suggesting that these increases in weight were secondary ef-
fects resulting from BR effects elsewhere in the plant. Our BR
metabolite analysis that showed that there were not any signif-
icant changes in any of the pathway intermediates in the seed of
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(A) Induction of the 33 genes expressed only in the flag leaf, including 18 genes encoding protein kinases (red), and induction of the 28 genes expressed
only in the seed, including 12 genes encoding hypothetical proteins (red).

(B) Microarray data represented as colored lines for UDP-glucose pyrophosphorylase (1), trehalose-phosphate synthase (2), and trehalose
phosphatase (3) in the shunt from glucose-1-phosphate to trehalose in the flag leaf.

(C) Microarray data represented as colored lines for phosphoglucomutase (1), UGPase (2), sucrose-phosphate synthase (3), sucrose synthase (4),
glucose-1-phosphate adenylyltransferase (5), starch synthase (6), and 1,4-a-glucan branching enzyme (7) in the pathway from glucose-6-phosphate to
sucrose and starch.

(D) Microarray data for farnesyl-diphosphate synthase (1), geranylgeranyl-pyrophosphate synthase (2), squalene synthase (3), squalene mono-
oxygenase (4), cycloartenol synthase (5), and lanosterol synthase (6) in the pathway from geranyl pyrophosphate and geranylgeranyl-pyrophosphate to

cycloartenol and lanosterol in the seed.

Orange and red, >2-fold and >5-fold induction, respectively; blue, >2-fold repression; yellow, no change; gray, no data.

the Zm-CYP, Os-CYP, and At-gCYP plants and our targeting of
At-gCYP expression to the embryo and endosperm that showed
that BRs cannot bring about seed enlargement directly also
suggest that this is the case. Our ordered seed weight measure-
ments suggest instead that the increases in seed weight resulted
from enhanced filling of the seed with sucrose and other sugars
transported to them from the leaves. Spray application of
epibrassinolide to sorghum plants at the heading and grain filling
stages has been reported to have similar effects (Xu, 2007).
However, it is also possible that the weak pAS activity in the seed
coat also had an effect on the weight (Schruff et al., 2006). Since
there has been little breeding for increased seed filling (Smith and
Nelson, 1986), genes that control the filling could be useful for
increasing seed yield.

Increased BR Levels Favor Sucrose Accumulation in the
Leaf and Starch in the Seed

Seed filling depends on the flow of sucrose and other sugars
from the stems and leaves to the embryo and endosperm. This
flow is determined by the amount of CO, assimilation in the
leaves, the loading of the phloem with sucrose and others sugars
that can be transported, and by the activities of the enzymes that
convert the sugars to starch in the seed.

CO, assimilation is determined by electron transport efficiency
in the photosynthetic reaction centers and the carboxylation rate
of Rubisco. Spray applications of BRs have been shown to affect
both of these processes, increasing the quantum yield of elec-
tron transport in the photosystem Il reaction centers and the
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Figure 7. Effects of At-gCYP on Photosynthesis.

(A) Maximum quantum efficiency (F./F).
(B) CO, uptake.
Bars indicate SE.

maximum carboxylation rate of Rubisco (Fuijii et al., 1991; Ramraj
et al.,, 1997; Yu et al., 2004), and our results suggest that BR
levels that are elevated by transgenes can have similar effects.
Although it is not clear how BRs bring about these effects on
photosynthesis, the repression of the U-box ubiquitin ligase (and
the possible repression of the chloroplast protease) that were
conspicuous in the microarray data might have prolonged the
half-lives of some of the photosynthetic proteins, and the induc-

tion of the Rubisco small subunit might have increased the
capacity for carboxylation and the accumulation of sucrose.

The loading of the phloem is determined by the activities of stem
and leaf cell sugar transporters, which themselves are controlled
by the levels of free sucrose and other sugars in the cytoplasm
(Burkle et al., 1998; Scofield et al., 2007). The repression of the
shunt from glucose-1-phosphate to trehalose in the flag leaves of
the At-gCYP plants could have affected these levels. Trehalose
stimulates the expression of ADP-glucose pyrophosphorylase and
starch synthesis in Arabidopsis (Wingler et al., 2000; Fritzius et al.,
2001; Kolbe et al., 2005), so the repression of trehalose-phosphate
synthase and trehalose phosphatase, which lie at consecutive
steps in the shunt from glucose-1-phosphate to trehalose, in the
flag leaves of the At-gCYP plants would have favored free sucrose
accumulation at the expense of starch.

The accumulation of starch in the seed is determined by the
activity of starch synthase and 1,4-a-glucan branching enzyme in
the endosperm (Satoh et al., 2003; Ryoo et al., 2007). Induction of
the pathway from glucose-6-phosphate to sucrose and starch in
the seed of the At-gCYP plants likely enhanced these activities and
contributed to the increase in seed weight. Interestingly, UGPase
was induced in the seed in these At-gCYP plants, but it was
repressed in the leaf. UGPase catalyzes the reversible formation of
UDP-glucose from glucose-1-phosphate and UTP, and in the seed
provides UDP-glucose to starch synthase directly (Smidansky
et al., 2002; Kleczkowski et al., 2004), but in the leaf provides
UDP-glucose to sucrose phosphate synthetase (Kleczkowski
et al., 2004). UDP-glucose is also an important intermediate in an
array of metabolic pathways, including those involved in hemi-
cellulose and pectin formation (Johansson et al., 2002). These
observations suggest that regulation of UGPase in particular
might play a key role in source-sink interactions in plants.

Comparison of the Effects of Maize, Rice, and Arabidopsis
C-22 Hydroxylase Genes on Development and Seed Weight

The Arabidopsis At-CYP90B1 and rice Os-CYP90B2 genes
encode orthologous proteins that are 71% identical and able to
catalyze the C-22 hydroxylation of CN to 6-DeoxoCT in the BR
biosynthesis pathway (Choe et al., 1998; Tanabe et al., 2005).
The maize sequence encodes the protein Zm-CYP, which is 90%
identical to CYP724B1 (Os04g39430, Gl:68565169) but only
42% identical to Os-CYP (0Os03g12660, Os-CYP, Gl:60677681),
suggesting that the maize gene is orthologous to Os-DWF11.
Rice os-dwf11 mutants show dwarfism and reduced seed length
and seed size phenotypes that can be rescued with 6-deoxoty-
phasterol and typhasterol, suggesting that DWF11 proteins act
downstream of DWF4 proteins (Tanabe et al., 2005). Our exper-
iments also show that overexpression of Zm-CYP decreases CN
and increases 6-DeoxoCT levels, suggesting that the At-CYP
and Zm-CYP proteins can catalyze the same hydroxylation of CN
to 6-DeoxoCT. Although our use of pAS to direct the expression
of Zm-CYP, At-CYP, At-gCYP, and Os-CYP resulted in a char-
acteristic set of growth and development phenotypes that
were essentially indistinguishable from one another, the higher
mRNA levels, higher 6-DeoxoCT levels, and slightly stronger
phenotypes we observed for Zm-CYP could have been due
to nucleotide sequence differences that protected the maize



pre-mRNA from RNA interference. Alternatively, they could have
been due to greater effects on 22-OH-3-one and 6-DeoxoCT
levels, which represent the early C-22 oxidation pathway that
also leads to BR biosynthesis (Fujioka et al., 2002; Fujioka and
Yokota, 2003).

Manipulation of the BR Pathway Could Increase Planting
Density, Panicle Number, Light Capture, and Seed Filling
in Crop Plants

We show that BRs regulate seed filling in rice. However, the
relative contributions of the altered leaf architecture, increased
photosynthetic efficiency, and effects on sugar metabolism in
leaves and seed are difficult to determine. Our transgenic plants
bore leaf blades at increased angles to the vertical relative to
wild-type plants, were taller, and were slightly sprawling, and
these phenotypic changes might all have contributed to the
increases in seed weight.

Increases in leaf angle can expose leaf blades to more light,
but because of shading can result in decreased light capture for
the canopy as a whole (Sakamoto and Matsuoka, 2004). In-
creases in overall height might be expected to also expose
leaves to more light, but os-dwf4-1 mutants that are smaller than
wild-type plants show enhanced grain yields under conditions
of dense planting even without the use of additional fertilizer
(Sakamoto et al., 2005), suggesting that height is not a deter-
mining factor for yield. It may therefore be that photosynthetic
efficiency and the levels of free sucrose and fine control over the
metabolic pathways leading to glucose, sucrose, and starch in
the leaves and seed are the more important determinants of seed
filling and weight.

Idealized crops require optimization for size, stem and leaf
angle, and photosynthetic efficiency (Sakamoto and Matsuoka,
2004). It is possible that improvements can be made in rice and
other crops by targeting BR phenotypes to different parts of
plants or by developing combinations of BR phenotypes and
other phenotypes as well. For example, in rice, increases in BR
levels in the leaves to maximize photosynthetic efficiency and
sugar conversions to glucose and sucrose, together with de-
creases in BR levels at the leaf joint to maximize planting density
(Sakamoto et al., 2005) and targeted changes in auxin levels
to increase the numbers of leaves and buds on the stems
(Bainbridge et al., 2008) and in cytokinin levels to delay senes-
cence (Smart et al,, 1991; Ashikari et al., 2005), could have
synergistic effects on grain productivity.

METHODS

Promoters

We used 1954 nucleotides immediately upstream of the transcription
start site of the Arabidopsis thaliana AS gene (At3g17390, Gl:23397143)
for most of our experiments. To direct expression to the embryo, we used
the leader sequence and first intron of rice (Oryza sativa) UBIQUITIN2
(0s02g06640, GI:52076878) upstream of a promoterless HAP1:UAShap1:
GFP construct to develop an enhancer trap population (Laplaze et al.,
2005), within which we identified an embryo trap line giving expression
only in the embryo (iHAP). In this construct, HAP1 served as a transcrip-
tional activator (Zhang and Guarente, 1994) able to induce and amplify the
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expression downstream of UASap1. To direct expression to the endo-
sperm, we used 976 nucleotides immediately upstream of the transcrip-
tion start site of rice GLOBULINT (Os05g41970, Gl:115465852), which
gives expression in the endosperm (Wu et al., 1998), to develop a pGLB:
HAP1:UASuap1:GFP construct (QHAP). We used 2723 nucleotides im-
mediately upstream of the transcription start site of rice UBIQUITIN2
(Wang et al., 2000) to develop a pRUBQ2:HAP1:UASuap1:GFP construct
(UHAP) and give constitutive expression. Fluorescence was analyzed with
a Typhoon scanner (Amersham Biosciences) and a TCS SP2 confocal
microscope fitted with a 515- to 545-nm filter (Leica Microsystems). For
promoter RT-PCR studies, mRNAs were extracted from stem, leaf, and
seed (minus seed coat) tissues. Primers were designed to give 450-bp
PCR products.

Coding Sequences

We used sequences encoding the maize (Zea mays), Arabidopsis, and
rice sterol C-22 hydroxylase proteins CYP724B3 (GenBank/EMBL
ESTs CA832360, CA832231, and CD438350), CYP90B1 (At3g50660,
Gl:19699122), and CYP90B2 (Os03g12660, Gl:60677681), respectively,
as full-length cDNAs for most of our experiments. We cloned these se-
quences from a maize hybrid, Arabidopsis ecotype Wassilewskija, and rice
Jjaponica variety Kitaake, respectively. We also used CYP90B1 as a genomic
clone representing the start codon through 688 nucleotides downstream of
the stop codon and lacking any part of the CYP90B1 promoter.

Constructs

For direct fusions, we introduced pAS and the maize, rice, and Arabi-
dopsis coding sequences into a binary vector (pNB4) that was derived
from pMOG800 (Knoester et al., 1998), in between promoter and OCS
terminator sequences and upstream of selectable marker sequences,
generating Zm-CYP, Os-CYP, At-CYP, and At-gCYP. To enable some
two-component crosses, we used aHAP, iHAP, and gHAP and a separate
set of constructs in which five tandem repeats of UASpap1 Were intro-
duced upstream of sequences encoding yellow fluorescent protein (YFP)
targeted to the nucleus by a localization sequence from the histone H2B
(UYFP) (Boisnard-Lorig et al., 2001) or At-gCYP (uAt-gCYP), also in pNB4.

Transformation and Expression Analysis

For transformation, we induced calli from mature Kitaake seeds and
transformed calli with an Agrobacterium tumefaciens—-mediated transfor-
mation method (Hiei et al., 1994). We generated between 10 and 16 inde-
pendent TO plants for each of the direct fusions and two-component
constructs, used PCR to confirm them, and used segregation analysis to
identify those containing single T-DNAs. We selfed the plants containing the
single T-DNAs to generate hemizygous T1 (2nd generation) lines for two-
component crosses and homozygous T2 and T3 direct fusion lines for
phenotype analysis. For the enhancer trap screening, we generated ~500
independent iHAP transformants and used GFP analysis, PCR, and seg-
regation analysis to develop a hemizygous T1 line for iHAP. For RT-PCR
studies, Zm-CYP, Os-CYP, At-CYP, and At-gCYP mRNAs were extracted
from leaf tissue. Primers were designed to the coding sequence and the
OCS terminator of each of the transgenes to give 300- to 840-bp products;
the primers to Os-CYP did not amplify the Os-CYP mRNA extracted from
wild-type plants, so we used other primers both within the coding sequence
to determine the expression level of this endogenous gene.

Two-Component Crosses

We used aHAP1 plants to pollinate uYFP plants (Johnson et al., 2005) and
observed fluorescence color and cellular localization in the F1 to test our
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two-component system. Then we used aHAP1, iHAP1, or gHAP plants to
pollinate three groups of four hemizygous uAt-gCYP plants and pheno-
typed between 16 and 22 of the double hemizygous F1 plants from each
of the crosses.

Greenhouse Data

We grew homozygous Zm-CYP, Os-CYP, At-CYP, and At-gCYP (includ-
ing Zm-CYP-1, Os-CYP-14, At-CYP-4, and At-gCYP-5) T2 plants, and
double hemizygous T2 plants containing aHAP (including aHAP1-7) and
UAt-gCYP (including uAt-gCYP-16 and uAt-gCYP-17) alongside untrans-
formed and wild-type segregant control plants in pots, for phenotyping.
We added fertilizer to the soil preparation to begin with, bottom-watered
with measured volumes of water, and grew the plants in a greenhouse in
16 h ~28°C days and 8 h ~22°C nights. We counted the number of tillers
for each plant, took stem and leaf measurements from each of three tillers
per plant, and determined seed number, size, and weight for each plant at
maturity, which was ~3 months after germination. We determined seed
number per panicle for three panicles per plant at maturity, took seed size
measurements using WinSeedle software (Regent Instruments), which
projects total seed area, and took seed weight measurements after drying
mature seed at 42°C for 1 week.

Seed Filling Data

For filling experiments, we sorted F2 seed from iHAP-60 X uAt-gCYP-17
crosses and from gHAP-5 X uAt-gCYP-17 crosses according to the level
of GFP fluorescence; there were three groups that were wild-type,
hemizygous, and homogygous for GFP. Then we weighed the three
groups and normalized the weights against the corresponding weights of
seed from the iIHAP and gHAP parent plants. We also weighed 100 F2
seed from each of two aHAP X uAt-CYP crosses aimed at expressing
At-gCYP in the stems, leaves, and roots (aHAP-7 X uAt-gCYP-16 and
aHAP-7 X uAt-gCYP-17 crosses), ordered the weights from heaviest to
lightest, and subtracted from them the weights of 100 wild-type seed
ordered in the same way to show which of the seeds gained in weight the
most.

Field Data

We grew homozygous Zm-CYP-1, Os-CYP-14, and At-gCYP-5 T3 plants
and untransformed wild-type control plants at the Institute of Crop
Sciences field station in Changping, China, from May through October,
2005. We grew each line as four replicates in paddy fields laid out in a
randomized complete block design, with plots of 60 plants arranged in
four rows of 15 plants each. The distance between the plants in a row was
13.5 cm, and the distance between rows was 25 cm. For fertilizer, we
added ammonium phosphate and potassium chloride at 121 kg acre~'
when the plants were transplanted to the field and urea at 90 kg acre~'5d
later at 60 kg acre " at the onset of tillering and at 75 kg acre ! at booting.
We kept the plants in 2 to 4 inches of water throughout the growing
period. We determined tiller number for all plants in each plot at 20 d after
transplanting, but we took other measurements for five plants in each plot
at maturity, ~2.5 months after transplanting; the biomass and seed
weight measurements were done after harvesting and drying mature
plants and seed at 42°C for 1 week. We used LSD tests to compare
transgenic plants with controls.

BR Metabolite Analysis

We determined levels of BR pathway intermediates using gas chroma-
tography and mass spectroscopy. We collected ~30 g of flag leaves 12 d
after the initiation of flowering and ~20 g of seed 15 d after pollination

from Zm-CYP-1, Os-CYP-6 and -14, At-CYP-4, At-gCYP-3, -5, and -7,
and wild-type plants, growing in a greenhouse, all within 30 min of each
other. Then we lyophilized them, extracted them twice with 250 mL of 4:1
methanol:CHCI3, and purified and quantified the sterols and BRs accord-
ing to methods described elsewhere (Noguchi et al., 1999; Fujioka et al.,
2002). We used all data from all of the samples for statistical analysis. We
assayed for BRs with biological activity by measuring 25 adaxial leaf
epidermis cells at three sites at the bases of the leaves in single Zm-CYP-1
and At-gCYP-5 plants and by transferring 7-d-old seedlings containing two
open leaves from 28 to 48°C for 6.5 h, retuing them to the 28°C, and
counting the number of first and second leaves that were killed by the 48°C
treatment 7 d later.

Microarrays

For microarray experiments, we hybridized 18 chips. There were three
sample types (seedling leaves 15 d after germination, flag leaves 12 d
after the initiation of flowering, and seeds 15 d after pollination), three
genotypes (At-gCYP-3, At-gCYP-5, and wild-type plants), and two bio-
logical replicates per genotype, each containing a pool of tissues from
three different plants. We ground the samples in liquid Ny, extracted the
mRNA, and hybridized the corresponding cDNAs to rice GeneChip
microarrays (Affymetrix) containing 57,381 features. We then washed
the chips, scanned them to generate TIFF files, and extracted them using
quality scores describing spot morphology, intensity, and dye saturation.
After RMA normalization using R/Bioconductor, we loaded the CEL files
into GeneSpring GX (Agilent) and performed per-gene and per-chip
normalizations such that expression levels for each gene on each chip
were centered at ~1. We calculated biological replicate correlations by
Condition Tree clustering; the correlation coefficients ranged from 0.9849
to 0.9973. We used a linear model (Smyth et al., 2005) to estimate real
biological variation in gene expression levels and created a corrected
signal for each of the features on each of the chips. We then used analysis
of variance tests to identify the gene expression levels that were statis-
tically different between the transgenic and wild-type plants (the general
linear model for the factorial analysis of variance design with two
independent variables was Uy = u + t + B; + g; + €, Where in our
case, Uji = u [overall mean response] + group effect #1 [t;, transgene] +
group effect #2 [B;, tissue] + interaction term [gj;, transgene:tissue] + error
[eji]) and false discovery rate correction (Benjamini and Hochberg, 1995)
to control for multiple testing errors. These procedures provided us with
transgenic seedling leaf to wild-type seedling leaf, transgenic flag leaf to
wild-type flag leaf, and transgenic seed to wild-type seed comparisons,
which allowed us to interpret the baseline expression in the wild type and
the differential expression in the At-gCYP plants. Using only the expres-
sion levels that showed statistically significant changes (that had P values
of < 0.05), we then identified the genes that were >2-fold induced or
repressed, grouped the corresponding genes into COG_PFAM cate-
gories (http://www.ncbi.nlm.nih.gov/COG/), and analyzed them for en-
richment against all the genes represented on the chip. We determined
the statistical significance of this enrichment using x2 and two-tailed
Yates correction values.

gRT-PCR

For confirmation of microarray results, we synthesized cDNAs from At-
gCYP-3, At-gCYP-5, and wild-type flag leaf and seed mRNAs extracted
from pools of flag leaves and seeds collected from three different plants
per genotype and developed primers to give 75- to 150-bp PCR products.
We amplified PCR products in triplicate using iQ SYBR Green SuperMix
(Bio-Rad) in 15-pL qRT-PCR reactions, an iCycler iQ 96-well real-time
PCR detection system (Bio-Rad), iCycler software to calculate threshold
cycle values, and rice B-tubulin as an internal control. We used the 2-4AC;
method to calculate the relative expression levels for the At-gCYP-5 and



wild-type samples and a two-tailed t test to compare the ratios and
determine statistical significance (Livak and Schmittgen, 2001). We
placed gRT-PCR-validated genes into pathways using the KEGG met-
abolic pathway database (http://www.genome.jp/kegg/pathway.html).

Photosynthesis Analysis

For photosynthesis experiments, we used At-gCYP-3, At-gCYP-5, and
wild-type plants growing in growth chambers operating at 16 h ~28°C d
and 8 h ~25°C nights. We measured photosystem Il maximum quantum
efficiency (F\/Fy,) after transferring seedlings 4 d after germination to 15,
150, and 1100 wmol m~2 s~ of continuous white light for 10 d, detaching
a single leaf from each of six seedlings per line, dark-adapting the
detached leaves for 30 min, and imaging them with a CF imager
(Technologica). We measured CO, uptake per unit leaf area also using
plants at the onset of flowering using a LI-6400 portable photosynthesis
system (LI-COR) fitted with a 2 X 3-cm leaf chamber and a fixed LED light
source using an array of red and blue LEDs. We determined light response
curves for each sample at 380 ppm and 760 ppm CO, and nine light
intensities from 0 to 2000 wmol m~2 s~ after an equilibration period of 1 h
at a constant leaf temperature of 25°C, a chamber humidity of 50 to 55%,
a CO, flow rate of 500 wmol s~7, and an irradiance of 1500 umolm—2s~1,
We then logged CO, measurements from the middle of the flag leaves in
triplicate, at steady state for each light intensity, with a minimum wait time
of 120 s and maximum of 200 s.
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