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Seed development of flowering plant is a complicated
process controlled by a signal network. Double fertilization
generates 2 zygotic products (embryo and endosperm). Embryo gives rise to a daughter plant while endosperm provides
nutrients for embryo during embryogenesis and germination.
Seed coat differentiates from maternally derived integument
and encloses embryo and endosperm. Seed size/mass and
number comprise final seed yield, and seed shape also contributes to seed development and weight. Seed size is coordinated by communication among endosperm, embryo, and
integument. Seed number determination is more complex
to investigate and shows differencies between monocot and
eudicot. Total seed number depends on sillique number and
seed number per sillique in Arabidopsis. Seed comes from fertilized ovule, hence the ovule number per flower determines
the maximal seed number per sillique. Early studies reported
that engineering BR levels increased the yield of ovule and
seed; however the molecular mechanism of BR regulation in
seed development still remained unclear. Our recent studies
demonstrated that BR regulated seed size, shape, and number
by transcriptionally modulating specific seed developmental
pathways. This review summarizes roles of BR in Arabidopsis
seed development and gives clues for future application of BR
in agricultural production.

Introduction
The molecular mechanisms of seed development are extensively studied, and many genes involved have been already identified. SHB1,1 IKU1,2 MINI3,3 IKU2,3 AP2,4-6 and MADS-box

transcription factors AGL61,7,8 AGL62,9 and AGL8010 mainly regulate endosperm development to affect seed size/weight. ARF2,11
TTG2,12 and TT1613 regulate integument development to affect
seed development. FIS2, FIE, MEA, MSI1, SWN,14 and MET115
influence seed development by epigenetic regulation of endosperm development and paternal imprinting. ANT16 and RGE117
are involved in regulating embryo proliferation and affect seed
development. Hormones play crucial roles in seed development,18
including auxins, cytokinins, gibberellins, and BR. Also many
genes that take part in ovule development and regulate the seed
number have been identified in Arabidopsis, such as SUP,19 INO,20
SIN1,21 SIN2,22 TSO1,23 BEL1,21,24 AG,25 HLL,26 ANT,26 and AP2.24
Steroid hormone BR is required in seed development.
Deficiency in BR synthesis and signal transduction pathway leads
to severe phenotypes in reproductive development. Many excellent articles and reviews covered BR synthesis, signal transduction, and related plant growth and development. Here we briefly
summarize our current understanding of BR functions and regulation mechanisms in Arabidopsis seed development.
BR Plays Key Roles in Seed Size/Mass Regulation
The functions of BR in seed development have been demonstrated by studies of BR deficient and insensitive mutants
of Arabidopsis, Oryza sativa, Pisum sativum, and Vicia faba.
Arabidopsis BR deficient mutant dwf5 produces small seeds.27
Another Arabidopsis dwarf mutant shk1-D (overexpression of a
P450 monooxygenase family gene CYP72C128) has lower endogenous BR level and produces general short organs and small seeds.
Rice BR deficient mutant brd2 exhibits shortened and smaller
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embryo development, decreased embryo cell size,
number, and integument cell length. Our results
are in according with the theory that final seed size
depended on interactions among zygotic embryo
and endosperm, maternally derived seed coat, and
mother plant.11 We further analyzed the effects of
BR synthesis and signaling in specific tissues on seed
size determination, and deduced that BR produced
by the embryo and endosperm contributed to the
increased seed size.
SHB1, IKU1, MINI3, and IKU2 are reported
to be positive regulators of seed size and act in the
same pathway.1-3,36 We demonstrated they were positively regulated by BR and SHB1. IKU1 and IKU2
were found as direct targets of BZR1,35 confirming ChIP results of Sun et al.37 Unlike MINI3, its
interacting protein IKU12 is a direct target of BZR1.
Genetic experiments showed these genes acted downstream of DET2 and BZR1 in seed size regulation.
We proposed the model that BR regulated embryo
and endosperm development to determine seed size
through binding to SHB1 promoter region by BZR1,
consequently regulated the expression of MINI3 and
IKU2,1 or through BZR1 binding to IKU1, which
interacted with MINI32 to regulate the activity of
Figure 1. BR regulation model of seed development in Arabidopsis. BR regulates emMINI3 and the expression of IKU2, or alternatively
bryo and endosperm development to determine seed size through binding to the promoter region of SHB1 by BZR1, which further regulates the expression of MINI3 and IKU2,
through BZR1 binding to IKU2 and regulated the
or through BZR1 binding to the promoter region of IKU1, which interacts with MINI3 to
transcription of IKU2 directly (Fig. 1). FIS2, ANT,
regulate MINI3 and IKU2, or alternatively through BZR1 binding to the promoter of IKU2
and RGE1 were detected to be direct targets of BZR1
and regulates IKU2. BR regulates integuments, endosperm, and embryo development
and positively regulated by BR. We proposed that BR
through BZR1 binding to the AP2 promoter, and then affects seed size. BR also modmediated the development of embryo and endosperm
ulates the integument development through BZR1 binding to the promoter of ARF2.
BZR1, activated by BR signal, stimulates the ovule development-related genes like HLL,
through regulating the expression of these BZR1 tarANT, and AP2 indirectly or directly and regulate ovule number. Besides, AP2 and BZR1
get genes to affect seed development (Fig. 1).
possibly antagonize each other to participate in the ovule number determination proOur studies illustrated that BR was implicated
cess. BR affects the seed shape through regulating related genes in maternal tissues like
in the regulation of integument development as
integument (modified after Jiang et al. 35 and Huang et al. 50).
well. The first evidence observed was the significant
decrease of integument cell length in det2, indicatgrains.29 A cytochrome P450 gene DWF11 of rice is implicated in ing that BR positively regulated integument cell elongation. The
BR biosynthesis, and the dwf11 mutant also bears reduced seeds.30 second evidence was that ARF2 gene mutation (arf2) resulted in
Rice dwarf mutant d61 produces small grain size, which is caused dramatically increased seed size/mass due to the extra cell diviby loss of function of a rice AtBRI1 ortholog, OsBRI1.31 Contrarily, sion in the integuments.11 ARF2, a direct target gene of BZR1,
overexpression of BR-biosynthetic gene increases rice seed filling was negatively regulated by BR. Genetic evidences demonstrated
and yield.32 BR-deficient Vicia faba mutant also produces small ARF2 acted downstream of BZR1 and BR signal in regulating
seeds,33 and dwarf mutant lk, a severe BR deficient mutant of pea, seed size. These results rose up a hypothesis that BR might reguhas smaller seeds.34 These facts indicate that BR is required for late the seed size/mass also through BZR1 binding and repressing
normal seed development and seed size/mass determination.
ARF2 to positively regulate the integument development (Fig. 1).
So far, the molecular mechanisms of BR involved in seed devel- Because cytochrome P450 CYP78A5 (KLU) was reported to act
opment remain unclear. Our recent studies introduce advanced as a maternal regulator of seed size by stimulating the integument
understanding of BR regulation in seed size/mass.35 First, we cell proliferation,38 and we demonstrated KLU was a direct target
found the mature dry seeds of the BR-deficient mutant det2 and gene of BZR1, we gained another evidence supporting the hypoththe BR insensitive mutant bri1-5 (a weak allele of bri1 mutant) esis that BR regulated the integument development to influence
were smaller than corresponding wild type seeds. Furthermore, seed development through BZR1 (Fig. 1). Besides, AP2 acts as
the exogenous BR partially rescued seed size and weight of det2, an important negative regulator of seed development by inhibitconfirming BR positive regulation of seed size/mass. Detailed ing integument growth (and embryo/endosperm development) to
studies showed that the reduced seed size of det2 was possibly reduce the seed size.4 AP2 also affects seed size/mass by coordinatcaused by reduced seed cavity and endosperm volume, delayed ing the endosperm/embryo growth.4-6 Our results showed AP2
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was a target of BZR1, too, and negatively regulated by BR, and
AP2 acted downstream of BZR1 and BR signal in regulating seed
size (Fig. 1). Above all, we demonstrated that BR regulated seed
size by expanding seed cavity and endosperm volume, promoting
embryo development, and increasing embryo cell size, number,
and integument cell length through transcriptionally modulating
specific seed developmental pathways (Fig. 1).
BR Functions in Seed Shape Determination
Shape is an important seed trait. To date, there are a few reports
mentioning seed shape regulation. Arabidopsis seed shape mutant
ats is isolated from an ethyl methanesulfonate-treated population. Its length/width ratio is significantly lower than wild type.
ATS functions in integument development and directly affects
seed shape.39 A series of rice QTLs for grain weight are identified.
Among them, GW3, GW6, and GS3 correlate with grain shape.40,41
MADS genes also contribute to seed shape. Osmads6–1 seeds seem
to be more roundish than elliptical.42 However, the underlying
mechanisms of seed shape determination are mostly unknown.
BR is involved in seed shape determination. dwf5 and shk1D produce aberrantly shaped Arabidopsis seeds.27,28 dwarf1 and
dwarf11 mutants bear small, round rice seeds that are shorter
length but equal width to wild type.30,43 Rice brd2 mutant also
exhibits shortened grains.29 lk mutant produces irregularly shaped
pea seeds.34 Although BR has major effect on seed shape and BR
effect cannot be recovered by other signals, the detailed mechanism of BR regulating seed shape is still unclear.
Our recent studies made progress in explaining the mechanism
of seed shape regulation by BR. We found that the length to width
ratio of seeds produced by BR-deficient and insensitive mutants
was notably lower than of wild type. The ratio of wild type
Arabidopsis seeds resembles the Golden Ratio of 1.61803399.44
Owing to the fact seeds come from fertilized ovules, we further
analyzed ovule shape before pollination and found ovule shape of
BR-deficient and insensitive mutants was normal. Thus we concluded BR regulated seed shape after fertilization. Furthermore,
our results suggested that BR synthesis and signaling in the maternal tissues integument determined the seed shape (Fig. 1). The
reciprocal crosses demonstrated that seeds shape was kept roundish when maternal tissue contained less BR or abnormal BR signal, even if BR level and signal have been rescued in embryo/
endosperm and seed size/mass already restored. These results
suggested that BR level in zygote determined the seed size/mass
and had little effect on seed shape, which was consistent with the
opinion that BR could not be transported through tissue boundary.45,46 Although SHB1-MINI3-IKU2 pathway, AP2, and ARF2
mediate the BR regulation of seed size/mass, the BR functions in
seed shape determination is independent on these genes. Herein,
the evidences we got suggested that mechanism of BR regulating seed shape was different from that for seed size. Furthermore,
our studies indicated BR regulated distinct pathways in specific
cell types to control seed size and shape. However, the detailed
mechanism and unknown concerned genes of BR regulating seed
shape (maybe a good model for studying BR transport), are worth
further investigation in the future (Fig. 1).
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BR is Involved in Seed Number Determination
There are several reports about seed number determination in flowering plants; however there is a significant lack of
deeper insight into the mechanism of this regulation. First study
describes the ectopic overexpression of a BR-biosynthetic gene
DWF4 in Arabidopsis transgenic plants results in increased seed
yield due to a greater total seed number.47 Constitutive expression
of ZmDWF4 also increases the seed numbers.48 Enhancement of
BR biosynthesis in transgenic rice enhances the grain yield due to
more tillers and seeds and higher seed weight.32 These studies suggest that BR causes an increase of branches and sillique number
that leads to increased seed yield.
Due to the fact that many factors contribute to total seed number, we first focused on seed number per sillique in Arabidopsis.
The ovule number determines the maximal number of seeds in
Arabidopsis. Many genes have been identified in each phase of
ovule development. INO and SUP promote and suppress integument, and also affect the asymmetric form of integuments.19,20
SIN1 and SIN2 are required for cell division during integument
development.21,22 TSO1, which encodes a nuclear protein, is
required for the orientation of cell elongation and cytokinesis in
integument development.23,49 BEL1 and AG regulate integument
identity.21,24,25 HLL and ANT both promote ovule primordial
growth.26 Interestingly, AP2 also affects early ovule formation.24
Our recent studies showed the ovule or seed number per sillique
of det2 and bri1–5 were significantly decreased, whereas bzr1–1D
contained obvious increased ovule and seed number.50 Thus we
demonstrated that BR positively regulated ovule and seed number
determination, and BR functioned in ovule number determination through BZR1 regulating HLL, ANT, and AP2 transcription
directly or indirectly (Fig. 1).50 AP2 did not act downstream of
BZR1 in ovule number determination, but functioned antagonistically with BZR1, which seemed to be different to seed size/mass
regulation. The research of Arabidopsis seed number determination would provide opportunities for further use in yield enhancement of crops like Brassica napus and Glycine max.
Apart of ovule number, Arabidopsis seed number per sillique
determination is also affected by paternal tissues, fertilization,
seed development, and other factors. These processes and their
regulation will be worth further investigation. Total amount of
seeds depends on seed number per sillique and sillique number,
which reflects the meristem differentiation and maintenance
from early stages of reproductive development. Although rice seed
number determination differs from Arabidopsis, the signals in
reproductive meristems required for seed number determination
process in both monocot and eudicot may be conserved. How BR
functions in reproductive meristem and affects flower, fruit, and
seed number is an attractive field in future research.
Conclusions and Perspectives
The economic potentiality of BR in agricultural production
was recognized as early as the 1980s, and the ability of exogenous BR to increase yield was shown in a variety of plant species.
Combining previous reports and our results, we conclude that
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BR has crucial function in seed development, including seed size/
mass, shape, and number determination. The regulation mechanisms of BR in these processes are independent and different from
each other.
Disclosure of Potential Conflicts of Interest

Acknowledgments

We thank Dr Frantisek Baluska for kindly inviting this
review, and Ms Ivana Ferjentsikova (University of Nottingham)
for language editing. The concerned research work was supported by the National Basic Research Program of China (Grant
2014CB943404 and 2009CB941503).

No potential conflicts of interest were disclosed.
References
1.

Zhou Y, Zhang X, Kang X, Zhao X, Zhang X, Ni M.
SHORT HYPOCOTYL UNDER BLUE1 associates
with MINISEED3 and HAIKU2 promoters in vivo
to regulate Arabidopsis seed development. Plant Cell
2009; 21:106-17; PMID:19141706; http://dx.doi.
org/10.1105/tpc.108.064972
2. Wang A, Garcia D, Zhang H, Feng K, Chaudhury
A, Berger F, Peacock WJ, Dennis ES, Luo M. The
VQ motif protein IKU1 regulates endosperm growth
and seed size in Arabidopsis. Plant J 2010; 63:670-9;
PMID:20545893; http://dx.doi.org/10.1111/j.1365313X.2010.04271.x
3. Luo M, Dennis ES, Berger F, Peacock WJ, Chaudhury
A. MINISEED3 (MINI3), a WRKY family gene, and
HAIKU2 (IKU2), a leucine-rich repeat (LRR) KINASE
gene, are regulators of seed size in Arabidopsis. Proc Natl
Acad Sci U S A 2005; 102:17531-6; PMID:16293693;
http://dx.doi.org/10.1073/pnas.0508418102
4. Ohto MA, Floyd SK, Fischer RL, Goldberg RB,
Harada JJ. Effects of APETALA2 on embryo, endosperm, and seed coat development determine seed size
in Arabidopsis. Sex Plant Reprod 2009; 22:277-89;
PMID:20033449; http://dx.doi.org/10.1007/s00497009-0116-1
5. Jofuku KD, Omidyar PK, Gee Z, Okamuro JK.
Control of seed mass and seed yield by the floral
homeotic gene APETALA2. Proc Natl Acad Sci U S A
2005; 102:3117-22; PMID:15708974; http://dx.doi.
org/10.1073/pnas.0409893102
6. Ohto MA, Fischer RL, Goldberg RB, Nakamura
K, Harada JJ. Control of seed mass by APETALA2.
Proc Natl Acad Sci U S A 2005; 102:3123-8;
PMID:15708976;
http://dx.doi.org/10.1073/
pnas.0409858102
7. Steffen JG, Kang I-H, Portereiko MF, Lloyd A, Drews
GN. AGL61 interacts with AGL80 and is required for
central cell development in Arabidopsis. Plant Physiol
2008; 148:259-68; PMID:18599653; http://dx.doi.
org/10.1104/pp.108.119404
8. Bemer M, Wolters-Arts M, Grossniklaus U, Angenent
GC. The MADS domain protein DIANA acts together with AGAMOUS-LIKE80 to specify the central
cell in Arabidopsis ovules. Plant Cell 2008; 20:2088101; PMID:18713950; http://dx.doi.org/10.1105/
tpc.108.058958
9. Kang I-H, Steffen JG, Portereiko MF, Lloyd A,
Drews GN. The AGL62 MADS domain protein
regulates cellularization during endosperm development in Arabidopsis. Plant Cell 2008; 20:63547; PMID:18334668; http://dx.doi.org/10.1105/
tpc.107.055137
10. Portereiko MF, Lloyd A, Steffen JG, Punwani JA,
Otsuga D, Drews GN. AGL80 is required for central
cell and endosperm development in Arabidopsis. Plant
Cell 2006; 18:1862-72; PMID:16798889; http://
dx.doi.org/10.1105/tpc.106.040824
11. Schruff MC, Spielman M, Tiwari S, Adams S, Fenby
N, Scott RJ. The AUXIN RESPONSE FACTOR 2
gene of Arabidopsis links auxin signalling, cell division,
and the size of seeds and other organs. Development
2006; 133:251-61; PMID:16339187; http://dx.doi.
org/10.1242/dev.02194

e25928-4

12. Garcia D, Fitz Gerald JN, Berger F. Maternal control
of integument cell elongation and zygotic control
of endosperm growth are coordinated to determine
seed size in Arabidopsis. Plant Cell 2005; 17:5260; PMID:15598800; http://dx.doi.org/10.1105/
tpc.104.027136
13. Nesi N, Debeaujon I, Jond C, Stewart AJ, Jenkins
GI, Caboche M, Lepiniec L. The TRANSPARENT
TESTA16 locus encodes the ARABIDOPSIS BSISTER
MADS domain protein and is required for proper
development and pigmentation of the seed coat. Plant
Cell 2002; 14:2463-79; PMID:12368498; http://
dx.doi.org/10.1105/tpc.004127
14. Pien S, Grossniklaus U. Polycomb group and trithorax
group proteins in Arabidopsis. Biochim Biophys Acta
2007; 1769:375-82.
15. Xiao W, Brown RC, Lemmon BE, Harada JJ, Goldberg
RB, Fischer RL. Regulation of seed size by hypomethylation of maternal and paternal genomes. Plant Physiol
2006; 142:1160-8; PMID:17012404; http://dx.doi.
org/10.1104/pp.106.088849
16. Mizukami Y, Fischer RL. Plant organ size control:
AINTEGUMENTA regulates growth and cell numbers during organogenesis. Proc Natl Acad Sci U S
A 2000; 97:942-7; PMID:10639184; http://dx.doi.
org/10.1073/pnas.97.2.942
17. Kondou Y, Nakazawa M, Kawashima M, Ichikawa
T, Yoshizumi T, Suzuki K, Ishikawa A, Koshi T,
Matsui R, Muto S, et al. RETARDED GROWTH
OF EMBRYO1, a new basic helix-loop-helix protein,
expresses in endosperm to control embryo growth.
Plant Physiol 2008; 147:1924-35; PMID:18567831;
http://dx.doi.org/10.1104/pp.108.118364
18. Sun X, Shantharaj D, Kang X, Ni M. Transcriptional
and hormonal signaling control of Arabidopsis seed
development. Curr Opin Plant Biol 2010; 13:61120; PMID:20875768; http://dx.doi.org/10.1016/j.
pbi.2010.08.009
19. Gaiser JC, Robinson-Beers K, Gasser CS. The
Arabidopsis SUPERMAN gene mediates asymmetric
growth of the outer integument of ovules. Plant Cell
1995; 7:333-45; PMID:12242374
20. Villanueva JM, Broadhvest J, Hauser BA, Meister RJ,
Schneitz K, Gasser CS. INNER NO OUTER regulates abaxial- adaxial patterning in Arabidopsis ovules.
Genes Dev 1999; 13:3160-9; PMID:10601041; http://
dx.doi.org/10.1101/gad.13.23.3160
21. Robinson-Beers K, Pruitt RE, Gasser CS. Ovule
development in wild-type Arabidopsis and two
female-sterile mutants. Plant Cell 1992; 4:1237-49;
PMID:12297633
22. Broadhvest J, Baker SC, Gasser CS. SHORT
INTEGUMENTS 2 promotes growth during
Arabidopsis reproductive development. Genetics 2000;
155:899-907; PMID:10835408
23. Hauser BA, Villanueva JM, Gasser CS. Arabidopsis
TSO1 regulates directional processes in cells during floral organogenesis. Genetics 1998; 150:411-23;
PMID:9725857
24. Modrusan Z, Reiser L, Feldmann KA, Fischer RL,
Haughn GW. Homeotic transformation of ovules into
carpel-like structures in Arabidopsis Arabidopsis. Plant
Cell 1994; 6:333-49; PMID:12244239
25. Western TL, Haughn GW. BELL1 and AGAMOUS
genes promote ovule identity in Arabidopsis thaliana.
Plant J 1999; 18:329-36; PMID:10377998; http://
dx.doi.org/10.1046/j.1365-313X.1999.00448.x

26. Schneitz K, Baker SC, Gasser CS, Redweik A. Pattern
formation and growth during floral organogenesis:
HUELLENLOS and AINTEGUMENTA are required
for the formation of the proximal region of the ovule
primordium in Arabidopsis thaliana. Development
1998; 125:2555-63; PMID:9636071
27. Choe S, Tanaka A, Noguchi T, Fujioka S, Takatsuto
S, Ross AS, Tax FE, Yoshida S, Feldmann KA. Lesions
in the sterol delta reductase gene of Arabidopsis cause
dwarfism due to a block in brassinosteroid biosynthesis.
Plant J 2000; 21:431-43; PMID:10758495; http://
dx.doi.org/10.1046/j.1365-313x.2000.00693.x
28. Takahashi N, Nakazawa M, Shibata K, Yokota T,
Ishikawa A, Suzuki K, Kawashima M, Ichikawa T,
Shimada H, Matsui M. shk1-D, a dwarf Arabidopsis
mutant caused by activation of the CYP72C1 gene, has
altered brassinosteroid levels. Plant J 2005; 42:13-22;
PMID:15773850; http://dx.doi.org/10.1111/j.1365313X.2005.02357.x
29. Hong Z, Ueguchi-Tanaka M, Fujioka S, Takatsuto
S, Yoshida S, Hasegawa Y, Ashikari M, Kitano H,
Matsuoka M. The Rice brassinosteroid-deficient
dwarf2 mutant, defective in the rice homolog of
Arabidopsis DIMINUTO/DWARF1, is rescued by the
endogenously accumulated alternative bioactive brassinosteroid, dolichosterone. Plant Cell 2005; 17:224354; PMID:15994910; http://dx.doi.org/10.1105/
tpc.105.030973
30. Tanabe S, Ashikari M, Fujioka S, Takatsuto S, Yoshida
S, Yano M, Yoshimura A, Kitano H, Matsuoka M,
Fujisawa Y, et al. A novel cytochrome P450 is implicated in brassinosteroid biosynthesis via the characterization of a rice dwarf mutant, dwarf11, with reduced seed
length. Plant Cell 2005; 17:776-90; PMID:15705958;
http://dx.doi.org/10.1105/tpc.104.024950
31. Morinaka Y, Sakamoto T, Inukai Y, Agetsuma M,
Kitano H, Ashikari M, Matsuoka M. Morphological
alteration caused by brassinosteroid insensitivity
increases the biomass and grain production of rice.
Plant Physiol 2006; 141:924-31; PMID:16714407;
http://dx.doi.org/10.1104/pp.106.077081
32. Wu CY, Trieu A, Radhakrishnan P, Kwok SF, Harris S,
Zhang K, Wang J, Wan J, Zhai H, Takatsuto S, et al.
Brassinosteroids regulate grain filling in rice. Plant Cell
2008; 20:2130-45; PMID:18708477; http://dx.doi.
org/10.1105/tpc.107.055087
33. Fukuta N, Fukuzono K, Kawaide H, Abe H, Nakayama
M. Physical restriction of pods causes seed size reduction of a brassinosteroid-deficient faba bean (Vicia
faba). Ann Bot 2006; 97:65-9; PMID:16303772;
http://dx.doi.org/10.1093/aob/mcj014
34. Nomura T, Ueno M, Yamada Y, Takatsuto S, Takeuchi
Y, Yokota T. Roles of brassinosteroids and related
mRNAs in pea seed growth and germination. Plant
Physiol 2007; 143:1680-8; PMID:17322340; http://
dx.doi.org/10.1104/pp.106.093096
35. Jiang WB, Huang HY, Hu YW, Zhu SW, Wang
ZY, Lin WH. Brassinosteroid regulates seed size and
shape in Arabidopsis. Plant Physiol 2013; 162:196577; PMID:23771896; http://dx.doi.org/10.1104/
pp.113.217703
36. Garcia D, Saingery V, Chambrier P, Mayer U, Jürgens
G, Berger F. Arabidopsis haiku mutants reveal new
controls of seed size by endosperm. Plant Physiol
2003; 131:1661-70; PMID:12692325; http://dx.doi.
org/10.1104/pp.102.018762

Plant Signaling & Behavior	Volume 8 Issue 10

37. Sun Y, Fan XY, Cao DM, Tang W, He K, Zhu JY, He
JX, Bai MY, Zhu S, Oh E, et al. Integration of brassinosteroid signal transduction with the transcription
network for plant growth regulation in Arabidopsis.
Dev Cell 2010; 19:765-77; PMID:21074725; http://
dx.doi.org/10.1016/j.devcel.2010.10.010
38. Adamski NM, Anastasiou E, Eriksson S, O’Neill
CM, Lenhard M. Local maternal control of seed
size by KLUH/CYP78A5-dependent growth signaling. Proc Natl Acad Sci U S A 2009; 106:20115-20;
PMID:19892740
39. Leon-Kloosterziel KM, Keijzer CJ, Koornneef M. A
seed shape mutant of Arabidopsis that is affected in
integument development. Plant Cell 1994; 6:385-92;
PMID:12244241
40. Fan C, Xing Y, Mao H, Lu T, Han B, Xu C, Li X, Zhang
Q. GS3, a major QTL for grain length and weight and
minor QTL for grain width and thickness in rice,
encodes a putative transmembrane protein. Theor Appl
Genet 2006; 112:1164-71; PMID:16453132; http://
dx.doi.org/10.1007/s00122-006-0218-1
41. Guo L, Ma L, Jiang H, Zeng D, Hu J, Wu L, Gao Z,
Zhang G, Qian Q. Genetic analysis and fine mapping
of two genes for grain shape and weight in rice. J Integr
Plant Biol 2009; 51:45-51; PMID:19166493; http://
dx.doi.org/10.1111/j.1744-7909.2008.00793.x

www.landesbioscience.com

42. Zhang J, Nallamilli BR, Mujahid H, Peng Z.
OsMADS6 plays an essential role in endosperm nutrient accumulation and is subject to epigenetic regulation in rice (Oryza sativa). Plant J 2010; 64:604-17;
PMID:20822505; http://dx.doi.org/10.1111/j.1365313X.2010.04354.x
43. Ashikari M, Wu J, Yano M, Sasaki T, Yoshimura
A. Rice gibberellin-insensitive dwarf mutant gene
Dwarf 1 encodes the α-subunit of GTP-binding
protein. Proc Natl Acad Sci U S A 1999; 96:102849; PMID:10468600; http://dx.doi.org/10.1073/
pnas.96.18.10284
44. Cervantes E, Javier Martín J, Ardanuy R, de Diego JG,
Tocino Á. Modeling the Arabidopsis seed shape by a
cardioid: efficacy of the adjustment with a scale change
with factor equal to the Golden Ratio and analysis
of seed shape in ethylene mutants. J Plant Physiol
2010; 167:408-10; PMID:19880215; http://dx.doi.
org/10.1016/j.jplph.2009.09.013
45. Symons GM, Reid JB. Brassinosteroids do not undergo long-distance transport in pea. Implications for
the regulation of endogenous brassinosteroid levels.
Plant Physiol 2004; 135:2196-206; PMID:15299131;
http://dx.doi.org/10.1104/pp.104.043034

Plant Signaling & Behavior

46. Gendron JM, Liu JS, Fan M, Bai MY, Wenkel S,
Springer PS, Barton MK, Wang ZY. Brassinosteroids
regulate organ boundary formation in the shoot apical
meristem of Arabidopsis. Proc Natl Acad Sci U S A
2012; 109:21152-7; PMID:23213257; http://dx.doi.
org/10.1073/pnas.1210799110
47. Choe S, Fujioka S, Noguchi T, Takatsuto S, Yoshida
S, Feldmann KA. Overexpression of DWARF4 in the
brassinosteroid biosynthetic pathway results in increased
vegetative growth and seed yield in Arabidopsis. Plant
J 2001; 26:573-82; PMID:11489171; http://dx.doi.
org/10.1046/j.1365-313x.2001.01055.x
48. Liu T, Zhang J, Wang M, Wang Z, Li G, Qu
L, Wang G. Expression and functional analysis of
ZmDWF4, an ortholog of Arabidopsis DWF4 from
maize (Zea mays L.). Plant Cell Rep 2007; 26:2091-9;
PMID:17668219; http://dx.doi.org/10.1007/s00299007-0418-4
49. Hauser BA, He JQ, Park SO, Gasser CS. TSO1
is a novel protein that modulates cytokinesis and
cell expansion in Arabidopsis. Development 2000;
127:2219-26; PMID:10769245
50. Huang HY, Jiang WB, Hu YW, Wu P, Zhu JY,
Liang WQ, Wang ZY, Lin WH. BR signal influences Arabidopsis ovule and seed number through
regulating related genes expression by BZR1. Mol
Plant 2013; 6:456-69; PMID:22914576; http://dx.doi.
org/10.1093/mp/sss070

e25928-5

