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KNOX Protein OSH15 Induces Grain Shattering by
Repressing Lignin Biosynthesis Genes'°"®N!
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Seed shattering is an agronomically important trait. Two major domestication factors are responsible for this: qSH1
and SH5. Whereas qSH1 functions in cell differentiation in the abscission zone (AZ), a major role of SH5 is the repression
of lignin deposition. We have determined that a KNOX protein, OSH15, also controls seed shattering. Knockdown
mutations of OSH15 showed reduced seed-shattering phenotypes. Coimmunoprecipitation experiments revealed that
OSH15 interacts with SH5 and qSH1, two proteins in the BELL homeobox family. In transgenic plants carrying the
OSH15 promoter-GUS reporter construct, the reporter gene was preferentially expressed in the AZ during young spikelet
development. The RNA in situ hybridization experiment also showed that OSH15 messenger RNAs were abundant in the
AZ during spikelet development. Analyses of 0sh15 SH5-D double mutants showed that SH5 could not increase the degree
of seed shattering when OSH15 was absent, indicating that SH5 functions together with OSH15. In addition to the seed-
shattering phenotype, 0sh15 mutants displayed dwarfism and accumulated a higher amount of lignin in internodes due to
increased expression of the genes involved in lignin biosynthesis. Knockout mutations of CAD2, which encodes an enzyme
for the last step in the monolignol biosynthesis pathway, caused an easy seed-shattering phenotype by reducing lignin
deposition in the AZ. This indicated that the lignin level is an important determinant of seed shattering in rice (Oryza
sativa). Chromatin immunoprecipitation assays demonstrated that both OSH15 and SH5 interact directly with CAD2
chromatin. We conclude that OSH15 and SH5 form a dimer that enhances seed shattering by directly inhibiting lignin

biosynthesis genes.

During crop domestication, one challenge is con-
trolling the degree of grain shattering (Fuller and
Allaby, 2009). While easy shattering causes a loss of
seeds before harvest, nonshattering leads to difficulties
when that grain is being threshed (Ji et al., 2010). Seed
dispersal is affected by the development of the abscis-
sion zone (AZ) and lignification (Lewis et al., 2006;
Estornell et al.,, 2013; Dong et al., 2014; Dong and
Wang, 2015). Differentiated AZ cells are smaller and
isodiametrically compacted when compared with the
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surrounding cells (Zhou et al., 2012). In rice (Oryza
sativa), the AZ develops between the sterile lemma and
rudimentary glume when panicles are 5 to 30 mm long
(Ji et al., 2010).

The major quantitative trait locus for seed shattering
in rice, gSH1, encodes a BELL homeobox protein. A
single-nucleotide polymorphism in its 5’ regulatory
region can block its expression, resulting in defective
AZ development (Konishi et al., 2006). Another BELL
homeobox gene, SH5, which is highly homologous to
gSH1, also controls seed shattering mainly in indica
cultivars (Yoon et al., 2014). Expression of the former is
detected in young spikelets, especially within the AZ,
lamina joint, and intercalary meristem (IM) region. SH5
induces two transcription factor genes, SHATI and
Sh4, that are essential for appropriate AZ develop-
ment (Li et al., 2006; Zhou et al., 2012; Yoon et al.,
2014). Although SH5 is unable to induce the formation
of a proper AZ, the gene causes grain shattering by
repressing lignin deposition in the pedicel region (Yoon
et al., 2014).

BELL and KNOX proteins are three-amino acid-loop-
extension (TALE) superclass transcription factors; the
tandem complex of BELL and KNOX regulates the ex-
pression of target genes in developmental processes
(Chen et al., 2003; Kanrar et al., 2006; Hay and Tsiantis,
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2010). Interactions between BELL and KNOX pro-
teins have been observed in barley (Hordeum vulgare;
Miiller et al., 2001), Arabidopsis (Arabidopsis thaliana;
Smith and Hake, 2003), maize (Zea mays; Smith
et al., 2002), and potato (Solanum tuberosum; Chen et al.,
2003). In potato, the complex of StBEL5 and POTATO
HOMEOBOX]1 is required to repress the expression of
GA200X1 by directly binding to the specific (T/A)GA
(C/G)(T/A)T/A)GAC site in the promoter region
(Chen et al., 2003).

Arabidopsis BREVIPEDICELLUS (BP), encoding a
KNOX protein, suppresses the transcription of the lignin
biosynthesis genes PHENYLALANINE AMMONIA
LYASE1 (PAL1), cinnamic acid 4-hydroxylase, 4-coumarate-
coenzyme A ligase, cinnamyl alcohol dehydrase 1,
caffeic acid O-methyltransferase (COMT), and caffeoyl
coenzyme A 3-O-metyltransferase (CCoAoMT) by directly
binding in the COMT and CCoAoMT promoter regions
(Mele et al., 2003). The bp null mutant causes pleiotropic
phenotypes such as short internodes, downward-facing
siliques, and irregular epidermis cells (Venglat et al.,
2002).

The rice genome has five functional class I KNOX
genes: OSH1, OSH6, OSH15, OSH43, and OSH71 (Tsuda
et al., 2011). They are preferentially expressed in the in-
determinate cells around the shoot apical meristem
(SAM) and are necessary for the formation and mainte-
nance of that SAM (Hake et al., 2004; Tsuda et al., 2011;
Luo et al., 2012). The osh1 null mutant has a defect in the
SAM and shows arrested development at the three-leaf
stage (Sato et al., 1996; Tsuda et al., 2011). A loss-of-
function mutation in OSH15 exhibits a dwarf phenotype
that results from defective internodal elongation of the
uppermost region (Sato et al., 1999).

In this study, we determined that OSH15 functions in
seed shattering by binding to SH5 and qSH1, two major
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domestication factors for seed shattering, by directly
inhibiting lignin biosynthesis genes.

RESULTS
Knockdown Mutations in OSH15 Reduce Seed Shattering

We isolated rice line 1D-03912, in which the T-DNA
is inserted 380 bp upstream from the ATG start co-
don of OSH15 (Fig. 1A). The expression of OSH15
was decreased significantly in the 0sh15-1 mutant
(Fig. 1B). The knockdown mutant showed a reduced
seed-shattering phenotype. Values calculated for the
breaking tensile strength (BTS) of the pedicel, which
represents nonshattering degree, were significantly
higher in the mutant than in the segregating cv
Dongjin wild type, which had a moderate shattering
phenotype (Fig. 1C). To study whether the mutant
phenotype is due to a defect in AZ development, we
examined longitudinal sections of mature spikelets at
the heading stage. Whereas the AZ was well devel-
oped in the wild-type spikelets (Fig. 1, D and F),
it was significantly retarded in the mutant (Fig. 1, E
and G).

To confirm that the mutant phenotype was due to
a defect in OSH15, we generated transgenic plants
expressing OSH15 RNA interference (RNAi) in the
indica cv Kasalath, which shows an easy-shattering
phenotype. The 3’ untranslated region (UTR) of OSH15
was used to produce the transgenics (Fig. 2A). When
compared with the wild type, endogenous OSH15
expression declined to very low levels in the RNAi
transgenic plants (Fig. 2B). All transgenic plants dis-
played a reduced seed-shattering phenotype when
compared with the parental and segregating wild-type
plants. Values for BTS were increased significantly

= Figure 1. Identification and characterization of
the osh15-1 mutant. A, Schematic diagram of
OSH15 genome structure and T-DNA insertion
line 1D-03912. Boxes indicate exons; lines
between boxes are introns. -DNA was inserted
380 bp upstream from the start ATG. The red
line indicates the reverse transcription (RT)-PCR
product for the expression analysis of OSH15.
B, Transcript levels of OSH15 in the wild type
(WT) and the osh15-1 mutant. RNA samples
were collected from second internodes im-
mediately before heading stage (n=4; **, P<
0.01). C, Degree of shattering in segregated
wild-type and osh15-1 mutant plants (n =10 or
more; **, P < 0.01). D to G, Longitudinal sec-
tions across the AZ from the wild type (D and F)
and the osh15-1 mutant (E and G) immediately
before heading stage. Samples were stained with
Toluidine Blue. Arrows indicate AZ. Bars = 200 um.
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Figure 2. Analysis of OSH75 RNA. transgenic plants in cv Kasalath. A, Schematic diagram of the OSH175 RNAi region. The 265-bp 3’
UTR (blue line) fragment was used to generate the OSH15 RNAi construct. B, Expression levels of OSH15 in transgenic plants. De-
veloping panicles were used (n=4; *, P<<0.05; **, P<<0.01; and ***, P < 0.001). C, Degree of shattering in the cv Kasalath segregated
wild type and OSH15 RNAI lines (n= 10 or more; ***, P<<0.001). D to I, Longitudinal sections across the AZ before harvest from the cv
Kasalath wild type (WT; D and G) and RNAI lines 1 (E and H) and 3 (F and I). Sections were stained with Toluidine Blue (D-F) or
phloroglucinol-HCI (G-I). Arrows indicate AZ. Bars = 100 um. J to L, Longitudinal sections across the AZ after heading from the cv
Kasalath wild type (), RNAi line 1 (K), and RNAi 3 (L). Sections were observed under UV light. Arrows indicate AZ. Bars = 100 wm.

in the OSH15 RNAI transgenic plants (Fig. 2C). Lon- RNAI plants (Fig. 2, D-L). These observations con-
gitudinal sections of mature spikelets revealed that firmed that OSH15 modulates the degree of seed
AZ development was diminished significantly in the shattering.
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Expression Pattern of OSH15

RNA in situ hybridization demonstrated that OSH15 is
expressed just below the leaf insertion regions and at the
primordia of axillary buds (Sato et al., 1999). To study
those patterns at the tissue level, we generated transgenic
rice plants that express the GUS reporter gene under the
control of the 1.7-kb OSH15 promoter region (Fig. 3A).

We performed quantitative reverse transcription
(qRT)-PCR analysis and GUS assays with various tis-
sues to investigate whether mRNA levels of OSH15
coincide with GUS expression patterns (Supplemental
Fig. S1). At the seedling stage, OSH15 mRNA levels
were low in leaves but relatively higher in SAM regions
and roots. GUS staining produced similar results,
with marker expression being barely detectable in leaf
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vascular tissues but strong in the SAM and roots. At the
mature stage, transcript levels of OSH15 were much
higher in the stems, young panicles, and mature spikelets.
Similar results were obtained with GUS staining. This
suggested that the pattern of endogenous OSHI15 ex-
pression is correlated with that of GUS expression when
driven by the 1.7-kb OSH15 promoter.

The AZ forms between the sterile lemma and rudi-
mentary glume at spikelet development stage Sp7,
when panicles are 5 to 30 mm long (Itoh et al., 2005; Ji
et al., 2010). Our analyses of GUS patterns in the young
spikelets from transgenic plants showed that OSH15
was expressed preferentially in the AZ zone during Sp7
(Fig. 3C) and early in Sp8 (Fig. 3D). In mature spikelets,
the reporter gene was expressed mainly in the pedicel
and spikelet junction region (Fig. 3E). The RNA in situ

1 kb Figure 3. Expression patterns of OSH15 at the
AZ and internode. A, Schematic diagram of the
OSH15 pro::GUS construct. B to E, GUS ex-
pression patterns at the AZ. Arrows indicate AZ.
Bars =200 um. F to I, RNA in situ hybridization
of OSH15. Arrows indicate AZ. Bars = 200 um.
J, Expression pattern of GUS in stems. The yel-
low line in the elongated region and the purple
line in the meristem region indicate the posi-
tioning of cross sections. Bar =2 mm. K and L,
Cross sections of the elongated region (K) and
the meristem region (L) at the indicated posi-
tions in F. E, Epidermis; LV, large vein; P, pa-
renchyma cell; S, sclerenchyma cell; SV, small
vein. Bars = 100 um.
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hybridization experiment also showed that OSH15
mRNAs were abundant in the AZ during spikelet de-
velopment (Fig. 3, F-I). The GUS reporter also was
expressed in the stems (Fig. 3]). Cross sections of the
elongation zone and meristem region showed that
OSH15 was expressed ubiquitously, albeit more promi-
nently in vascular tissues (Fig. 3, K and L).

OSH15 Interacts with BELL-Type Homeobox Proteins

Class I KNOX proteins bind to BELL proteins
through the conserved MEINOX domain of the former

and the MEINOX-interacting domain (MID) of the
latter (Supplemental Fig. S2A; Chen et al., 2003). This
TALE-HD complex regulates downstream genes by
repressing transcriptional activation (Chen et al.,
2003). Both Arabidopsis and rice encode nine class I
KNOX proteins each (Supplemental Fig. S2B). For the
BELL family, 13 members are present in Arabidopsis
and 17 members are present in rice (Supplemental
Fig. S2C).

Two major domestication factors for seed shattering,
SH5 and qSHI, belong to the BELL family (Konishi
et al., 2006; Yoon et al., 2014). We performed coimmu-
noprecipitation (Co-IP) experiments to investigate
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Figure 4. Interaction analyses by Co-IP assays. A, Analysis of heterodimerization between KNOX proteins and SH5. Assays were per-
formed using SH5 tagged with Myc and the KNOX proteins OSH1, OSH3, OSH10, OSH15, and OSH71 tagged with HA. B, Analysis of
heterodimerization between SH5 and OSH15 and between gSH1 and OSH15. C, Schematic diagrams of SH5 and truncated forms. a.a.,
Amino acids; BELL, BEL-like; HD, homeodomain; SKY, Ser, Lys, and Tyr residues. D, Co-IP assay of OSH15 and SH5 truncated forms.
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whether OSH15 interacts with SH5. The full-length
cDNA of OSH15 was fused to the HA tag and SH5
was fused to the Myc tag. The fusion proteins were
coexpressed in protoplasts isolated from rice cal-
lus suspension cells. After immunoprecipitation by
anti-HA antibodies, protein interactions were de-
tected with anti-Myc antibodies. The results of this
experiment confirmed that OSH15 interacts with
SHS5 (Fig. 4A). Examination of four additional class I
KNOX proteins showed that OSH1, OSH3, and OSH71
also bind to SH5 but OSH10 does not (Fig. 4A). In-
stead, OSH10 possesses only a partial sequence of
the MEINOX domain, which implies that a complete
MEINOX domain is needed for such interactions.
OSH15 also binds to qSH1, which is highly homol-
ogous to SH5 (Fig. 4B, sample 6). Homodimeriza-
tion tests of qSH1, SH5, and OSH15 showed that
they do not form a homodimer (Fig. 4B, samples 2, 3,
and 7).

To determine which domain is responsible for the
interaction, we generated constructs for truncated
forms of SH5 (Fig. 4C). Deletion of the HD domain did
not interfere with its ability to bind to OSH15 (Fig. 4D,
lanes 2 and 3). However, further deletion of the MID,
which contains SKY and BELL regions, resulted in a
loss of binding (Fig. 4D, lane 4). Thus, we concluded
that the MID is indeed necessary for this interaction
between SH5 and OSH15.

We reported previously that SH5 increases the
degree of seed shattering when overexpressed in
an activation tagging line (Yoon et al., 2014). Here,
we introduced the activated SH5 into the osh15-
1 mutant by crossing the two lines. This homozy-
gous double mutant displayed the same shattering
habit as 0sh15-1 (Fig. 5). Therefore, this genetic anal-
ysis supported our theory that SH5 cannot func-
tion alone but requires OSH15 to induce seed
shattering.

Expression of Sh4, a shattering transcription factor
gene downstream of SH5, was examined in the ped-
icel region of OSH15 RNAI transgenic plants while
the AZ was developing there. Our qRT-PCR analy-
ses confirmed that OSH15 expression was reduced
significantly in the RNAi plants (Supplemental
Fig. S3A). However, transcript levels of gSH1 and
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SH5 were not altered, demonstrating that these
BELL family genes were not affected by the muta-
tion in the KNOX gene (Supplemental Fig. S3, B and
C). In contrast, the expression of Sh4 was down-
regulated significantly in the RNAIi lines (Supple-
mental Fig. S3D).

Lignin Deposition Is Increased in the osh15-1 Mutant

Seed shattering is induced when SH5 represses
lignin deposition at the AZ (Yoon et al., 2014). To
determine whether OSH15 also inhibits this depo-
sition, we studied various expression patterns. In
young panicles (0.5-3 cm long), most lignin biosyn-
thesis genes were not expressed (Fig. 6). At a later
stage, when panicles were 10 to 15 cm long, those
genes in the wild type were expressed at higher levels
in the junction region between the spikelet and the
pedicel. Furthermore, the expression of PALI was
increased significantly in OSH15 RNAi plants (Fig.
6A). Immediately before heading, the expression of
CAD?2? was increased significantly in the transgenic
plants (Fig. 6E). All of these results suggested that
OSH15 represses lignin biosynthesis in developing
panicles.

In addition to having a seed-shattering phenotype,
our knockdown mutants showed a dwarf phenotype
(Fig. 7A), similar to a previous description of the
osh15 null mutant (Sato et al., 1999). The latter phe-
notype was caused by reduced internode elongation
(Fig. 7, B and C). Lignin staining of cross sections
from the second internode prior to harvest revealed
that the osh15-1 mutants accumulated more lignin
when compared with the wild type. Those deposi-
tions occurred in the epidermal cells as well as in the
sclerenchyma of vascular tissues in the wild type
(Fig. 7, D and F). Samples from the mutant displayed
increased amounts of lignin in the epidermal and
sclerenchyma cells as well as ectopic lignin deposi-
tions between the small vascular tissues (Fig. 7, E
and G). Increased lignin accumulations in the mu-
tants also were observed before heading began (Fig. 7,
I and K).

The expression of lignin biosynthesis genes was
elucidated in the wild type and the 0sh15-1 mutant

Figure 5. Analysis of the osh15-1 SH5-D dou-
ble mutant. A to D, Preharvest AZ development
shown via Toluidine Blue staining. A, The wild
type (WT). B, SH5-D. C, osh15-1. D, The osh15-
1 SH5-D double mutant. E to H, Preharvest lig-
nin deposition shown via phloroglucinol-HCI
staining. E, The wild type. F, SH5-D. G, osh15-1.
H, The osh15-1 SH5-D double mutant. D), cv
Dongjin. Bars = 200 um.

317


http://www.plantphysiol.org/cgi/content/full/pp.17.00298/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00298/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00298/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00298/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00298/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00298/DC1

Yoon et al.

PAL1

0.3

CCoAoMT1

* ¥k

0 i

WT OSH150SH15 WT OSH150SH15 WT OSH150SH1
R#1 | R#3 R#1 | R#3 R#1 | R#3
1-3 cm 10-15cm BH
C CCR1 D COMT1
0.3 9 -
0.2 -
1 4
0.1
dedk dkk
0 = m .
WT | R#1 | R#3 | WT | R#t | R#3 | WT | R#1 | Ré3 WT ‘osms‘osms WT
1-3 cm 10-15 cm BH R#1 [ R#3
1-3cm
E CAD2
2 o

R#1 | R#3

BH

Figure 6. Expression levels of lignin biosynthesis genes during panicle development. The expression of PALT (A), CCoAoMTT1 (B),
COMTT1 (C), CCRT (D), and CAD2 (E) was analyzed by qRT-PCR. The cv Kasalath wild type (WT) and OSH15 RNA: lines 1 and
3 were examined at three developmental stages. Whole panicles were sampled when 1 to 3 cm long. Junction regions between
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P < 0.05; **, P< 0.01; and ***, P < 0.001). BH, Before heading.
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osh15-1

Figure 7. Phenotypes of the osh15-1 mutant at the mature stage. A, Dwarfing phenotype of the osh15-1 mutant compared with
the segregated wild type (WT). Bar = 10 cm. B and C, Phenotypes of internodes from the wild type (left) and the osh15-1 mutant
(right). Arrows indicate nodes. Bars = 10 cm. D to G, Cross sections of the elongated region in the second internode before harvest
in the wild type (D and F) and osh15-1 (E and G). Samples were stained by phloroglucinol-HCI to observe lignin accumulations.
Arrows indicate ectopic deposition. Bars = 200 um. H to K, Longitudinal sections of the second internode immediately before
heading in the wild type (H and J) and osh15-7 (I and K). Samples were stained by Toluidine Blue (H and I) or phloroglucinol-HCI
(J and K). Bars = 100 um.

using internode samples collected from IM when the the mutant (Fig. 8, C-G). The OSH15 RNAIi plants
wild-type internodes were approximately 3 cm long. also presented semidwarf phenotypes and higher
qRT-PCR analyses showed that transcript levels for expression levels of the lignin biosynthesis genes,
PAL1, COMT1, CCR1, and CAD2 were increased in although these effects were less significant when
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Figure 8. Expression patterns for lignin biosynthesis genes. A,
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(n=4; **, P<0.01 and ***, P < 0.001).

compared with the 0sh15-1 mutant (Supplemental
Fig. 54).

Effects of Lignin Deposition on Seed Shattering and
Internode Elongation

Within the lignin biosynthesis pathway, CAD func-
tions in the last step of monolignol biosynthesis,
catalyzing hydroxyl-cinnamyl aldehydes into their
corresponding alcohols (Hirano et al., 2012). The rela-
tive ratios of these cinnamyl alcohols are essential for
determining the structural and mechanical characters
of lignin (Li et al., 2009). The rice genome has 12 CAD-
like genes. Among them, the proteins encoded by
CAD2 and CAD? contribute to this enzyme activity,
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with CAD?2 being the most highly expressed (Hirano
et al., 2012).

To extend our examination of the effect that lignin
has on seed shattering, we isolated two independent
T-DNA insertion lines in CAD2: 3A-01943 and 2B-50053
(Fig. 9A). Expression of this gene was completely
abolished in each line, indicating that both contain null
alleles (Fig. 9B). Calculations of BTS showed that both
mutants display an easy-shattering phenotype (Fig.
9C). Toluidine Blue staining of the AZ in developing
panicles revealed that AZ development was reduced
significantly in the cad2 mutants (Fig. 9, D-F). Visuali-
zation of lignin polymer level by a characteristic blue
color under UV light revealed that lignin deposition
was reduced significantly in the AZ as well as in the
pedicles of the mutants (Fig. 9, G-I). These observations
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Figure 9. Phenotypes of cad2 null mutants. A, Schematic diagram of the CAD2 genome structure and T-DNA insertion
positions in lines 3A-01943 (cad2-1) and 2B-50053 (cad2-2). Boxes indicate exons; lines between boxes are introns.
Triangles located at the second intron indicate T-DNA. B, Transcript levels of CAD2 in the wild type (WT), cad2-1, and
cad2-2 from seedling leaf blades (n=4; ***, P<0.001). C, Easy-shattering phenotypes of cad2 mutants (n=10 or more; ***,
P < 0.001). D to F, Longitudinal sections across the AZ after heading from the cv Dongjin wild type (D), cad2-1 (E), and
cad2-2 (F). Sections were stained with Toluidine Blue. Arrows indicate AZ. Bars = 100 um. G to |, Longitudinal sections
across the AZ after heading from the cv Dongjin wild type (G), cad2-1 (H), and cad2-2 (1). Sections were observed under UV

light. Arrows indicate AZ. Bars = 100 um.

supported our conclusion that lignin deposition in the
pedicle plays an important role in determining the de-
gree of seed shattering.

The OSH15-SH5 TALE-HD Complex Directly
Represses CAD2

To examine whether OSH15 interacts directly with
CAD2, we performed chromatin immunoprecipitation
(ChIP) assays with OSH15-Myc-overexpressing trans-
genic plants. Because plants that overexpress OSH15
display a multiple-shoot phenotype and most (greater
than 90%) do not grow to maturity (Nagasaki et al.,

Plant Physiol. Vol. 174, 2017

2001), we examined seedling roots. These assays showed
that the promoter regions (P5 and P6) and the genic areas
(P6, P7, and P8) of CAD2 chromatin were enriched by
Myc antibodies (Fig. 10, A and B).

We also generated transgenic rice plants expressing
SH5-Myc fusion protein and used the IM regions of the
second internode at the preheading stage for the assays.
There, the promoter regions as well as the genic regions
of CAD2 chromatin were enriched by the antibodies
(Fig. 10, A and D). As a control, we used the Ehdl
chromatin region, which functions as a flowering reg-
ulator (Cho et al., 2016), and found that it was not
changed in the transgenic plants that expressed Myc-
tagged OSH15 and SH5 (Fig. 10, C and E). These results
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Figure 10. Assays of ChIP in CAD2
chromatin regions with OSH15-Myc
and SH5-Myc transgenic plants. A, Ge-
nomic structures of CAD2 and Ehd].
Tested regions are numbered. B, Assay of
OSH15 enrichment in CAD2 chromatin
regions. The experiment involved root
samples taken from OSH15-Myc trans-
genic seedlings, and the percentage of
input method was used for normaliza-
tion. Transgenic plants expressing Myc
alone were used as a negative control.
C, Assay of OSH15 enrichment in Ehd1
chromatin regions. D, Assay of SH5 en-
richment in CAD2 chromatin regions.
The IM region of SH5-Myc transgenic
plants was examined when the second
internode was approximately 3 cm long.
E, Assay of SH5 enrichment in EhdT chro-
matin regions.
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supported our theory that OSH15 and SH5 directly
repress the expression of CAD2.

DISCUSSION
OSH15-qSH1 Dimer Functions for AZ Development

Heterodimers of a KNOX protein and a BELL protein
play diverse biological functions (Mele et al., 2003;
Smith and Hake, 2003; Rutjens et al., 2009; Khan et al.,
2012). However, their roles in seed shattering have not
been reported previously. In the SAM, the Arabidopsis
BELL protein REPLUMLESS (RPL) interacts physically
with the KNOX proteins SHOOTMERISTEMLESS, BP/
KNATI, and KNAT6 to regulate meristem develop-
ment (Smith and Hake, 2003). RPL also controls replum
development by repressing the preferential expression
of the valve and valve margin genes for seed dehiscence
(Marsch-Martinez et al., 2014).

The interaction between OSH15 and qSH1 suggests
that they form a heterodimer that promotes AZ devel-
opment. Mutation of OSH15 causes an AZ defect in cv
Dongjin where SH5 expression is suppressed during
AZ development as well as one in cv Kasalath where
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Ehd1 chromatin

SH5 is expressed in the AZ. This indicates that the
control of such development by OSH15 is not depen-
dent on SH5 (Fig. 11).

The AZ contains small, thin-walled cells with dense
cytoplasm and no central vacuole (Sexton and Roberts,
1982). This set of cellular characteristics is reminiscent
of meristematic tissues. Several genes involved in SAM
maintenance and the initiation of axillary meristems are
expressed in the AZ (Shi et al., 2011; Nakano et al., 2013;
Wang et al., 2013). Therefore, it has been proposed that
AZ cells have a meristematic identity. Because lignin
deposition is a feature of irreversible cell differentia-
tion, the prevention of expression for genes involved in
lignin biosynthesis should be necessary for AZ forma-
tion (Yoon et al., 2014). However, the lignification of
tissues contiguous to those that will experience cell
separation appears to be required if abscission is to
occur. That is the case for the lignification of the en-
dothecium and the valve margin cells, which are es-
sential to provide the mechanical force needed for
anther dehiscence and pod shattering, respectively, in
Arabidopsis (Steiner-Lange et al., 2003; Mitsuda and
Ohme-Takagi, 2008).

The seed pods from Arabidopsis comprise three tis-
sue types: two laterally positioned valves that protect
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seeds; the replum, a thin ridge of cells where the seeds
are attached; and two valve margins that connect the
replum and valve (Lewis et al., 2006). The valve margin
consists of two types of cell layers: a lignified layer and
a separation layer. At maturity, separation of this valve
margin allows the fruit to open for seed dispersal
(Lewis et al., 2006). Whereas the dehiscence zone in
Arabidopsis is located in the valve margin, that AZ
develops at the base of the pedicel in rice (Dong and
Wang, 2015). In rice, SH5 overexpression causes easy
shattering by inhibiting lignin deposition at the AZ
(Yoon et al., 2014). It is different from Arabidopsis pod
dehiscence, which produces a spring-like tension within
the pod valves that forces the silique to shatter from
the weakest position, the separation layer (Dong and
Wang, 2015).

The OSH15-SH5 Dimer Functions in Lignin Biosynthesis

When compared with the wild type, the suppres-
sion of OSH15 expression caused more lignin to ac-
cumulate in the AZ. Similarly, the osh15 mutant
accumulated more lignin in the developing second
internode. These observations indicated that one of
the functions of OSH15 is to inhibit lignin accumu-
lation. We have reported previously that SH5 also
blocks lignin deposition in the grain pedicel region
(Yoon et al., 2014). Because OSHI15 interacts with
SHS5, this OSH15-SH5 complex appears to suppress
lignin accumulation.

The expression of several lignin biosynthesis genes
was increased in the 0sh15 mutants. In contrast, lignin
biosynthesis genes are suppressed in SH5 overexpres-
sion plants (Yoon et al., 2014). These observations
provide supporting evidence that the OSH15-SH5
complex inhibits the genes involved in lignin biosyn-
thesis. We found that both OSH15 and SH5 bind to
CAD?2 chromatin. Mutations on CAD?2 also caused easy
shattering, further demonstrating that lignin plays an
important role in that phenomenon. Our results are
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Figure 11. Model for seed shattering in rice.

consistent with a previous report that overexpression of
a KNOX gene in maize and tobacco (Nicotiana tabacum)
reduces lignin concentrations by inhibiting at least two
steps in that biosynthesis pathway (Townsley et al.,
2013).

Internode Development Is Controlled by OSH15

Mutations in OSH15 caused a repression of internode
elongation. Similar dwarf phenotypes have been de-
scribed for bp mutants from Arabidopsis (Sato et al.,
1998, 1999; Mele et al., 2003). In the bp mutant, tran-
script levels of lignin biosynthesis genes are increased
(Mele et al., 2003). KNOX genes are expressed prefer-
entially in the indeterminate cells around the SAM and
are necessary for its formation and maintenance (Hake
et al.,, 2004; Tsuda et al.,, 2011). These observations
suggest that KNOX proteins function in maintaining
the SAM and repressing lignin deposition during its
development.

We observed that OSH15 was expressed universally
in internode tissues. However, SH5 is expressed pref-
erentially in the IM (Yoon et al., 2015). Therefore, the
OSH15-SH5 TALE-HD complex appears to repress
lignin biosynthesis specifically in the IM during the
process of internode development.

Both OSH1 and OSH15 are expressed during em-
bryogenesis before the SAM develops (Sentoku et al.,
1999). The osh1 null mutants have a defect in that mer-
istem. More than 90% of oshl mutants are seedling le-
thal, and only a low proportion of mutants reaches
the six-leaf stage (Tsuda et al., 2011). In the osh1 osh15
double mutant, embryo development failed com-
pletely, thereby implying that both OSH1 and OSH15
function in SAM formation (Tsuda et al., 2011). In
contrast, osh15 single mutants developed a normal
SAM even though internode elongation was signifi-
cantly retarded. These findings suggested that KNOX
proteins have diverse functions when they interact with
different BELL proteins.
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MATERIALS AND METHODS

Plant Materials and Characterization of
Mutant Phenotypes

The T-DNA tagging lines were generated in japonica rice (Oryza sativa)
‘Dongjin” (Jeong et al., 2002; Yi and An, 2013). Panicles were harvested at the
mature stage, and the degree of shattering was assessed after the BTS of the
pedicels was measured with a digital force gauge (SHIMPO; http://www.
shimpodrives.com/). Each BTS value represented an average of more than
15 samples from the uppermost part of the panicles (Ji et al., 2006).

RNA Isolation and qRT-PCR

Total RNA was isolated from leaf blade and internode samples with RNAiso
Plus (TaKaRa). First-strand cDNA was synthesized with 2 ug of total RNA and
Moloney murine leukemia virus reverse transcriptase (Promega; http://www.
promega.com/) plus 10 ng of the oligo(dT) primer and 2.5 mm deoxyribonucle-
otide triphosphate. Synthesized cDNAs and SYBR Premix Ex Taq (TaKaRa) were
used for real-time qRT-PCR on a Rotor-Gene Q system (Qiagen; http://www.
qiagen.com/). Transcript levels were normalized with OsUbi, and the AACt
method was applied to calculate levels of relative expression (Choi et al., 2014). All
primers for quantitative real-time PCR are listed in Supplemental Table S1.

Vector Construction and Rice Transformation

For construction of the OSH15 RNAi vector, a 265-bp 3' UTR between -71 bp
and +191 bp from the translation stop site was ligated into the pGA3426 binary
vector with an ampicillin linker (Kim et al., 2009; Yoon et al., 2014). The OSH15
promoter-GUS vector was made by inserting the 1.7-kb promoter region (be-
tween -1,707 and -55 bp) from the translation start site ATG of OSH15 into the
pGA3519 binary vector. All primers are presented in Supplemental Table S1.
The constructs were transformed into Agrobacterium tumefaciens LBA4404 as
described previously (An et al., 1988). Both RNAi and GUS-promoter trans-
genic plants were generated by a stable rice transformation method via A.
tumefaciens-mediated cocultivation (Lee et al., 1999).

Histochemical Analysis and GUS Assay

Spikelet and internode samples were fixed in a formalin-acetic acid-alcohol
solution and stored at 4°C. After dehydration through an ethanol series, the
samples were incubated in a tert-butyl alcohol series and then completely
infiltrated with paraffin. They were then placed in an embedding ring. Tissues
were sectioned to 10 um thickness with a microtome (model 2165; Leica
Microsystems; http:/ /www.leica-microsystems.com/) and then stained
with either Toluidine Blue, which interacts mainly with nucleic acids, or
phloroglucinol-HCl, which interacts with coniferaldehyde and sinapaldehyde
end groups, to distinguish the lignified cell walls (Anderson et al., 2015). All
samples were observed with a BX microscope (Olympus; http://www.
olympus-global.com/en/). Lignin polymerization was examined by the UV
imaging method (Mele et al., 2003). Briefly, samples were embedded in paraffin,
sectioned to a 10-mm thickness, and cleared with xylene without any histo-
chemical staining. They were observed with a BX61 microscope (Olympus)
with UV light at 360 to 370 nm excitation and 420 to 460 nm emission.

For GUS assays, samples were incubated overnight at 37°C in a GUS solution
containing 100 mmM sodium phosphate (pH 7), 5 mm potassium ferricyanide,
5 mM potassium ferrocyanide, 0.5% (v/v) Triton X-100, 10 mm EDTA (pH 8),
0.1% (w/v) 5-bromo-4-chloro-3-indolyl-B-p-GlcA/cyclohexylammonium salt,
2% (v/v) dimethyl sulfoxide, and 5% (v/v) methanol (Kim et al., 2013). The
stained samples were treated with Viskol clearing reagent (Phytosys; http://
visikol.com/) and then observed for GUS activity with the BX microscope.

Co-IP Assay

To construct the Myc or HA fusion molecules, SH5, gSH1, and OSH15 full-
length cDNAs without the stop codons were inserted into pGA3817 with the 6X
Myc coding region or into pGA3818 with the 3X HA. Primers for full-length
amplifications are presented in Supplemental Table S1. These fusion molecules
were transformed into protoplasts isolated from rice suspension cells, and Co-IP
assays were performed as described previously (Choi et al., 2014; Cho et al., 2016).
Briefly, fusion proteins were coimmunoprecipitated using the anti-HA mouse
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monoclonal antibodies (12CA5; Roche; http:/ / www.roche.com) conjugated with
A and G agarose beads (Millipore; http://www.emdmillipore.com). The im-
munoprecipitation buffer consisted of 75 mm NaCl, 50 mm Tris-HCl (pH 7.5), 5 mm
EDTA, 1% Triton X-100, 1 mm DTT, 1 mm phenylmethanesulfonyl fluoride, 2 mm
NaF, 20 um MG132, and the proper amount of protease inhibitor cocktail
(Roche). The eluted proteins were resolved by 10% SDS-PAGE and transferred to
a polyvinylidene difluoride membrane (Millipore). Horseradish peroxidase-
conjugated anti-Myc monoclonal antibody (2040; Cell Signaling) and anti-HA
monoclonal antibody (2999; Cell Signaling) were used for protein detection. The
ECL Prime western blotting detection reagent (RPN2232; GE Healthcare; http:/ /
www gelifesciences.com) was used in LAS-4000 (GE Healthcare).

ChIP Analysis

ChIP was performed as described previously (Haring et al., 2007). Briefly,
2 g of fresh roots and internode samples was incubated in 3% formaldehyde.
After nuclei isolation, chromatins were sheared to about 500 to 1,000 bp by
sonication. Before preclearing, 1% of the sample was collected as an input. For
immunoprecipitation, we used anti-Myc monoclonal antibodies (2276; Cell
Signaling) as reported previously (Yang et al., 2013). Data were normalized
according to the percentage of input method (Haring et al., 2007). Primers for
this work are listed in Supplemental Table S2.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Expression patterns of OSH15.

Supplemental Figure S2. Phylogenetic analysis and schematic diagram of
TALE-HD members.

Supplemental Figure S3. Expression of shattering-related genes in OSH15
RNAI lines.

Supplemental Figure S4. Analysis of OSH15 cv Kasalath RNAi transgenic
rice plants.

Supplemental Table S1. Primers used in this study.

Supplemental Table S2. Primers used in the ChIP assay.
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