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SUMMARY

By contrast with rapid progress in understanding the mechanisms of biosynthesis and signaling of strigolac-
tone (SL), mechanisms by which SL inhibits axillary bud outgrowth are less well understood. We estab-
lished a rice (Oryza sativa L.) hydroponic culture system to observe axillary buds at the critical point when
the buds enter the dormant state. In situ hybridization analysis indicated that cell division stops in the leaf
primordia of the buds entering dormancy. We compared transcriptomes in the axillary buds isolated by
laser capture microdissection before and after entering the dormant state and identified genes that are
specifically upregulated or downregulated in dormant buds respectively, in SL-mediated axillary bud dor-
mancy. Typically, cell cycle genes and ribosomal genes are included among the active genes while abscisic
acid (ABA)-inducible genes are among the dormant genes. Application of ABA to the hydroponic culture
suppressed the growth of axillary buds of SL mutants to the same level as wild-type (WT) buds. Tiller num-
ber was decreased in the transgenic lines overexpressing OsNCED1, the gene that encodes ABA biosynthe-
sis enzyme. These results indicated that the main site of SL function is the leaf primordia in the axillary bud
and that ABA is involved in SL-mediated axillary bud dormancy.
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INTRODUCTION

The pattern of shoot branching is a major factor in deter-
mining aerial plant architecture. The shoot branch origi-
nates from an axillary bud, which is produced in the axil of
each leaf (Leyser and Day, 2003). As the shoot apical meris-
tem (SAM) consistently produces leaf primordia, axillary
buds are also generated continuously throughout the life
of the plant. Control of spatial and temporal patterns of
shoot branching is crucial to allow plant growth to adjust
to the constantly changing environment. Therefore, despite
bud formation occurring concomitantly with leaf initiation,
the development of the bud into a new branch or the arrest
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of its growth is precisely controlled depending on internal
and external cues such as plant age, position of the bud in
the plant, availability of nutrients, light and temperature.
Mechanisms controlling axillary bud outgrowth in apical
dominance have been extensively studied. This is a phe-
nomenon in which outgrowth of the axillary buds is stimu-
lated when the apical bud is removed (Thimann and
Skoog, 1934; Leyser, 2005; Domagalska and Leyser, 2011;
Dun et al., 2013; Barbier et al, 2017). It has long been
implicated that auxin plays a central role in this phe-
nomenon. Auxin is produced in the shoot apices and
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transported downwards in the polar auxin transport sys-
tem (PATS) through the xylem (Teale et al., 2006). Removal
of the apical bud interrupts the auxin flow and results in
the release of the lateral buds from bud growth inhibition.
Because auxin does not enter the buds, two models — the
‘auxin transport canalization-based’ model and the ‘second
messenger’ model — have been proposed to explain this
indirect auxin-mediated inhibition (Leyser, 2005, Domagal-
ska and Leyser, 2011). The former model proposes that
decapitation affects the competition for auxin transport
capacity and helps the axillary bud to establish auxin flow
into the main stem; this is assumed to be essential for bud
outgrowth (Bennett et al., 2006; Prusinkiewicz et al., 2009).
In the latter model, the presence of a second messenger(s)
that transmits the auxin signal to the axillary bud, is postu-
lated (Snow, 1937; Sachs and Thimann, 1967). Because
cytokinin is synthesized at the stem, transported into the
axillary buds and enhances bud outgrowth, cytokinin has
been proposed as a suitable candidate for the second mes-
senger (Tanaka et al., 2006; Shimizu-Sato et al., 2009).

Subsequently, strigolactones (SLs) were identified as the
phytohormone that inhibits axillary bud outgrowth
(Gomez-Roldan et al., 2008; Umehara et al., 2008). In rice,
SLs are synthesized from p-carotene. B-carotene is con-
verted to carlactone (CL), a SL precursor, by the sequential
actions of p-carotene isomerase, CAROTINOID CLEAVAGE
DEOXYGENASE 7 (CCD7) and CCD8, encoded by
DWARF27 (D27), D17 and D10, respectively (Zou et al.,
2006; Arite et al, 2007; Lin et al, 2009; Lopez-Obando
et al., 2015; Waters et al., 2017). CL is further catalyzed to
several types of SLs (Zhang et al., 2014). Perception of SLs
by DWARF14 (D14), the SL receptor, triggers formation of
a complex of D14, D3 and D53 (Arite et al., 2009; Gao et al.,
2009; Liu et al., 2009; Jiang et al., 2013; Zhou et al., 2013;
Lopez-Obando et al., 2015; Waters et al., 2017). This leads
to ubiquitination of D53 by the action of D3, then to degra-
dation of D53 via the 26S proteasome pathway. Degrada-
tion of D53 allows the function of downstream proteins
that were suppressed by D53.

Currently, two modes of SL action are proposed (Waldie
et al., 2014; Rameau et al., 2015). These two models are not
mutually exclusive. In the first, SL is involved in the control
of PATS through its control of the subcellular localization of
the PIN protein, an efflux transporter of auxin, consistent
with the auxin transport canalization-based model. Accu-
mulation of PIN protein on the plasma membrane is
enhanced in the absence of SL, allowing establishment of
auxin flow between the axillary bud and the main stem
(Crawford et al., 2010; Shinohara et al., 2013). In the second
proposed mode of SL action, SL works through the control
of downstream transcription cascades (Braun et al., 2012;
Brewer et al., 2015; Liu et al., 2017; Song et al., 2017). In rice
and wheat, SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE (SPL) genes, encoding plant-specific transcription
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factors, were identified as D53 targets that suppress bud
outgrowth (Liu et al, 2017; Song et al., 2017). We have
shown previously that FINE CULM1 (FC1), a TCP transcrip-
tion factor, is required for SL to inhibit bud outgrowth (Min-
akuchi et al, 2010). Intriguingly, rice SPL14 (OsSPL14)
binds FC1, suggesting that FC7 may work downstream of
OsSPL14 (Lu et al., 2013). However, contradictory to this
notion, there is little induction of FCTexpression upon treat-
ment with GR24, a synthetic SL analog. Moreover, there is
no evidence that the Arabidopsis ortholog of OsSPL14 is
involved in the control of apical dominance (Bennett et al.,
2016). In Arabidopsis and pea, BRANCHED1 (BRC1), encod-
ing a TCP transcription factor, is proposed as an integrator
of multiple pathways controlling bud dormancy (Aguilar-
Martinez et al., 2007; Dun et al., 2012; Gonzélez-Grandio
et al., 2013). Induction of BRC1 expression upon SL applica-
tion without protein synthesis raises the possibility that
BRC1 may be a direct target of transcriptional suppression
by D53 in pea (Dun et al., 2012). These suggest that the tran-
scriptional cascades downstream of SL are not fully con-
served between dicots and monocots. Furthermore, the role
of BRC1 in the control of SL-dependent shoot branching is
still under debate (Seale et al., 2017).

Spatial and temporal fine tuning is crucial for the function
of phytohormones. This is particularly important for SL
because shoot branching is a complicated process involv-
ing local and systemic decisions. SL signaling genes are
expressed in the buds as well as in vascular bundles, con-
sistent with the two modes of SL function in which SL regu-
lates the PATS and downstream transcription cascades
(Stirnberg et al., 2007; Zhou et al., 2013; Chevalier et al.,
2014; Soundappan et al., 2015; Kameoka et al., 2016; Liang
et al., 2016). However, more precise identification of the site
of SL function is required to better understand the mecha-
nisms by which SL inhibits bud outgrowth. To overcome
the difficulties in observing SL in plant tissues due to its low
concentrations, novel imaging technologies to monitor SL
action have been developed recently (Prandi et al., 2013;
Tsuchiya et al., 2015). Although they contribute by reveal-
ing novel aspects in the regulation of SL function to some
extent, further improvement is required for them to be used
to monitor the in vivo action of SL within buds. Here, to
obtain insights into the mechanism by which SL inhibits
outgrowth of axillary buds, we carefully observed the early
steps involved when rice tiller buds enter SL-mediated dor-
mancy. We also analyzed changes in the transcriptomes
accompanying the start of dormancy and identified genes
that were up or downregulated in the axillary bud.

RESULTS
Analysis of early steps in initiation of bud dormancy

An axillary bud is formed in the axil of each leaf of rice
(Oryza sativa L.) in a manner that is well coordinated with
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the development of the leaf from which the bud subtends.
To observe the initial steps in axillary bud dormancy repro-
ducibly, we first established a hydroponic culture system.
In this study, the stage of each leaf is described by the
plastochron (P) system. The stage was estimated to the
decimal point by calculating the ratio between the lengths
of the newly emerging leaf to its expected full size (see
Experimental procedures). In this culture system, the
meristem of the axillary bud becomes visible by the time
the subtending leaf reaches the P4 stage (Supporting Infor-
mation Figure S1). The vasculature of the axillary bud is
connected to the main stem by the P5 stage, and axillary
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meristem formation is completed by the P6 stage. A deci-
sion to begin outgrowth or to become dormant is made at
around the P6 stage, depending on the environmental and
endogenous conditions.

In our hydroponic culture system, axillary buds in the
axil of the first and second leaves in wild-type (WT) plants
do not show outgrowth (Figure 1a). By contrast, the axil-
lary buds of the first and second leaves grow vigorously in
dwarf10-2 (d10-2) plants (Figure 1a). Because d70-2 con-
tains a defect in the gene encoding CAROTENOID CLEA-
VAGE DIOXYGENASE 8 (CCD8), an enzyme in the
strigolactone (SL) biosynthesis pathway, the dormancy
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Figure 1. Comparison of bud growth in WT and dwarf 10-2 plants.

(a) WT and d10-2 plants 3 weeks after germination. Scale bar represents 1 mm.
(b) Lengths of second tiller buds of WT and d70-2 at P5.5, P6.0 and P6.5. Error bars indicate standard deviation (SD). n > 5.

(c) Images of second tiller buds in WT and d70-2 at P5.5 and P6.0. Scale bar represents 1 mm.

(d) Number of cells expressing HistoneH4 in the shoot apical meristem (SAM) and axillary meristem (AM) at P6.0 in WT and d70-2. Error bars indicate SD.

n > 10. Student’s t-test, **P < 0.01.

Axillary Meristem

(e) Expression of HistoneH4 in WT and d70-2 at P5.5 and P6.0. Scale bar represents 100 pm.
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observed in WT plants is mediated by SL (Arite et al., 2007;
Umehara et al., 2008). We then used the bud produced in
the axil of the second true leaf for the following analysis.
We first determined the developmental time point at which
the differences in the growth of the bud between WT
and d10-2 plants become recognizable. As shown in Fig-
ure 1(b,c), the size of the buds was indistinguishable
between WT and d70-2 plants when the second leaf is at
the P5.5 stage, whereas the difference became significant
when the second leaf reached the P6.0 stage, indicating
that the bud in the WT plants becomes dormant between
the P5.5 and P6.0 stages. Therefore, we concentrated on
these stages in this study. We next observed cell division
in the apical region (Figure 1d,e). At the P5.5 stage, signals
from HistoneH4, representing the S phase of the cell cycle,
were observed in the region around the SAM (Figure 1e,
enclosed with a red square), the axillary bud (Figure 1e,
enclosed with a yellow square) and leaf primordia in both
WT and d70-2 plants. At the P6.0 stage, however, the sig-
nals in the axillary buds almost disappeared in WT but not
in d10-2 plants, while the state of cell division in the SAM
region was indistinguishable between WT and d70-2
plants. These observations indicated that the bud becomes
dormant when the growth stage of the subtending leaf
progresses from the P5.5 to the P6.0 stage, when a sudden
arrest of cell division occurs in the axillary bud of the WT
plant.

We then observed WT buds until the P85 stage
(Figure 2a). Interestingly, the number of leaf primordia in
the axillary bud increased in the dormant bud (as indicated
by gold stars in Figure 2a), suggesting that initiation of
new leaf primordia from the axillary meristem continued in
the dormant bud. Indeed, HistoneH4 signals were detected
in the youngest leaf primordial (Figure 2a). We next tested
whether the dormant buds maintain the ability to resume
growth once conditions become favorable. We transferred

Figure 2. Bud development after dormancy and
when growth resumes. (a)
(a) Expression of HistoneH4 in WT at P5.5, P6.5,
P7.5 and P8.5. The gold stars indicate the leaf pri-
mordia. Scale bar represents 200 um.

(b) Resumption of bud growth after transplanting to
soil after P7.5. Scale bar represents 5 mm. The red
arrow points to the same bud at P7.5 and after
transplanting to soil after 3 days.

(c) Expression of HistoneH4 in WT after transplant-
ing to soil after 0, 6, 12 and 24 h. Scale bar repre-
sents 200 um.

© 2019 The Authors.
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the plants from hydroponic culture to fertilized soil when
the second leaf was at the P7.5 stage (Figure 2b). All plants
tested showed tiller growth within several days (Fig-
ure 2b). RNA in situ hybridization analysis revealed that
cell divisions started 6 h after the transfer to soil (Fig-
ure 2c). The region containing actively dividing cells
expanded to the whole area of the axillary bud within 24 h
(Figure 2c). Our analysis revealed that cell divisions in both
the leaf primordia and the young leaves tightly correlate
with the activity of the bud. Based on these results, we pro-
pose that the site of SL control of bud dormancy is in the
leaf primordia and the young leaves in the axillary buds.

Transcriptome analysis

To understand the molecular basis of bud dormancy, we
performed transcriptome analyses. As our results showed
that the phase of the axillary bud is changed from active to
dormant in a short time (between P5.5 and P6.0), we dis-
sected the bud of the second leaf of WT and d70-2 plants
at these critical stages by laser capture microdissection
(LCM) and wused them for transcriptome analyses
(Figure 3a). Three sections from the central part of each
bud were sampled and sections from 10 buds were pooled
as one sample for the microarray. The overall expression
levels of genes were comparable among the arrays. In
addition, the reliability of the arrays was confirmed using a
clustering program (Figure S2). We then compared the
transcriptomes between P5.5 buds and P6.0 buds in both
WT and d70-2 plants (Figure 3b; Tables S1 and S2). Many
more genes were upregulated or downregulated between
P5.5 and P6.0 in WT buds than those in the d70-2 mutant.
In the WT, the phase of the bud changes from active to
dormant at this time while the buds in d70-2 are main-
tained in the active phase. A possible explanation for this
difference is that the changes in the transcriptome are con-
comitant with the change of the growth phase of the bud.
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WT

WT

In this analysis, genes that showed changes in expression
between P5.5 and P6.0 buds in WT, but not in d70-2, were
selected as candidate genes involved in SL-mediated bud
dormancy and were subjected to further analysis. A list of
genes that showed an increase (dormancy genes) or
decrease (active genes) in expression in the P6.0 buds
compared to the P5.5 buds in WT plants but not in d70-2 is
shown in Tables S3 and S4, respectively. We identified
1177 dormancy genes and 969 active genes (Figure 3b;
false discovery rate < 0.05, fold change > 2).

Induction of DORMANCY ASSOCIATED GENE in the
dormant buds

DORMANCY ASSOCIATED GENE (DRM) genes, encoding
plant-specific proteins of an unknown function, have been
considered as molecular markers for dormancy due to
the tight association of their expression with dormancy in
many plant species (Stafstrom et al., 1998; Kebrom et al.,
2006; Rae et al., 2013). Expression of the four DRM genes
of rice (OsDRM1; 0s03g0342900, OsDRM2; 0s08g0453200,
OsDRM3; 0s09g0437500 and OsDRM4; Os11g0671000)
was significantly enhanced in the axillary buds in WT
plants, but their expression levels did not change signifi-
cantly in d70-2 buds between P5.5 and P6.0 stages (Fig-
ure 4a). We further analyzed the spatial localization of the
four DRM mRNAs by using RNA in situ hybridization
analysis (Figure 4b). OsDRM1, OsDRM3 and OsDRM4
genes showed weak expression in the leaf primordial of
the axillary bud at the P5.5 stage. This expression was
increased at the P6.0 stage. Expression of OsDRM2,
whose induction was relatively weak compared with the
other three genes (Figure 4a), was barely detected by
RNA in situ hybridization (Figure 4b). Expression of all

(d) No. of genes up-regulated

1177

969

Figure 3. Transcriptome analysis of dormant and
active buds.

(a) Section of shoot apex under the microscope.

(b) The same section after the AM and leaf primor-
dia had been removed by laser capture microdis-
11 section (LCM).

(c) The lid of the microcentrifuge tube to which the
tissue samples were attached. Scale bar represents
200 pm.

(d) Number (No.) of genes upregulated or downreg-
ulated in dormant (WT) and active (d70-2) buds.

d10-2

L—12

No. of genes down-regulated
d10-2

49

four DRM genes suggested that our transcriptome analy-
sis was successful in isolating genes related to the dor-
mancy of axillary buds in rice.

The expression of genes related to the cell cycle and cell
proliferation is altered during dormancy

To understand the overall view of changes occurring when
buds become dormant, gene ontology (GO) enrichment
analyses of the differentially expressed genes were carried
out. However, significantly (false discover rate < 0.05)
enriched GO terms were not identified using the genes
specifically upregulated in dormant buds (dormancy
genes) (Tables S3 and S5; Figure S3), indicating that no
specific gene groups were changes. When genes specifi-
cally downregulated in dormant buds (active genes) were
used as input, there were 104 significant GO terms in three
major categories (Tables S4 and S6; Figures S4-S7). The
first category is biological process, including GO terms
involved in ‘nucleosome assembly’, ‘mitosis’, ‘response to
DNA damage stimulus’, ‘protein import into nucleus’, ‘pro-
tein targeting to membrane’, ‘cellular nitrogen compound
metabolic process’, ‘DNA replication initiation” and ‘trans-
lation” (Figure S5). The second category is cellular compo-
nent, including GO terms involved in ‘proteasome core
complex’, ‘ribosome’, ‘microtubule associated complex’,
‘nucleosome’, ‘nuclear chromosome’, ‘nuclear pore’, ‘cy-
tosol’, ‘organelle outer membrane’, ‘respiratory chain’ and
‘mitochondrial inner membrane’ (Figure S6). The third cat-
egory is molecular function, including GO terms involved
in ‘structural constituent of ribosome’, ‘protein transporter
activity’, ‘threonine-type endopeptidase activity’, ‘micro-
tubule motor activity’ and ‘aminoacyl-tRNA ligase activity’
(Figure S7). The results of the GO analyses suggested that

© 2019 The Authors.

The Plant Journal published by John Wiley & Sons Ltd and Society for Experimental Biology.,

The Plant Journal, (2019), 97, 1006-1021



Analysis of strigolactone-mediated bud dormancy 1011
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genes related to cell proliferation and the cell cycle were
suppressed in dormant buds. Indeed, among 273 riboso-
mal genes annotated in the microarray, the expression
levels of 149 ribosomal genes were reduced to less than
70% in WT buds during stages P5.5 to P6.0 (Figure 5a,b).
Interestingly, a few ribosomal were upregulated in the
dormant buds.

Cell cycle progression is regulated by cyclin-dependent
protein kinases, cyclins and cyclin inhibitors (De Veylder

© 2019 The Authors.

et al., 2007; Pereira etal., 2012; Polyn etal., 2015).
Among these cell cycle regulators, some showed charac-
teristic changes in dormant buds. Apart from CycA7/4,
CycB1;3 and CycB1,4, all other CycA1, CycB1 and CcyB2
genes were all suppressed in WT dormant buds, whereas
they were not significantly changed in d70-2buds (Fig-
ure 5¢,d). By contrast, the mRNA expression of CycD
genes was not significantly changed in either the WT or
d10-2 buds (Figure S8). Inhibitors of cyclin-dependent
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Figure 5. Analysis of genes related to cell proliferation and cell cycle.

Analysis of strigolactone-mediated bud dormancy 1013

(a) Fold changes of ribosomal protein genes in dormant (WT) buds. The x-axis shows the number of ribosomal protein genes listed according to the fold
change, from highest to lowest. The grey line points to a fold change value of 1. The red lines points to a fold change value of 0.7.

(b) Fold changes of ribosomal protein genes in active (d70-2) buds.
(c) Fold changes of CyclinA genes in WT and d10-2 buds.
(d) Fold changes of CyclinB genes in WT and d70-2 buds.

(e) Fold changes of OsEL2 and OsEL2like, induced by ABA, in WT and d10-2 buds. Error bars indicate the standard deviation (SD).
(f) Localization of EL2-GFP fluorescence in the SAM and AM at P5.5 and P6.0. Scale bar represents 100 um. GFP, green fluorescent protein; BF, bright field;

merge, both GFP and BF images are superimposed on one another.

kinase (CDK) activity are crucial for control of cell cycle
progression. Plants contain two families of related CDK
inhibitors, namely, the plant-specific SIAMESE/SIAMESE
RELATED (SIM/SMR) family and the inhibitor of CDK
(ICK)/Kip-related protein (KRP) family. The latter ICK/KRP
genes, apart from OsICK4, did not show significant
changes in expression levels in either the WT ord70-
2buds (Figure S9). Six members of the SIM/SMR family
genes have been described in rice (Kumar et al., 2015).
Among these, OsEL2 and OsEL2like were induced in the
dormant buds (Figure 5e). It has been reported that
OsEL2 and OsEL2like expression is induced by ABA
(Peres et al, 2007). We confirmed that expression of
OsEL2 and OsELZ2like was induced by application of ABA
(Figure 5e). To see the spatial induction pattern of OsEL2,
transgenic lines expressing OsEL2-GFP driven by the
OsEL2 promoter were generated. Induction of GFP flores-
cence in the axillary bud was observed (Figure 5f). To
clarify the function of the OsEL2 and OsELZ2like genes, we
produced transgenic rice plants in which OsELZ or
OsEL2like was driven by the 35S promoter. Among 22
transgenic lines, seven showed increases in the ploidy
level up to 8C and the increase in the chromosome num-
ber (Figure S10a,b). In these plants, the size of cells was
increased (Figure S10d,e). To understand the in vivo func-
tion of OsEL2 and OsEL2like, and their contribution to
bud dormancy, loss-of-function mutant lines of these two
genes were generated using CRISPR-Cas9 technology.
Overall, the morphology of the double mutants was
indistinguishable from that of the WT and no significant
changes in bud growth were observed (Figure S11a,b).
However, when transfer the plants from hydroponic cul-
ture to soil, the second tiller bud in double mutants
seemed to have the tendency to elongate (Figure S11c).
This indicates that there are other genes that act redun-
dantly with OsEL2 and OsEL2like to co-regulate bud
growth.

Expression of ABA-related genes is affected in SL-
mediated axillary bud dormancy

We then analyzed the possible link between SL-mediated
axillary bud dormancy and phytohormones using publicly
available data showing response to treatment with absci-
sic acid (ABA), gibberellin (GA), indole acetic acid (IAA),
brassinosteroid (BR), cytokinin (CK) and jasmonic acid
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(JA)  (RiceXPro; http:/ricexpro.dna.affrc.go.jp/).  This
showed a trend in which genes upregulated in dormant
buds (dormancy genes) are also induced by ABA and JA
(Figure 6a). Conversely, genes downregulated in the dor-
mant buds (active genes) are also suppressed by treat-
ment with ABA or JA (Figure 6b). These results implied a
correlation between SL-mediated axillary bud dormancy
and ABA and JA. As involvement of ABA in the control
of seed dormancy is well established, as well as in bud
dormancy (Gonzélez-Grandio and Cubas, 2014; Shu et al.,
2016; Nguyen and Emery, 2017), we further analyzed the
effects of ABA in the control of SL-mediated axillary bud
dormancy in rice. Indeed, the gene most highly activated
in the dormant buds was an ortholog of AWPM-19, which
is an ABA-responsive gene of unknown function isolated
from Arabidopsis and was recently shown to be involved
in seed dormancy of wheat (Barrero et al., 2015; Chen
et al., 2015) (Figure 7a; Table S3). The AWPM-19 gene of
rice was strongly expressed in the youngest leaf primor-
dia in the dormant bud, suggesting that the ABA level
may be raised in the leaf primordia prior to the onset of
dormancy (Figure 7b). In fact, a few genes in the ABA
biosynthesis pathway were identified among the genes
that were specifically upregulated in dormant buds of WT
plants (Table S3). Among these was 0s72g0617400,
encoding 9-cis-epoxycarotenoid dioxygenase 1 (OsNCED1)
(Figure 7c). RNA in situ hybridization analysis showed
that the OsNCED1 gene is predominantly expressed in
the leaf primordia in the axillary buds of the P6.0 stage
(Figure 7d). We found a group of NAC (NAM-ATAF1,2-
CUC2) genes, encoding transcription factors containing a
NAC domain, were also upregulated in dormant buds in
WT plants (Figure S12). Expression of these genes was
also induced by ABA in most cases (Figure S12).

Involvement of ABA in SL-mediated axillary bud dormancy

We tested whether ABA suppresses bud outgrowth in rice
by measuring the growth of buds in hydroponic culture.
Firstly, we added ABA to the hydroponic culture medium.
Because it is known that ABA suppresses plant growth,
we first confirmed that addition of 3 um ABA did not
severely affect the growth of the first, second and third
leaves in d70-1 plants grown in the hydroponic culture.
We also confirmed that the growth of buds was strongly
inhibited (Figure S13). The addition of 3 um ABA did not

The Plant Journal published by John Wiley & Sons Ltd and Society for Experimental Biology.,

The Plant Journal, (2019), 97, 1006-1021


http://ricexpro.dna.affrc.go.jp/

1014 Le Luo et al.

(a) Genes up-regulated in dormant buds

Color Key

®

Genes down-regulated in dormant buds

ABA GA IAA BR CK

-3 -1 1 3
Value

Figure 6. The involvement of phytohormones in the dormant bud.
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Hierarchical cluster analysis of the up (a) and down (b) regulated genes in dormant buds showing the expression levels after phytohormone (ABA, GA, IAA, BR,

CK and JA) treatment for 1, 3, 6 and 12 h.

significantly affect tiller bud growth in WT plants. The
effect was dramatic, however, in both the SL deficient
d10-1 mutants and in the SL signaling d74-1 mutants, in
which the growth of tiller buds was suppressed to a level
comparable with that of WT plants (Figure 7e). ABA treat-
ment is known to suppress bud growth. Accordingly, we
confirmed that cell division in the young leaf primordial
of the axillary bud in the d70-2 mutant was inhibited by
ABA (Figure 7f). This suggests that ABA works down-
stream of SL to inhibit tiller bud growth through the sup-
pression of the cell cycle in the buds. We further tested
the effect of ABA by expressing the OsNCED1 gene driven
by the 35S promoter. Most regenerated transgenic plant-
lets became brown and died, with only a few lines surviv-
ing, however the ABA level was dramatically higher in
these surviving lines than in WT plants (Figure 7g). The
outgrowth of axillary buds was clearly suppressed in the
lines in which ABA levels were increased (Figure 7h,i).
These results suggested that ABA is involved in SL-
mediated axillary bud dormancy in rice. Finally, we mea-
sured the ABA levels in d10-17 and d74-1 mutants (Fig-
ure S14). Because it was very difficult to obtain sufficient
amounts of axillary buds for measurement of ABA, we
used the basal part of the stem including the SAM, leaf
primordia, internodes and node, as well as the axillary
buds. The ABA level was lower in d74-71 than in the WT
while no significant difference was observed between the
WT and d70-1. Currently it is unknown why these different
responses were observed between d10-7 and d74-1.

DISCUSSION

Arrest of cell division in leaf primordia occurs early in SL-
mediated axillary bud dormancy

By contrast with the rapid progress in understanding the
mechanisms of the biosynthesis and signaling of strigolac-
tone (SL), the mechanism by which SL inhibits outgrowth
of axillary buds is less well understood. Here, we show
that the timing of bud dormancy depends on the develop-
mental stage of the leaf which subtends the axillary bud.
Cell division arrests suddenly in the leaf primordial in the
axillary bud when the stage of its subtending leaf proceeds
from P5.5 to P6.0. Under the growth conditions in this
study, one leaf primordium is generated around every
4 days, therefore, the arrest of cell division occurs within
about a maximum of 48 h. To our surprise, despite the
arrest of cell division in the leaf primordia, initiation of
new leaf primordia continued for some time, indicating
that the axillary meristem maintains its ability to differenti-
ate leaf primordia. Conversely, the cell cycle restarted
rapidly in the leaf primordial of the axillary buds when the
plants were transferred to soil, which is probably a more
suitable medium for bud outgrowth. This indicates that
bud growth arrest is reversible. More importantly, these
observations suggest that the site of control of SL-
mediated axillary bud dormancy is likely to be the leaf pri-
mordia in the axillary bud. Consequently, we demonstrated
that dormant genes, including DRM1 to DRM4 and
OsNCED1, were upregulated in the leaf primordia rather
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Figure 7. Function of ABA in suppressing bud
growth.

(a) Fold change of AWPM-19 expression in dormant
(WT) and active (d10-2) buds.

(b) Expression of AWPM-19 in dormant buds
observed by in situ hybridization.

(c) Fold change of OsNCEDT in WT and d70-2 buds.
Error bars indicate the standard deviation (SD).

(d) Expression of OsNCED17in dormant buds
observed by in situ hybridization. Scale bar repre-
sents 100 pm.

(e) Length of buds after 3 um ABA treatment from
P5.5 to P6.5 in WT (Shiokari), d70-1 and d74-1
plants. Error bars indicate the SD. n > 5. Different
letters above bars indicate significant differences
between genotypes using a one-way anova followed
by Tukey's test, P < 0.05.

(f) Expression of HistoneH4 in the AM and the SAM
at P7.5 of WT and d170-2 plants with and without
ABA. Scale bar represents 50 pm.

(g) Concentration of ABA in WT and OsNCED1 over-
expression (OsNCEDTox) lines. Error bars indicate
the SD. Student’s t-test, *P < 0.5.

(h) WT and OsNCED1ox plants grown for 2 months.
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than in the meristem of the axillary bud. Recently, it was
reported that SLs work at least partly through OsSPL14 to
suppress bud outgrowth in rice (Song et al., 2017). We
showed that OsSPL74 mRNA exclusively accumulates in
the leaf primordia and is excluded from the axillary meris-
tem as well as the SAM (Luo et al., 2012).

BRANCHED1 (BRC1), encoding a TCP transcription fac-
tor, is proposed as an integrator of multiple pathways sup-
pressing bud outgrowth in Arabidopsis, including SL,
auxin, cytokinin and sugar (Aguilar-Martinez et al., 2007).
Maize Teosinte Branched 1 (TB1) is one of the founding
members of the TCP transcription factor family (Doebley
et al., 1997). TB1 suppresses tiller branching through posi-
tive regulation of GRASSY TILLERS1 (GT1), encoding a
HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP) transcription
factor (Whipple et al., 2011). Previously, we showed that
FC1, a rice ortholog of TB1, works as a downstream com-
ponent of SL (Minakuchi et al., 2010). TB1, GT1 and FC1
are predominantly expressed in leaf primordia and the
provasculature of lateral buds but are excluded from the
SAM, supporting our notion that leaf primordia are the site
of SL function in the axillary bud (Hubbard et al., 2002;
Minakuchi et al., 2010; Whipple et al., 2011).

© 2019 The Authors.
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In combination, these results suggest a possible sce-
nario for the early steps in SL-mediated axillary bud dor-
mancy as follows. Rapid inhibition of cell division in the
leaf primordia occurs, followed by the gradual attenuation
of axillary meristem activity, resulting in the arrest of new
leaf initiation. It is likely that the state of cell division activ-
ity in the leaf primordia is transmitted to the meristem.
Indeed, communication between the leaf primordia and
the meristem has been suggested in many cases, although
the underlying mechanisms for this non-cell-autonomous
regulation remain to be understood (ltoh et al., 2000;
Kawakatsu et al., 2006). Elucidation of the molecular mech-
anisms of this communication is the next interesting chal-
lenge in bud dormancy research. However, the possibility
that SLs affect leaf primordia and the meristem in the axil-
lary bud independently cannot be excluded.

SL-mediated axillary bud dormancy is regulated through
control of the cell cycle

Consistent with the arrest of cell division in the leaf primor-
dia, differences in the expression patterns of cell cycle
genes were observed between WT and d70-2 buds. Expres-
sion of CycA, CycB71 and CycB2 genes was dramatically
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downregulated in WT when the developmental stage of
the subtending leaf progressed from P5.5 to P6.0, accom-
panying the onset of the dormant state of the axillary bud.
This change was not observed in d70-2 background. In the
plant cell cycle, the A-type cyclins (CycAs) are mainly pre-
sent from the S phase to the M phase, whereas the level of
CycBs is the highest at the G2M transition and M phase
(De Veylder et al., 2007). Therefore, these cyclins act to
progress cycles that have already started. In contrast, the
formation of the CycD-CycA complex is critical in the deci-
sion to enter cell division. Interestingly, expression of CycD
was not altered significantly between the P5.5 and P6.0
stages in either WT or d70-2 buds, indicating that these
cyclins are not regulated at the transcription level. We
showed that EL2 and its paralogue, EL2like, belonging to a
plant-specific CDK inhibitor family, were upregulated in
WT but not in d10-2. SIAMESE (SIM) and SMR, orthologs
of EL2 in Arabidopsis, were shown to be involved in the
control of the endocycle (Churchman et al., 2006; Yi et al.,
2014; Kumar et al., 2015). We confirmed that molecular
function is conserved in EL2 and ELZ2like since their consti-
tutive expression caused an increase in ploidy level. Both
SIM of Arabidopsis and EL2 of rice were shown to interact
with and inhibit the CycD-CDKA complex (Dewitte et al.,
2007; Peres et al., 2007; Boudolf et al., 2009; Kumar et al.,
2015). Therefore, the increase in the level of EL2 and EL2-
like expression may lead to suppression of CycD-CDKA
activity, and subsequently, to the inhibition of entry into
the cell cycle. In combination, these results suggest that
cell cycle progression is suppressed at both the S/M and
G1S phases when the axillary buds enter the dormant
state. Suppression at the S/M phase is achieved by reduc-
ing transcription of CycA and CycB genes, and at the G1S
phase, through suppression of CycD-CDKA activity, both
by induction of EL2 and EL2like transcription. This two-way
system of cell cycle regulation may have been established
to ensure the safe and punctual arrest of bud activity.

ABA is involved in the control of SL-mediated axillary bud
dormancy in rice

In this study, ABA-inducible genes were found to been
enriched in dormant buds, supporting the notion that
ABA is involved in the control of dormancy in the axillary
buds. Notably, we identified a gene encoding NCED1,
one of five NCEDs in rice, as one of the dormant genes
(Ye etal, 2012). In situ hybridization analysis showed
that the OsNCEDT1 transcripts accumulate in the leaf pri-
mordial of the WT buds upon transition to the dormant
state. Furthermore, outgrowth of the axillary buds of the
d10-1 and d74-1 mutant was suppressed to the same
level as WT by the application of ABA to the hydroponic
culture. Overexpression of the OsNCED1T gene in the WT
background was sufficient to increase the ABA level and
this led to a decrease in the number of tillers. These

results imply, to some extent, that ABA works down-
stream of SL to inhibit bud outgrowth of rice. Recently, it
was reported that ABA may influence tillering in barley
through modulation of SL biosynthesis (Wang et al.,
2018). Tiller formation was enhanced in transgenic barley
plants that accumulate higher levels of ABA as a result of
RNAi-mediated reduction in ABA 8-hydroxylase expres-
sion. In addition, expression of SL biosynthesis genes
was downregulated and the SL concentration in root exu-
dates was reduced in these transgenic plants. The contra-
diction between the results in barley and our findings
may be explained by the differences in the materials ana-
lyzed. In Wang et al. (2018), gene expression and ABA
content were examined by sampling the basal part of the
stem which contained various organs. The SL content
was examined in the root exudates. By contrast, we
focused on the axillary buds at a critical time when the
pattern of bud growth is determined.

Involvement of ABA in the control of seed dormancy is
well established (Graeber et al., 2012). An association
between bud inhibition and an elevated level of ABA in the
buds has also been suggested by many studies (Ruttink
et al., 2007; Zheng et al., 2015; Nguyen and Emery, 2017).
Recently, involvement of ABA in the control of axillary bud
dormancy has been reported in Arabidopsis shade avoid-
ance syndrome and PHYTOCHROME B regulated dor-
mancy in sorghum (Reddy et al., 2013; Kebrom and Mullet,
2016). It remains to be determined, however, whether SL-
mediated axillary bud dormancy is also regulated by ABA.
In light quality-dependent bud dormancy in Arabidopsis,
ABA accumulates locally in the buds under low R:FR condi-
tions, which suppresses bud outgrowth, while the abun-
dance and signaling of ABA are reduced in response to the
increased R:FR ratio (Gonzalez-Grandio et al., 2013, 2017;
Reddy et al., 2013; Yao and Finlayson, 2015; Holalu and
Finlayson, 2017). The light quality-dependent control of
bud growth in Arabidopsis is mediated by the function of
BRC1. BRC1 is upregulated upon low R:FR conditions, and
directly and positively regulates expression of three HD-ZIP
protein genes. These HD-ZIP transcription factors bind
NCED3, a key enzyme in the ABA biosynthesis pathway,
and contribute to the increase of ABA in the buds
(Gonzélez-Grandio et al., 2017). As discussed previously,
FC1 and its maize ortholog, TB1, suppress shoot branching
(Doebley et al., 1997; Minakuchi et al., 2010). BRC1 is a
close homolog of FC1/TB1. Genetically, FC7 functions
downstream of SL, whereas the functional location of TB7
is unknown. GT1, encoding HD-ZIP lll, works downstream
of TB1 (Whipple et al., 2011). Furthermore, we showed that
OsNCED1, a close homolog of NCED3 of Arabidopsis, is
upregulated in the dormant bud. Combining these facts, a
plausible scenario is that different stimuli activate the same
genes to induce ABA in bud inhibition. It is of interest to
know if the HD-ZIP genes work downstream of FC7 to
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regulate biosynthesis and/or signaling of ABA, which is
required for suppression of bud outgrowth in rice.

ABA suppresses cell cycle progression through suppres-
sion of CYC and CDK genes and activation of CDK inhibi-
tors (Meguro and Sato, 2014; Vergara et al., 2017). In
addition to the known cell cycle genes, we identified that
EL2, a plant-specific cell cycle inhibitor of cell cycle pro-
gression, and its close paralogue, EL2like, are involved in
SL-mediated axillary bud dormancy. EL2 was first identi-
fied as an early response factor to a biotic elicitor for phy-
toalexin biosynthesis (Minami et al., 1996). EL2 and EL2like
are induced by stresses, such as cold and drought, and
ABA (Peres et al., 2007), suggesting a possible role for
these genes in the tolerance of stressful conditions by the
arrest of cell cycle progression. We confirmed that EL2 and
EL2like expression is induced by ABA. This may be the link
between ABA and bud dormancy. AWPM-19, whose induc-
tion was the highest in the dormant buds in this study,
was initially identified by its responsiveness to ABA (Koike
et al., 1997). Recently, AWPM-19 was shown to be a regu-
lator of seed dormancy in barley, although the molecular
function of AWPM-19 is yet to be determined (Barrero
et al., 2015). By contrast with the dramatic rise in the
expression level of AWPM-19 in the dormant buds, the
AWPM-19 mutant as well as the el2el2like double mutant
did not show significant defects in tiller growth (Fig-
ure S12). We also produced quadruple mutants of the four
DRM genes, however, no significant suppression of bud
dormancy was observed. A possible explanation for this is
that the phenotype is masked by genetic redundancy.
Genes in SIM/SMR family, to which EL2 and EL2LIKE
belong, play conserved fundamental biological functions
in plant growth and development (Kumar et al., 2015).
Therefore, other members in the SIM/SMR family in rice
likely play overlapping roles. Indeed, although EL2 and
EL2LIKE are highly induced in the dormant buds, there are
other dormancy insensitive members in this family. A
same scenario may be applicable to other genes, such as
AWPM-19, which is also a member of a gene family. More-
over, it is likely that many downstream genes contribute to
the dormancy and fine-tuning of these genes and are
required for the appropriate control of bud activity. Genes
involved in strigolactone dependent bud dormancy in rice
is summarized in Figure S15. Understanding how these
genes suppress bud activity in concert will be the next
challenge.

EXPERIMENTAL PROCEDURES
Plant materials

Rice (Oryza sativa L.) cultivars Shiokari and Nipponbare were used
in this study. Rice tillering dwarf mutants d70-1, d10-2 and d14-1
were as described previously (Ishikawa et al., 2005; Umehara
et al., 2008).
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Growth conditions and ABA treatment

Plants were grown in a hydroponic culture system according to
Umehara et al. (2008). For ABA induction, WT plants grown in
hydroponic culture for 2 weeks were treated with 0, 3 or 10 up ABA
for 3 and 24 h. Three independent experiments, each containing
eight plants, were performed. To observe bud growth, plants were
grown in hydroponic culture. ABA was added to the liquid culture
medium in the bottle. The culture medium was changed every
2 days. Plants were incubated with 3 um ABA in hydroponic culture.

Plants observation and sampling

In this study we used the plastochron (P) system to record leaf
developmental stage. P indicates the time interval of emerging
new leaves. In this system, the stage of each leaf changes as the
shoot grows; the youngest leaf primordium which is just starting
to emerge is considered as a leaf primordium at the P1 stage (P1
leaf primordium), the second and third youngest ones are leaf pri-
mordia at P2 and P3 stages, respectively. In this study, we focused
our analysis on the second leaf. To match the relative stage (P sys-
tem) of the second leaf to the absolute developmental stage of the
tiller, we first observed the relationship between the P system and
the absolute order. In our growth conditions, the second leaf is at
the P5.0 and P6.0 stages when the third and fourth leaves have
half emerged, respectively. Therefore, based on this observation,
we labelled the relative stage of the second leaf as P5.5 when the
third leaf was fully expanded.

The tiller buds were observed and measured after removing the
leaves. For microarray analysis and RNA in situ hybridization, after
removing one leaf, 0.5 cm of the basal part of the plant was cut
and used for the experiment.

Histological analysis

For histological analysis, shoot apices were fixed with FAA (5%
formalin, 5% acetic acid, 45% ethanol and 45% water) and embed-
ded in Paraplast plus (McCormick, http://www.mccormickscientif
ic.com/) after dehydration. Transverse sections of 8 um were
stained with Toluidine blue.

RNA in situ hybridizations

In situ hybridizations were performed as described by Kouchi
et al. (1995). The Histone H4 probe was prepared and used as
described previously (ltoh et al., 1998). The full-length ¢cDNAs of
OsDRM3, OsDRM8, OsDRM9, OsDRM 11, AWPM-19 and OsNCED1
were PCR amplified and cloned into the pENTR vector (Invitrogen,
http://www.invitrogen.com/) and linearized with an appropriate
restriction enzyme. To make the antisense probe, in vitro tran-
scription was performed using the linearized plasmid as a tem-
plate, with the incorporation of digoxigenin (DIG)-UTP (Roche
Applied Science, https://lifescience.roche.com/en_cn.html).

Laser capture microdissection

Laser capture microdissection was performed as previously
described (Takahashi et al., 2010). Briefly, the basal parts of rice
seedlings were fixed in FAA (5% formalin, 5% acetic acid, 45% etha-
nol and 45% water) on ice. The fixative was infiltrated into the tis-
sues under vacuum three times for 10 min on ice and then
overnight at 4°C. The samples in fixative solution were further fixed
in a microwave at 37°C for 15 min, and this was repeated three
times with fresh and pre-chilled fixative solution. The samples
were then dehydrated using 70, 80, 90 and 100% ethanol at 58°C
(1.5 min each time) in the microwave. The paraffin-embedded
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blocks were prepared by gradually exchanging butanol with
melted paraffin wax at 58°C. The sections were laser-microdis-
sected using the ArcturusXT™ LCM instrument (Thermo Fisher Sci-
entific, https://www.thermofisher.com/cn/en/home.html) and the
stage and the morphology of the dissected specimens were con-
firmed under the microscopy.

Microarray experiment

Total RNAs were extracted with the Arcturus® PicoPure® RNA
isolation kit (Applied Biosystems, https://www.thermofisher.com/
cn/en/home/brands/applied-biosystems.html) from the samples
described below. The quality of RNA extracted was checked
with an Agilent RNA 6000 Pico kit using the Agilent 2100 Bio-
analyser (Agilent Technologies, https://www.agilent.com/). RNA
yield was assessed using a NanoDrop 1000 spectrophotometer
(NanoDrop Products; Thermo Fisher Scientific, https://www.the
rmofisher.com/cn/en/home.html). Samples from P55 were
labeled with Cy3 and samples from P6.0 were labeled with
Cy5. Four biological replicates were used for WT, three biologi-
cal replicates were used for d70-2 and one set was used for
the WT at the transition stage. The hybridized slides (Rice 44K
oligo-DNA microarray) were scanned with a DNA microarray
scanner (G2505C; Agilent Technologies, https:/www.agilent.c
om/), and signal intensities were extracted by using Feature
Extraction software (Version 10.5.1.1; Agilent Technologies,
https://www.agilent.com/).

Microarray data analysis

A gene expression analysis software program, GeneSpring GX12
(Agilent Technologies, https://www.agilent.com/) was used to per-
form statistical analyses. All transcripts were filtered initially to
select transcripts having a signal intensity value higher than 50.
Adjustment for multiple testing was applied using Ben-
jamini—Hochberg false discovery rate and the transcript lists gen-
erated for upregulated and downregulated transcripts (P < 0.02,
fold change >2 for transcripts downregulated, fold change >2 for
transcripts upregulated).

Real time PCR

Total RNA was extracted using the Plant RNA Isolation mini kit
(Agilent Technologies, https://www.agilent.com/). After DNase |
treatment, first-strand cDNA was synthesized using SuperScript Il
reverse transcriptase (Invitrogen, http://www.invitrogen.com/). The
primer sets used to amplify the transcripts are described in
Table S7. PCRs were performed with SYBR green | using the Light
Cycler® 480 System Il (Roche Applied Science, https:/lifescience.
roche.com/en_cn.html).

Functional enrichment analysis

Gene ontology analysis was carried out using the singular enrich-
ment analysis tool offered by agriGO (Du et al., 2010) with the
default settings of Fisher's t-test (P < 0.05), false discovery rate
correction by the Hochberg method and five minimum numbers
of mapping entries against the rice-specific precomputed back-
ground reference.

Vector construction

To observe protein localization of OsEL2, the sequence of the
OsEL2 promoter and full-length ¢cDNA was amplified by PCR
and the amplified fragment was introduced into the pGWB4
expression vector (Nakagawa et al., 2007a,b) using the Gateway

system (Invitrogen, http://www.invitrogen.com/). To generate the
OsEL2, OsEL2like and OsNCED1 overexpression plants, the full-
length ¢cDNAs of these genes were amplified and introduced into
the pGWB2 expression vector (Nakagawa et al., 2007a,b) using
the Gateway system (Invitrogen, http://www.invitrogen.com/).
The primers for vector construction are listed in Table S7. For
the generation of loss-of-function mutants, CRISPR-CAS9 system
was used.

Transformation

Rice transformation was carried out as described by Nakagawa
et al. (2002).

Hormone analysis

Extraction and purification of ABA from rice seedlings was per-
formed as for maize seedlings in a previous study (Takeuchi et al.,
2016). Quantification of ABA by liquid chromatography tandem
mass spectrometry (LC-MS-MS) was performed as described pre-
viously (Kanno et al., 2012).

Ploidy analysis

Young leaves were used for the determination of ploidy levels.
Ploidy levels were measured using a PAS flow cytometer (Partec,
https://www.sysmex-partec.com/) according to Haga et al. (2011).
The lowest peak of WT plants was assumed to represent 2C
nuclei, where C is the haploid DNA content.

Scanning electron microscopy

Scanning electron microscopy analysis was performed according
to Kobayashi et al.(2012).
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Figure S3. Gene ontology (GO) abundance chart of genes upregu-
lated in dormant buds.

Figure S4. Gene ontology (GO) abundance chart of genes down-
regulated in dormant buds.

Figure S5. Hierarchical graph of genes involved in biological pro-
cesses that are downregulated in dormant buds.

Figure S6. Hierarchical graph of genes involved in molecular func-
tions that are downregulated in dormant buds.

Figure S7. Hierarchical graph of genes involved in cellular compo-
nents that are downregulated in dormant buds.

Figure S8. Fold changes of CyclinD genes in dormant (WT) and
active (d10-2) buds.

Figure S9. Fold changes of Cyclin-dependent kinase inhibitor (ICK)
genes in dormant (WT) and active (d70-2) buds.

Figure S10. Functional analysis of OsEL2.

Figure S11. Tiller bud elongation in mutants.

Figure S12. Induction of NAC genes.

Figure S13. Effects of ABA on growth of rice.

Figure S14. Concentration of ABA in the basal part of WT, d10-1
and d74-1.

Figure S15. Relationships between genes involved in SL-regulated
bud dormancy.

Table S1. Expression levels of genes in the WT microarray.
Table S2. Expression levels of genes in the d70-2 microarray.

Table S3. Genes upregulated in dormant buds in the microarray
analyzed by GeneSpring GX12.

Table S4. Genes downregulated in dormant buds in the microar-
ray analyzed by GeneSpring GX12.

Table S5. Genes upregulated in dormant buds with GO terms.
Table S6. Genes downregulated in dormant buds with GO terms.
Table S7. List of primers used in this study.

Table S8. Accession numbers of genes in this study.
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