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Lateral branches are important for plant architecture and production, but how plants determine their lateral branches remains
to be further understood. Here, we report that the CUP-SHAPED COTYLEDON2 (CUC2)/CUC3-DA1-UBIQUITIN-SPECIFIC
PROTEASE15 (UBP15) regulatory module controls the initiation of axillary meristems, thereby determining the number of
lateral branches in Arabidopsis (Arabidopsis thaliana). Mutation in the ubiquitin-dependent peptidase DA1 causes fewer
lateral branches due to defects in the initiation of axillary meristems. The transcription factors CUC2 and CUC3, which
regulate the axillary meristem initiation, directly bind to the DA1 promoter and activate its expression. Further results show
that UBP15, which is a direct substrate of DA1 peptidase, represses the initiation of axillary meristems. Genetic analyses
support that CUC2/CUC3, DA1, and UBP15 function, at least in part, in a common pathway to regulate the initiation of axillary
meristems. Therefore, our findings establish a genetic and molecular framework by which the CUC2/CUC3-DA1-UBP15
regulatory module controls the initiation of axillary meristems, thereby determining plant architecture.

INTRODUCTION

The diversity of forms in flowering plants is mainly decided by the
number, position, and shape of lateral organs in the aerial part of
plants; these lateral organs arise from the shoot apical meristem
(SAM) and other secondary meristems (Pautler et al., 2013).
Branches are important lateral organs that affect plant architec-
ture and plant yield (Wang and Li, 2008; Wang et al., 2018). A
branch originates from a secondary meristem in the axil of leaves,
referred toas theaxillarymeristem (AM;GrbicandBleecker, 2000).
The AM can develop into an axillary bud and then form a branch
(Schmitz and Theres, 2005; Domagalska and Leyser, 2011). In
some conditions, the AMs develop into axillary buds but remain
dormant (Napoli et al., 1999). The axillary bud can later develop
into a complete branch, depending on environmental and de-
velopmental cues.Therefore, thedevelopmentofbranchescanbe
divided into two main steps: the initiation of AMs and the out-
growth of axillary buds (Tantikanjana et al., 2001). Strigolactones
act as a major player in regulating bud outgrowth (Domagalska
and Leyser, 2011; Waters et al., 2012; Brewer et al., 2013; Smith
and Li, 2014; Flematti et al., 2016). Auxins and strigolactones
negatively regulate the outgrowth of axillary buds (McSteen and
Leyser, 2005; Brewer et al., 2015), and cytokinins function an-
tagonistically with auxins and strigolactones to promote the
outgrowthof axillary buds (Müller andLeyser, 2011; Janssenet al.,
2014; Barbier et al., 2019).

Several transcription factors influence the initiation of AMs,
thereby influencing the formation of plant branches. LATERAL
SUPPRESSOR (LS) in tomato (Solanum lycopersicum), LATERAL
SUPPRESSOR in Arabidopsis (Arabidopsis thaliana; LAS), and
MONOCULM1 (MOC1) in rice (Oryza sativa), which encode the
GRAS transcription factors (Greb et al., 2003), regulate AM initi-
ation. The tomato BLIND gene, which encodes an MYB tran-
scription factor, promotes the AM initiation (Schmitz et al., 2002).
Its Arabidopsis homologs REGULATORS OF AXILLARY MER-
ISTEMS act redundantly to promote the establishment of AMs
during both vegetative and reproductive growth phases (Keller
et al., 2006; Müller et al., 2006). NAC transcriptional factors CUP-
SHAPED COTYLEDON (CUC) regulate the AM initiation in leaf
axils of rosette leaves in Arabidopsis (Hibara et al., 2006; Raman
et al., 2008). In addition, MYB transcription factors LATERAL
ORGAN FUSION1 (LOF1) and LOF2 and classIII homeodomain/
leucine zipper transcription factor REVOLUTA affect multiple
growth and developmental processes including the AM initiation
(Otsuga et al., 2001; Lee et al., 2009). Recent studies further
uncovered the gene regulatory network in the AM initiation
throughgenome-scale analyses (Tian et al., 2014).CUC2andLAS
work as two hubs of this gene regulatory network. CUC2 proteins
directly bind to the promoter of LAS and activate its expression
(Hibara et al., 2006; Raman et al., 2008; Tian et al., 2014). An auxin
minimum has been proposed to be required for the AM initiation
(Wang et al., 2014a, 2014b). Cytokinin biosynthesis and signaling
also affect normal AM initiation (Wang et al., 2014b; Müller et al.,
2015). Therefore, these studies show that multiple factors and
signaling pathways influence the initiation of AMs.
We have previously reported that DA1, a ubiquitin-dependent

peptidase, regulates seed and organ size in Arabidopsis (Li et al.,
2008; Xia et al., 2013; Du et al., 2014; Dong et al., 2017). Here, we
uncover a function for DA1 in the regulation of the AM initiation.
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The da1-1 single mutant forms fewer lateral branches due to
defects in the initiationofAMs.The transcription factorsCUC2and
CUC3 associate with the promoter of DA1 and activate the ex-
pression of DA1. The mutation in the ubiquitin-specific protease
UBP15, which is a direct substrate of DA1 peptidase, promotes
the AM initiation. Genetic analyses demonstrate that CUC2/
CUC3, DA1, and UBP15 function, at least in part, in a common
pathway to regulate the initiation of AMs. Therefore, our findings
reveal that the CUC2/CUC3-DA1-UBP15 regulatory module
controls the initiation of AMs, thereby influencing plant archi-
tecture in Arabidopsis.

RESULTS

The da1-1 Mutant Produces Fewer Branches

Wehavepreviously shown thatDA1 regulates seedandorgansize
by influencing cell proliferation in Arabidopsis (Li et al., 2008). The
da1-1 mutant also produced fewer branches compared with the
wild type (Columbia [Col-0]) in long-day conditions (Supplemental
Figure 1A). We therefore investigated the development of axillary
buds in 45-d-old Col-0 and da1-1 rosette leaf axils in long-day
conditions (Supplemental Figure 1B). In most Col-0 plants, the
axils of the first pair of rosette leaves contained axillary buds. By
contrast, in most da1-1 plants, we did not observe axillary buds in
the leaf axils of the first pair of rosette leaves. In addition, the
development of axillary budswasdelayed inda1-1 (Supplemental
Figure 1B).

When plants were first grown in short-day conditions for 28 d
and then moved to long-day conditions, the axillary branches in
da1-1were strongly reduced comparedwith those in thewild type
(Figure 1A). Most wild-type plants contained axillary buds in the

axils of the third to late rosette leaves, although a majority of the
wild-type plants had no axillary buds in the axils of the first pair of
leaves (Figure 1D). By contrast, most da1-1 plants had no axillary
buds in the axils of the first to sixth rosette leaves (Figure 1D). We
frequently observed that da1-1 lacked axillary buds in the axils of
late rosette leaves (Figures 1B and 1D). Axillary buds were also
absent from a few cauline leaf axils in da1-1 (Figures 1C and 1D).
These results indicate that DA1 regulates the formation of axillary
branches.
The da1-1 allele encodes a mutant protein DA1R358K, which

negatively affects the function of DA1 and its closest homolog
DAR1, although da1-1/1 heterozygous plants do not show ob-
vious alterations in seed- and organ-size phenotypes (Li et al.,
2008). Double da1-knockout1 (da1-ko1) dar1-1 T-DNA insertion
mutants exhibit large seeds andorgans, like those observed in the
da1-1 mutant, while da1-ko1 and dar1-1 single mutants do not
show an obvious large seed phenotype (Li et al., 2008). We ex-
amined whether da1-ko1, dar1-1, and da1-ko1 dar1-1 double
mutations affected the formation of axillary branches. The da1-
ko1 dar1-1 double mutant also exhibited fewer lateral branches
compared to the wild type (Figures 1A and 1D). Axillary buds were
absent from a few rosette and cauline leaf axils in da1-ko1 dar1-1
(Figures 1B and 1C). The da1-ko1 and dar1-1 single mutants did
not show an obvious branch-defect phenotype (Supplemental
Figures1C to1E). Asoverexpressionof theDA1R358Kprotein (35S:
DA1R/K) in the wild type has a dominant-negative effect on organ
growth (Lietal., 2008),we investigatedwhether35S:DA1R/Kplants
had the defects in the formation of axillary buds. Compared with
the wild-type plants, 35S:DA1R/K plants exhibited fewer branches
and axillary buds (Figures 1A to 1D; Supplemental Figure 2). By
contrast, overexpression ofDA1 (35S:DA1) very slightly increased
thebranchnumbercomparedwith theCol-0plants (Supplemental
Figure 3). A genomic fragment of DA1 (DA1COM ) complemented

1920 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00012/DC1


Figure 1. da1-1 Mutant Produces Fewer Branches.

(A)PlantsofCol-0,da1-1,da1-ko1dar1-1,DA1COM, and35S:DA1R/K#3. Theda1-1mutantproduces fewerbranches than thewild type (Col-0). Plantswere
grown for 28 d in short photoperiods and subsequently grown for 60 d under long-day conditions.
(B) Close-up views of rosette leaf branches in Col-0, da1-1, da1-ko1 dar1-1, DA1COM, and 35S:DA1R/K#3 plants. The da1-1, da1-ko1 dar1-1, and
35S:DA1R/K produce fewer branches than Col-0.
(C)Close-up views of cauline leaf branches inCol-0, da1-1,da1-ko1 dar1-1,DA1COM, and 35S:DA1R/K#3plants. Cauline leaves of Col-0 formbranches in
their axils, while da1-1, da1-ko1 dar1-1, and 35S:DA1R/K#3 frequently failed to produce branches.
(D)Schematic representationofaxillarybranchorbud formation in individual leaf axilsofCol-0,da1-1,da1-ko1dar1-1,DA1COM, and35S:DA1R/K#3plants.
The thick black horizontal line represents the border between the youngest rosette leaf and the oldest cauline leaf, with positions of progressively younger
cauline leaves above the line, and positions of progressively older rosette leaves below it. Each column represents a single plant, and each square within
a column represents an individual leaf axil shown from youngest (top) to oldest. Green indicates the presence of an axillary bud, and yellow indicates the
absence of an axillary bud in any particular leaf axil. Plants were grown for 28 days in short photoperiods and subsequently shifted to long days (n$ 13).
Bar in (A) and (B) 5 1 cm; bar in (C) 5 1 mm.
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the reduced axillary bud phenotype of da1-1 (Figures 1A to 1D; Li
et al., 2008). These results demonstrate that DA1 and its closest
homolog DAR1 regulate the formation of lateral branches.

da1-1 Represses the AM Initiation

AMs are formed in rosette and cauline leaf axils and develop into
axillary buds and branches in response to environmental and
internal signals.Considering thatda1-1 represses the formationof
axillary buds, DA1 could regulate the AM initiation. To test this
hypothesis, we examined leaf axils in da1-1 using scanning
electron microscopy. The meristem-like structure was not ob-
served inda1-1 rosette leaf axils that did not produce axillary buds
(Figure 2A). These results demonstrate that DA1 and its closest
homolog DAR1 are involved in the regulation of the AM initiation.

The AM is marked by the expression of the SHOOT MER-
STEMLESS (STM) gene (LongandBarton,2000).Considering that
DA1 influences theAM initiation,weaskedwhether theexpression
ofSTM could be affected by theda1-1mutation.Wecrossedda1-
1 with the pSTM:GUS reporter and generated da1-1;pSTM:GUS
plants. b-Glucuronidase (GUS) activity in the pSTM:GUS line was
detected in the boundary zone between the SAM and leaf pri-
mordia (Figure 2C; Kirch et al., 2003; Lee et al., 2009). By contrast,
in da1-1;pSTM:GUS plants, GUS activity was reduced in the
center of the leaf axils that failed to produce axillary buds
(Figure 2C). These results further demonstrate that DA1 controls
the initiation of AMs. We then examined whether DA1 could be
expressed in the boundary regions using the pDA1:GUS trans-
genic line (Li et al., 2008). GUS activity in the pDA1:GUS line was
detected in the shootmeristem, young leaves, the region between
the shoot meristem and leaf primordia, and the axils of cauline
leaves (Figure 2B). As the region between leaf primordia and the

shoot meristem will later form leaf axils, expression of DA1 is
consistent with its role in the AM initiation.

DA1 Acts, at Least in Part, in a Common Pathway with
CUC2/CUC3 to Control the Initiation of AMs

Several genes have been described to regulate AM initiation in
Arabidopsis, such as LAS, REGULATORS OF AXILLARY MER-
ISTEMS (RAXs), and CUCs (Greb et al., 2003; Hibara et al., 2006;
Keller et al., 2006; Müller et al., 2006; Raman et al., 2008). The las
mutants generate almost no branches during vegetative de-
velopment (Grebet al., 2003).Weobtained the las-101mutant and
observed that nearly all axils of rosette leaves in las-101 lacked
axillary buds (Figure 3; Supplemental Figure 4B; Hibara et al.,
2006). The axils of cauline leaves in las-101 can form branches
normally, andmost of these brancheswere fusedwithmain stems
(Figure 3; Supplemental Figure 4C), consistent with a previous
study (Hibara et al., 2006). We crossed las-101 with da1-1 to
generate the da1-1 las-101 double mutant. All axils of rosette
leaves in da1-1 las-101 failed to form the axillary buds, and most
axils of cauline leaves in da1-1 las-101 lacked axillary buds, al-
though the las-101 single mutation did not affect the AM initiation
inaxils of cauline leaves (Figure3;Supplemental Figures4A to4C),
suggesting that the las-101mutation synergistically enhanced the
AM initiation-defect phenotype of da1-1 in both rosette leaf axils
and cauline leaf axils. These data also suggest that DA1may act
redundantlywithLAS to control theAM initiationduring vegetative
and reproductive development.
In Arabidopsis, MYB transcription factors RAX1, RAX2, and

RAX3 act redundantly to control the initiation of AMs (Keller et al.,
2006; Müller et al., 2006). The rax1 mutant exhibits a moderate
defect in the AM initiation of rosette leaf axils, whereas rax2 and

Figure 2. DA1 Regulates the Initiation of Axillary Meristems.

(A) Scanning electron micrographs of a Col-0 rosette leaf axil showing an axillary bud (left, arrow) and a barren da1-1 rosette leaf axil (right, arrow).
(B) DA1 expression activity was monitored using pDA1:GUS transgenic plants. GUS activity is detected in longitudinal section through shoot apex during
vegetative development (left, plants grown for 28 d under short-day conditions) and reproductive development (right, plants grown for 28d under short-day
conditions and subsequently shifted to long-day conditions for 6 d).
(C)pSTM:GUS expression in longitudinal sections ofCol-0 andda1-1.GUSsignal is reduced in leaf axils ofda1-1plants. Plantswere grown for 28d in short
photoperiods.
Bar in (A) 5 200 mm; bar in (B) and (C) 5 20 mm.
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Figure 3. DA1 Acts Genetically with CUC2 and CUC3 to Control the Initiation of Axillary Meristems.

(A)Schematic representation of axillary branch or bud formation in individual leaf axils ofCol-0,da1-1, las-101,da1-1 las-101, rax1-3,da1-1 rax1-3,cuc2-3,
da1-1 cuc2-3, cuc3-105, andda1-1 cuc3-105 plants. The thick black horizontal line represents the border between the youngest rosette leaf and the oldest
cauline leaf, with positions of progressively younger cauline leaves above the line and positions of progressively older rosette leaves below the line. Each
column represents asingleplant, andeachsquarewithin acolumn represents an individual leaf axil shown fromyoungest (top) tooldest.Green indicates the
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rax3 singlemutants do not show a clear defect (Keller et al., 2006),
indicating that RAX1 plays a predominant role in determining the
initiation of AMs. We therefore crossed da1-1 with rax1-3 to
generate the da1-1 rax1-3 double mutant. Consistent with pre-
vious results, the rax1-3mutant frequently failed to initiate axillary
meristems in the rosette leaf axils (Figure 3; Supplemental
Figure 4E), while rax1-3 showed normal AM initiation in the axils of
cauline leaves (Figure 3; Supplemental Figure 4F; Keller et al.,
2006). By contrast, the da1-1 rax1-3 double mutant completely
lacked axillary buds in rosette leaf axils, and da1-1 rax1-3 also
failed to initiate AMs in the axils of most cauline leaves (Figure 3;
Supplemental Figures 4D to 4F). These genetic analyses reveal
a synergistic interaction between DA1 and RAX1 in the regula-
tion of the AM initiation during vegetative and reproductive
development.

NAC transcription factors CUC1, CUC2, and CUC3 have been
reported to participate in diverse plant developmental processes,
such as boundary formation and AM initiation during post-
embryonic development (Aida et al., 1997;Hibara et al., 2006). The
cuc2-3mutationmoderately represses the AM initiation in rosette
leaf axils, while cuc3-105 strongly suppresses the AM initiation in
rosette leaf axils and also causes branches to be fused to main
stems (Figure 3; Hibara et al., 2006; Raman et al., 2008). By
contrast, cuc1 single mutations do not affect AM initiation (Hibara
et al., 2006). To understand genetic interactions ofDA1withCUC
genes, we crossed da1-1 with cuc2-3 and cuc3-105 and gen-
erated da1-1 cuc2-3 and da1-1 cuc3-105 double mutants, re-
spectively. Thephenotypeofda1-1cuc2-3 in theAM initiationwas
more like that observed in the da1-1 single mutant during vege-
tative and reproductive development (Figure 3). The phenotype of
the da1-1 cuc3-105 mutant in AM initiation during vegetative
development was more like that observed in the cuc3-105 single
mutant, although theda1-1 cuc3-105doublemutant hadaslightly
stronger phenotype than the cuc3-105 single mutant (Figure 3).
The da1-1 cuc3-105 double mutant also lacked AMs in a few
cauline leaf axils and hadbranches fused tomain stems (Figure 3).
In addition, overexpression of DA1 obviously repressed the AM
initiationdefectofcuc2-3andcuc3-105 (SupplementalFigures5B
to5D).Thesegeneticanalysessuggest thatDA1 functions,at least
inpart,withCUC2andCUC3 in acommonpathway to regulate the
initiation of AMs during vegetative growth stage.

CUC2 and CUC3 Directly Bind to the Promoter of DA1 and
Activate Its Expression

DA1 functions genetically withCUC2 andCUC3 to control the AM
initiation, andCUC2andCUC3are twoNAC transcription factors.
We therefore asked whether CUC2 and CUC3 could regulate
the expression of DA1. We generated the chemically inducible
CUC2 (pER8:CUC2) and CUC3 (pER8:CUC3) transgenic plants.
The expression levels of DA1 were examined after treating

pER8:CUC2 and pER8:CUC3 transgenic plants with b-estradiol
(Figure 4A). The expression ofDA1was significantly elevated after
b-estradiol induction. Inaddition, theexpressionofDA1 incuc2-3,
cuc3-105, and cuc2-3 cuc3-105 mutants was decreased com-
paredwith that in thewild type (Figure4B).TheexpressionofDAR1
in cuc2-3, cuc3-105, and cuc2-3 cuc3-105 mutants was also
decreased compared with that in the wild type (Supplemental
Figures 5A). These results indicate that CUC2 and CUC3 regulate
the expression of DA1.
To determine whether CUC2 and CUC3 can directly associate

with the DA1 promoter, a chromatin immunoprecipitation (ChIP)
assay using 35S:myc-CUC2, 35S:myc-CUC3, and 35S:myc
transgenic plants was performed. The core sequence CGT[GA] is
the DNA binding site of NAC domain transcription factors (Olsen
et al., 2005). We identified five candidate binding sequences (A to
E) of NAC transcription factors in the 2-kb region of the DA1
promoter (Figure 4C). A ChIP assay showed that the fragments
(PF2, PF3, and PF4) containing the CGT[GA] motif were enriched
in thechromatin-immunoprecipitatedDNAgeneratedwithananti-
myc antibody (Figure 4D). However, the fragment PF5 was not
enriched in the chromatin-immunoprecipitated DNA. We also did
not detect significant enrichment of the fragments PF1 and PF6,
which did not contain the CGT[GA] sequence. Thus, CUC2 and
CUC3 associate with the promoter region of DA1 in vivo.
To investigate whether CUC2 and CUC3 could directly bind to

DA1 promoter, we expressed CUC2 and CUC3 as MBP fusion
proteins MBP-CUC2 and MBP-CUC3 and performed DNA
electrophoretic mobility shift assays (EMSAs). MBP-CUC2 and
MBP-CUC3 could bind to four biotin-labeled probes (A to D)
containing the CGT[GA] sequence (Figures 4E and 4F;
Supplemental Figures 6A and 6B). However, the DNA–protein
association was decreased in a dosage-dependentmanner when
adding the corresponding unlabeled probes. On the contrary,
MBP-CUC2 andMBP-CUC3 failed to bind versions of the probes
with mutations (A-m to D-m) in the predicted binding sequence
(Figures 4E and 4F; Supplemental Figures 6A and 6B). These
results demonstrate that CUC2 and CUC3 directly bind to the
promoter of DA1 and promote the expression of DA1.

UBP15 Acts Downstream of DA1 to Control the AM Initiation

To identify downstream components of DA1 in the control of the
AM formation, a genetic screen was conducted to isolate the
suppressors of da1-1 in the formation of branches (sdb). One of
the suppressors, sdb1-1, repressed the reduced axillary-branch
phenotype of da1-1 (Figure 5A). The sdb1-1 da1-1 plants pro-
duced more axillary branches than the da1-1 single mutant
(Figure 5A). The axillary bud formation was further examined in
axils of sdb1-1 da1-1 cauline and rosette leaves. As shown in
Figure 5B, thepattern of axillary bud formation in the sdb1-1da1-1
plants was similar to that in wild-type plants, indicating that the

Figure 3. (continued).

presence of an axillary bud, yellow indicates the absence of an axillary bud in any particular leaf axil, and brown indicates branches fused to themain stem.
Plants were grown for 28 d in short photoperiods and subsequently shifted to long days (n $ 19).
(B)Frequency of the lack of axillary shoots in theCol-0,da1-1, cuc2-3,da1-1 cuc2-3, cuc3-105,da1-1 cuc3-105, las-101,da1-1 las-101, rax1-3, andda1-1
rax1-3 plants (n$ 19). Values are given asmean6 SD. **P < 0.01, comparedwith da1-1plants (Student’s t test; Supplemental Data Set). ns, no significance.
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Figure 4. CUC2 and CUC3 Bind to the Promoter of DA1 and Promote Its Expression.

(A) RT-qPCR analysis of DA1 expression levels in pER8:CUC2, pER8:CUC3, and pER8:CUC2;pER8:CUC3 seedlings before (–) and after b-estradiol (1)
treatment.ACTIN2mRNAwasusedasan internal control.Meanswerecalculated from four biological samples. Valuesaregivenasmean6 SD relative to the
values before b-estradiol treatment, set at 1. **P < 0.01 (Student’s t test; Supplemental Data Set).
(B) RT-qPCR analysis of DA1 expression level in Col-0, cuc2-3, cuc3-105, and cuc2-3 cuc3-105 rosette leaf axils. Plants were grown for 28 d in short
photoperiods.All rosette leaveswere removed, and thebase regionofpetiolesand thenonelongatedstemswereused to isolate totalmRNA.ACTIN2mRNA
was used as an internal control. Means were calculated from four biological samples. Values are given as mean6 SD relative to Col-0 values, set at 1. *P <
0.05, **P < 0.01 compared with Col-0 plants (Student’s t test; Supplemental Data Set).
(C) A 2.5-kb promoter region ofDA1 upstream of its ATG codon contains five predicted binding sequences named A to E. A, B, C, D, and E and A-m, B-m,
C-m,D-m, andE-m indicate thewild-type probes and themutated probeused in the EMSA, respectively (detailed sequences are listed in theSupplemental
Table). PFs represent PCR fragmentsused forChIP-qPCRanalysis. As the sequenceC is very close to sequenceD, these twosequenceswere contained in
one fragment PF4. PF2, PF3, and PF5 contain the predicted binding sequence A, B, and E, respectively.
(D) ChIP-qPCR analysis shows that CUC2 and CUC3 bind to the promoter fragments of DA1. Chromatin from 35S:myc, 35S:myc-CUC2, and 35S:myc-
CUC3 transgenicplantswere immunoprecipitatedbyanti-myc, and theenrichment of the fragmentswasdeterminedbyqPCR.Meanswerecalculated from
threebiological samples.Valuesaregivenasmean6 SD. *P<0.05, **P<0.01comparedwith35S:myc transgenicplants (Student’s t test; SupplementalData
Set).
(E) EMSA experiments showed that CUC2 directly binds to the promoter of DA1. The biotin-labeled probe A and MBP-CUC2 formed a DNA–protein
complex, but the mutated probe A-m and MBP-CUC2 did not. The retarded DNA–protein complex was reduced by the competition using the unlabeled
probe A, but not reduced by the competition using the unlabeled mutated probe A-m.
(F) EMSA experiments showed that CUC3 directly binds to the promoter of DA1. The biotin-labeled probe A and MBP-CUC3 formed a DNA–protein
complex, but the mutated probe A-m and MBP-CUC3 did not. The retarded DNA–protein complex was reduced by the competition using the unlabeled
probe A, but not reduced by the competition using the unlabeled mutated probe A-m.
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Figure 5. UBP15 Acts Downstream of DA1 to Repress the Initiation of Axillary Meristems.

(A) Plants of Col-0, da1-1, and sdb1-1 da1-1. Plants were cultivated in short-day conditions for 28 d and then transferred to long-day conditions.
(B) Schematic representation of axillary branch or bud formation in individual leaf axils of Col-0, da1-1, and sdb1-1 da1-1 plants. Green and yellow boxes
show the presence or absence of an axillary bud in leaf axils along the main shoot, respectively. Plants were grown for 28 d in short photoperiods and
subsequently shifted to long days (n $ 24).
(C)UBP15gene structure. The start codon (ATG) and the stop codon (TAG) are indicated. Closedboxes indicate the coding sequence, openboxes indicate
the 59 and 39 untranslated regions, and lines between boxes indicate introns. The mutation site of sdb1-1 is shown.
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sdb1-1 mutation suppresses the defect of da1-1 in the AM
initiation.

Wemapped the sdb1-1mutation andobserved that the primary
mapping region contained UBIQUITIN-SPECIFIC PROTEASE15
(UBP15)/SUPPRESSOR2 OF DA1 (SOD2; Figure 5C; Supplemental
Figure 7A). We previously showed that the organ growth pheno-
typeofda1-1 canbe suppressedbymutations inUBP15 (Du et al.,
2014). DA1 mediates the degradation of UBP15 by physically
interacting with UBP15 and cleaving UBP15 (Dong et al., 2017).
These results imply that SDB1 could be theUBP15 gene. Indeed,
sequence analyses revealed that sdb1-1 contained a Gly-to-Ala
substitution in the 39 intron–exon boundary of exon 9 in UBP15,
resulting in altered splicing of UBP15 mRNA (Figure 5C;
Supplemental Figures 7B to 7D).

We then asked whether the T-DNA insertion mutant ubp15-1
could influence the formation of axillary buds. As shown in Figures
5Dand5G, thenumberofaxillarybuds inubp15-1wasonlyslightly
more than that in Col-0, indicating that the ubp15-1 single mutant
very slightly affects the AM initiation. We further investigated the
axillary buds of plants overexpressing UBP15 (UBP15OE; Du
et al., 2014). As shown in Figure 5G, overexpression of UBP15
caused the reduced number of axillary buds in both rosette and
cauline leaf axils, as observed in da1-1, indicating that UBP15
represses the initiation of AMs. STM expression was not clearly
detected in the leafaxils ofUBP15OE that failed toproduceaxillary
buds (Figure 5H), further supporting the role of UBP15 in the
initiation of AMs. Consistent with the role of UBP15 in the for-
mation of AMs, UBP15 expression was detected in the shoot
meristem, young leaves, and the region between the shoot
meristem and leaf primordia (Figure 5I; Du et al., 2014). We further
investigated whether ubp15-1 could suppress the AM initiation
phenotype of da1-1. As expected, ubp15-1 completely sup-
pressed the axillary meristem–absence phenotype of da1-1
(Figures 5D and 5G), indicating that ubp15-1 was epistatic to
da1-1with respect to the AM initiation. These results indicate that
UBP15 acts downstream of DA1 to control the AM initiation.

UBP15 Acts Genetically with CUC2/CUC3 and LAS to
Control the Initiation of AMs

Considering that CUC2 andCUC3 associate with the promoter of
DA1 andpromote its expression (Figure 4) andDA1acts upstream
of UBP15 to influence the formation of AMs (Figure 5), we pre-
sumed thatCUC2andCUC3could act in a commonpathwaywith

UBP15 to regulate the formation of AMs. To test this, we crossed
ubp15-1withcuc2-3andcuc3-105and identifiedubp15-1cuc2-3
andubp15-1 cuc3-105doublemutants, respectively. As shown in
Figure6,ubp15-1 repressed theAM initiationdefectofcuc2-3and
cuc3-105, respectively. The ubp15-1 cuc2-3 and ubp15-1 cuc3-
105 double mutants produced normal axillary buds like those
observed in the wild type. In addition, cuc3-105 plants showed
branches that were fused to the main stems during reproductive
development,whereas theubp15-1 cuc3-105doublemutants did
not show the phenotype of branches fused to main stems during
reproductive development (Figure 6). These genetic results imply
that UBP15 may function in the same pathway with CUC2 and
CUC3 to regulate the initiation of AMs.
DA1 acts synergistically with LAS and RAX1 to promote the

initiation of AMs, suggesting that DA1 may act redundantly with
LAS and RAX1 to control AM formation. We then asked whether
UBP15 could genetically interact with LAS and RAX1 to affect AM
initiation. To test this,wecrossedubp15-1with las-101and rax1-3
and isolated las-101 ubp15-1 and rax1-3 ubp15-1 double mu-
tants, respectively. The ubp15-1 mutation repressed the AM
initiation defect of las-101 during vegetative development (Fig-
ure 6). By contrast, the ubp15-1 mutation did not obviously re-
press theAMinitiationdefectof rax1-3. The las-101plantsshowed
branches that were fused to main stems during reproductive
development. Interestingly, las-101 ubp15-1 double mutants did
not exhibit the phenotype of branches fused tomain stems during
reproductive development (Figure 6), indicating that ubp15-1
suppresses the concaulescence phenotype of las-101. These
findings suggest that UBP15 genetically interacts, at least in part,
with LAS to influence the boundary formation.

DISCUSSION

Lateral branches of plants arise from AMs in the region between
the SAMs and leaf primordia and are important for plant archi-
tecture. The initiationofAMs isacrucial step for generatingaxillary
branches. Several genes have been identified to affect the AM
initiation in Arabidopsis (Greb et al., 2003; Hibara et al., 2006;
Keller et al., 2006; Müller et al., 2006; Raman et al., 2008), but the
mechanisms of AM initiation are still largely unknown. Here, we
uncover a genetic and molecular framework in which a CUC2/
CUC3-DA1-UBP15 regulatory module controls the formation of
AMs, thereby determining plant architecture.

Figure 5. (continued).

(D) Fifty-five-day-old plants of Col-0, da1-1, ubp15-1, and da1-1 ubp15-1. Plants were cultivated in short-day conditions for 28 d and then transferred to
long-day conditions.
(E) Close-up views of rosette leaf branches in rosette leaf axils of Col-0, da1-1, ubp15-1, and da1-1 ubp15-1.
(F) Close-up views of cauline leaf branches in cauline leaf axils of Col-0, UBP15OE#1, and UBP15OE#2.
(G) Schematic representation of axillary branch or bud formation in individual leaf axils of Col-0, da1-1, ubp15-1, da1-1 ubp15-1, UBP15OE#1, and
UBP15OE#2 (n $ 15).
(H)pSTM:GUSexpression in longitudinal sectionsofCol-0andUBP15OE.GUSsignal is reduced in leaf axilsofUBP15OEplants. Plantsweregrown for28d
in short photoperiods.
(I) UBP15 expression activity was monitored using pUBP15:GUS transgenic plants. GUS activity was detected in longitudinal sections through the
vegetative shoot apex. Plants were grown for 28 d in short-day conditions.
Bar in (A), (D), and (E) 5 1 cm; bar in (F) 5 1 mm; bar in (H) and (I) 5 20 mm.
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The ubiquitin-dependent peptidase DA1 has been described to
negatively control organ growth in Arabidopsis (Li et al., 2008;
Dong et al., 2017). Here, we observed that the da1-1 mutation
disrupted AM initiation in the axils of rosette and cauline leaves,
resulting in fewer axillary branches. Supporting the function of
DA1 in the initiation of AMs, expression of the meristem marker
geneSTM inda1-1was undetectable in the axils of leaves that did
notproduceaxillarybuds (Figure2C).DA1 isexpressed in theSAM
and the region between SAM and leaf primordium (Figure 2B).
These results demonstrate that DA1 positively regulates AM ini-
tiation. DA1 has been reported to control organ growth by influ-
encing cell proliferation (Li et al., 2008). How DA1 regulates both
cell proliferation and the AM establishment is an interesting

question. Considering that DA1 limits cell proliferation and pro-
motes cell differentiation, it is possible that the balance between
cell proliferation and cell differentiation might be crucial for the
initiation of AMs in the leaf axils. It will be a difficult but worthwhile
challenge to investigate this possibility in the future.
NAC transcription factors CUC2 and CUC3 are positive regu-

latorsof theAMinitiation (Hibaraetal., 2006). Thegeneticanalyses
suggest that DA1 functions, at least in part, in a common pathway
with CUC2 and CUC3 to regulate the AM initiation (Figure 3).
Consistent with this, we showed that CUC2 and CUC3 directly
associate with the promoter region of DA1 and activate its ex-
pression (Figure 4).We further investigated the genetic interaction
of DA1 with LAS and RAX1 and observed that DA1 functions

Figure 6. UBP15 Acts in a Common Pathway with CUC2 and CUC3.

(A)Schematic representationofaxillarybranchorbud formation in individual leafaxilsofCol-0,ubp15-1,cuc2-3,ubp15-1cuc2-3,cuc3-105,ubp15-1cuc3-
105, rax1-3, rax1-3 ubp15-1, las-101, and las-101 ubp15-1 plants (n $ 13). The thick black horizontal lines represent the border between the youngest
rosette leaf and the oldest cauline leaf, with positions of progressively younger cauline leaves above the line, and positions of progressively older rosette
leavesbelow the line. Eachcolumn represents a single plant, andeachsquarewithin acolumn representsan individual leaf axil shown fromyoungest (top) to
oldest. Green indicates the presence of an axillary bud, and yellow indicates the absence of an axillary bud in any particular leaf axil. Plants were grown for
28 d in short photoperiods and subsequently shifted to long days (n $ 13).
(B) Frequency of the lack of axillary shoots in the Col-0, ubp15-1, cuc2-3, ubp15-1 cuc2-3, cuc3-105, ubp15-1 cuc3-105, rax1-3, rax1-3 ubp15-1, las-101,
and las-101 ubp15-1 plants (n $ 13). Values are given as mean 6 SD. **P < 0.01 compared with da1-1 plants (Student’s t test). ns, no significance.
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synergisticallywith LASandRAX1 in the regulationofAM initiation
(Figure 3; Supplemental Figure 4), suggesting that DA1 may
function redundantlywith LASandRAX1 to regulate the formation
of AMs. To identify downstream components of DA1 in the AM
formation, we isolated suppressors of da1-1 in the formation of
branches and concluded that one of them is a novel allele of the
ubiquitin-specific protease UBP15.

We have previously demonstrated that DA1 interacts with and
cleaves UBP15, resulting in its degradation (Du et al., 2014; Dong
et al., 2017). In accordance with this biochemical data, ubp15-1
completely suppressed the defect of the AM initiation of da1-1,
indicating that UBP15 acts downstream of DA1 to control the
initiation of AMs (Figure 5). upb15-1 also suppressed the AM
initiation defect of cuc2-3 and cuc3-105, respectively (Figure 6).
These results suggest that CUC2/CUC3, DA1, and UBP15
function in a common pathway to control the initiation of AMs. By
contrast,upb15-1onlyslightlysuppressed theAMinitiationdefect
of las-101. Interestingly, ubp15-1 completely suppressed the
phenotype of branches fused to main stems in las-101 (Figure 6).
These findings suggest that UBP15 might have partially over-
lapping function with LAS in the regulation of the boundary for-
mation. It is also possible that UBP15 may slightly mediate the
effect of LAS on the initiation of AMs.

Basedonour data,wepropose aworkingmodel thatCUC2and
CUC3 directly associate with the promoter ofDA1 and activate its
expression and that DA1 then interactswithUBP15 andpromotes
the degradation of UBP15 to regulate the initiation of AMs (Fig-
ure 7).Considering that thecuc2cuc3doublemutant has stronger
defects in the initiation of AMs than da1-1 (Hibara et al., 2006), it is
plausible that CUC2 and CUC3 may have other downstream
targets. Supporting this notion, LAS has been proposed to act
downstreamofCUC2 (Hibara et al., 2006;Ramanet al., 2008; Tian
et al., 2014). DA1 functions redundantly with LAS to control the
initiation of AMs. Taken together, our findings point to a genetic
and molecular framework in which CUC2/CUC3-DA1-UBP15
regulatory module–mediated control of the AM initiation influen-
ces plant lateral branch number.

The number of lateral branches is an important component of
plant architecture, which has been recognized as a target for
breeding. It is believed that crops with ideal plant architecture will
be highly efficient in their use of light, nutrients, and space and
should produce high yields (Wang and Li, 2008). Although the
detailed standards of ideal plant architecture are different among
different kinds of crops, all models contain the requirement for an
appropriate number of lateral branches. In this study, we have
identified CUC2/CUC3-DA1-UBP15 as a regulatory module for
lateral branches. Therefore, it will be worthwhile to investigate
whether homologs of CUC2, CUC3, DA1, and UBP15 could be
used to improve plant architecture in key crops.

METHODS

Plant Material and Growth Conditions

The las-101 (SALK_000896),cuc3-105 (ABI_302G09),cuc2-3 (SAIL_605_C09),
rax1-3 (SALK_071748), and ubp15-1 (SALK_018601) mutants were ob-
tained from Nottingham Arabidopsis Stock Centre and Arabidopsis Bi-
ological ResourcesCenter (Hibara et al., 2006). Theda1-1,da1-ko1dar1-1,

DA1COM, 35S:DA1R/K, 35S:DA1, pDA1:GUS, pUBP15:GUS, pSTM:GUS,
UBP15OE, andda1-1ubp15-1mutantsweredescribedpreviously (Li et al.,
2008; Du et al., 2014). The da1-1 las-101, da1-1 rax1-3, da1-1 cuc2-3, and
da1-1 cuc3-105 double mutants were generated by crossing da1-1 with
las-101, rax1-3, cuc2-3, and cuc3-105, respectively. The ubp15-1 cuc2-3,
ubp15-1 cuc3-105, rax1-3 ubp15-1, and las-101 ubp15-1 double mutants
were generated by crossing ubp15-1 with cuc2-3, cuc3-105, rax1-3, and
las-101, respectively. The sdb1-1 da1-1 double mutant was isolated from
an M2 population of da1-1 treated with ethyl methanesulfonate. T-DNA
insertion mutants were identified by PCR with primers listed in the

Figure 7. CUC2/CUC3-DA1-UBP15 Regulatory Module-Mediated Con-
trol of Axillary Meristem Initiation.

CUC2andCUC3directlybind to thepromoter regionofDA1andactivate its
expression.DA1 isapositive regulatorof the initiationofAMs.DA1promotes
thedegradationofUBP15 that represses the initiationofAMs.DA1 functions
redundantly with LAS to promote the initiation of AMs. UBP15 also partially
mediates the effect of LAS on the initiation of AMs.
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Supplemental Table. Seeds were sterilized using 10% (v/v) household
bleach for 10 min, washed with sterile water at least three times, stratified
for 3 d in dark at 4°C before plating on half-strength Murashige and Skoog
(MS) medium with 1% Glu, and germinated at 22°C. For short-day con-
ditions, seedlingsweregrownat 22°Cwith 70%RH, andan8-h-light/16-h-
darkcycle in acontrolled environmental chamber. For long-dayconditions,
seedlings were grown at 22°C and a 16-h-light/8-h-dark cycle in a con-
trolled environmental chamber or in a greenhouse. The light intensity was
;120 mmol m22$s21 provided by white fluorescent tubes.

Constructs and Transformation

To generate 35S:myc-CUC2 and 35S:myc-CUC3, the coding sequences
of CUC2/CUC3 were amplified with primers listed in the Supplemental
Table (myc-CUC2-F/R and myc-CUC3-F/R). The products were then
cloned into the BamHI/SacI sites of pCAMBIA1300-221-myc. 35S:myc-
CUC2 and 35S:myc-CUC3 plasmids were transformed into Arabidopsis
cuc2-3 and cuc3-105 mutants plants using Agrobacterium tumefaciens
GV3101.TogeneratepER8:CUC2andpER8:CUC3, thecodingsequences
of CUC2/CUC3 were amplified with primers listed in the Supplemental
Table (pER8-CUC2-F/R and pER8-CUC3-F/R). The products were then
cloned into the XhoI/PacI sites of pER8 vector. The plasmids were
transformed into Arabidopsis (Arabidopsis thaliana) Col-0 plants using A.
tumefaciens GV3101. Transgenic plants were grown on half-strength MS
medium with 1% Glu containing hygromycin (30 mg/mL).

RNA Isolation and RT-qPCR Analysis

RNAprep pure plant kit was used to extract the total RNA (Tiangen). Total
mRNA was reverse transcribed into cDNA using SuperScript III reverse
transcriptase (Invitrogen). The Bio-Rad CFX96 machine was used for RT-
qPCR analysis usingRealStar Green FastMixture (A301-05, GenStar). The
relative expression level of gene was evaluated using the cycle threshold
method.ACTIN2wasusedas the referencegene.Seedlings (28dold)were
grown under short-day photoperiods. After all rosette leaves of seedlings
were removed, the base region of petioles and the nonelongated stems
were used forRNAextraction. Gene-specificprimers (Supplemental Table)
were used for RT-PCR and RT-qPCR. Error bars are derived from four
independent biological experiments, each run in triplicate.

Analysis of Axillary Shoot and Bud Formation

For the analysis of shoot formation, plants were grown under short-day
photoperiods for 28 d before being transferred to the long-day conditions.
The formation of bud or branch in leaf axils was analyzed at 14 d after the
onset of flowering. The shoot or bud formation was investigated by ste-
reomicroscope. For each experiment, at least 13 plants were investigated.
Each experiment was repeated at least three times.

Scanning Electron Microscopy

Scanning electron microscopy was performed using a Hitachi S-3000N
variable pressure scanning electron microscope. Samples were fixed in
formalin–acetic acid–alcohol solution by vacuum treatment for 30 min.
Fixed samples were dehydrated with a gradual ethanol series, dried by
critical-point drying, and subsequently coated with a gold layer.

GUS Staining

For the GUS activity analysis of pDA1:GUS and pUBP15:GUS transgenic
plants, seedlingswere grown for 28 d in short-day conditions. Themethod
for GUS staining was used as previously described by Sessions et al.
(1999).

ChIP Assay

ChIP assaywasperformedaccording to protocols previously describedby
Gendrel et al. (2005), with minor modifications. The transgenic seeds of
35S:myc-CUC2, 35S:myc-CUC3, and 35S:myc were grown on GM me-
dium for 10 d. The plants were harvested and cross-linked with 1% (v/v)
formaldehyde. Thechromatin complexeswere isolated andsonicated. The
chromatin was immunoprecipitated by protein A1G magnetic beads (16-
663, Merck Millipore) and anti-myc (ab32, lot no. GR310953-4, Abcam).
The precipitatedDNAwaspurifiedanddissolved inwater. Primers used for
the ChIP assay are listed in the Supplemental Table (PF1-F, PF1-R, PF2-F,
PF2-R, PF3-F, PF3-R, PF4-F, PF4-R, PF5-F, PF5-R, PF6-F, PF6-R, AC-
TIN7 -F, and ACTIN7 -R).

EMSA

The coding sequences of CUC2 and CUC3 were amplified using primers
(MBP-CUC2-F/R and MBP-CUC3-F/R) and then cloned into the EcoRI/
PstI sites of pMAL-c2 to generate theMBP-CUC2/CUC3 constructs. The
primers are listed in the Supplemental Table. Bacterial lysates expressing
MBP-CUC2/CUC3 were extracted from Escherichia coli BL21 (DE3).
Bacterial cells were lysed using the PBSbuffer (2.7mMKCl, 137mMNaCl,
1.4 mM KH2PO4, and 4.3 mM Na2HPO4, pH 7.4) and then sonicated. The
MBP-CUC2 and MBP-CUC3 proteins were purified using amylose resin
(E8021L, New England Biolabs). EMSAs were performed according to the
method previously described by Zhang et al. (2015). The biotin-labeled
probeswere synthesized.MBP-fusionproteinswere incubatedwithbiotin-
labeled probes for 30 min at 22°C. The competition experiments were
performed by adding 10- to 1000-fold unlabeled DNA.

Accession Numbers

The accession numbers are as follows: CUC2 (At5g53950), CUC3
(At1g76420), DA1 (At1g19270), DAR1 (At4g36860), SOD2/UBP15
(At1g17110), LAS (At1g55580), and RAX1 (At5g23000).

Supplemental Data

Supplemental Figure 1. da1-1 influences the branch phenotype
(Supports Figure 1).

Supplemental Figure 2. 35S:DA1R/K influences the branch phenotype
(Supports Figure 1).

Supplemental Figure 3. 35S:DA1 slightly influences the branch
phenotype (Supports Figure 1).

Supplemental Figure 4. Genetic interactions of DA1 with LAS and
RAX1 (Supports Figure 3).

Supplemental Figure 5. Genetic interactions of DA1 with CUC2 and
CUC3 (Supports Figure 3).

Supplemental Figure 6. CUC2 and CUC3 directly bind to the
promoter of DA1 (Supports Figure 4).

Supplemental Figure 7. Identification of UBP15 (Supports Figure 5).

Supplemental Table. List of primers used in this study.

Supplemental Data Set. Statistical analysis.
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