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Summary

e UNBRANCHED3 (UB3), a member of the SQUAMOSA promoter binding protein-like (SPL)
gene family, regulates kernel row number by negatively modulating the size of the inflores-
cence meristem in maize. However, the regulatory pathway by which UB3 mediates branch-
ing remains unknown.

e We introduced the UB3 into rice and maize to reveal its effects in the two crop plants,
respectively. Furthermore, we performed transcriptome sequencing and protein-DNA binding
assay to elucidate the regulatory pathway of UB3.

e We found that UB3 could bind and regulate the promoters of LONELY GUY7 (LOGT) and
Type-A response regulators (ARRs), which participate in cytokinin biosynthesis and signaling.
Overexpression of exogenous UB3 in rice (Oryza sativa) dramatically suppressed tillering and
panicle branching as a result of a greater decrease in the amount of active cytokinin. By con-
trast, moderate expression of UB3 suppressed tillering slightly, but promoted panicle branch-
ing by cooperating with SPL genes, resulting in a higher grain number per panicle in rice. In
maize (Zea mays) ub3 mutant with an increased kernel row number, UB3 showed a low
expression but cytokinin biosynthesis-related genes were up-regulated and degradation-
related genes were down-regulated.

e These results suggest that UB3 regulates vegetative and reproductive branching by modu-

lating cytokinin biosynthesis and signaling in maize and rice.

Introduction

The branches of rice (Oryza sativa L.) and maize (Zea mays L.)
are composed of tillers produced from axillary meristems (AMs)
and inflorescence branches produced from branch meristems
(BMs). Upon the transition from the vegetative to the reproduc-
tive phase, the shoot apical meristem (SAM) is converted into
the inflorescence meristem (IM), which is responsible for the
production of the panicle in rice or the tassel in maize, both of
which typically exhibit a few long branches. In rice, the axillary
SAMs of the tillers also transit into the IMs and develop into
the panicle. Unlike rice, the axillary SAM in the axil of maize
leaves becomes a female inflorescence meristem that develops
into ear branches (Vollbrecht & Schmidt, 2009). Thus, the
meristem transition and the determination of distinct axillary
meristems play important roles in the branching patterns of rice
and maize, controlled by complex and conserved networks,
including the CLAVATA (CLV)-WUSCHEL (WUS) negative
feedback loop, the KINOX pathway, small RNA-mediated gene
silencing and hormone signaling (Ha ez al, 2010; Pautler ezal.,
2013). In rice, the CLV-like genes floral organ numberl (fonl)
and fon2 (Suzaki etal, 2004, 2006) and the CLE domain-
encoding genes FON2-LIKE CLE PROTEINI (FCPI) and
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FCP2 (Suzaki etal, 2008, 2009) are involved in the mainte-
nance of SAMs and the floral meristem. WUSCHEL-RELATED
HOMEOBOX4 (WOX4) is negatively regulated by FCPI, and it
is also involved in the maintenance of the SAM by regulating the
expression of homeoboxI (OSHI)and FON2 (Ohmori eral.,
2013). The WUS-like gene 7AB 1 is expressed in the premeris-
tem zone and promotes the formation of the axillary meristem
by up-regulating OSHI (Tanaka eral, 2015). In addition, the
KNOX genes OSHI and OSH15 are indispensable for the estab-
lishment and maintenance of the SAM and floral meristem, and
also regulate the cytokinin signaling pathway (Tsuda eral,
2011, 2014). There is increasing evidence that phytohormones
play crucial roles in modulating the initiation and maintenance
of meristems (Pautler ezal, 2013). Auxin is typically synthesized
in the shoot apex in young leaves and is subsequently trans-
ported basipetally via the polar transport stream to control bud
activation and outgrowth. By contrast, cytokinins are exported
from the roots to the AM through the xylem system, promoting
bud activation (Miiller & Leyser, 2011). Strigolactones (SLs), a
novel inhibitor of AM outgrowth, may act downstream of auxin
or independently of polar auxin transport (Gomez-Roldan ezal.,
2008). Moreover, mictoRNAs and their targeted transcription
factors participate in regulating the rice tillering and branching

New Phytologist (2017) 214: 721-733 721
www.newphytologist.com



722 Research

system. The optimal panicle size of rice is regulated by the fine-
tuned regulatory pathway of MicroRNAI56 (miR156)/miR529/
SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL).
MiR172/APETALA2 (AP2) also regulates the spikelet transition
without affecting tillering (Wang ez al., 2015).

In maize, TEOSINTE BRANCHEDI (1BI) acts as a repres-
sor of the axillary organ, leading to a drastic decrease in
branches in modern maize relative to its progenitor teosinte
(Studer etal., 2011). The CLV-WUS pathway is conserved in
rice and maize (Pautler eral, 2013), and mutations of CLV-
WUS pathway genes, such as THICK TASSEL DWARFI
(TD1), FASCIATED EAR2 (FEA2), FASCIATED EAR3
(FEA3) and COMPACT PLANT2 (CT2), lead to enlarged
IMs, fasciated ears, and extra kernel rows (Bommert etal.,
2005, 2013a,b; Je eral, 2016). A b-ZIP transcription factor,
FASCIATED EAR4 (FEA4), also modulates the size of the
SAM and IM by regulating auxin signaling, acting in parallel
to the canonical CLV-WUS pathway (Pautler ezal, 2015). In
addition to FEA4, BARREN INFLORESCENCEI (BIFI) and
BIF4, which encode auxin/IAA (Aux/IAA) proteins, function
in establishing critical boundary domains to ensure the forma-
tion of new axillary meristems that subsequently develop into
branches and spikelets (Galli ezal, 2015). Both Corngrassl
(Cgl), encoding two tandem miRI56 genes, and Tasselseed4
(#54), encoding miR172, are involved in regulating the phase
transition, identity and determinacy of axillary meristems via
small RNA-mediated gene silencing pathways (Chuck ezal,
2007a,b). In addition, three genes, RAMOSAI (RAI), RA2 and
RA3, are key regulators of the determinacy of branch meris-
tems and spikelets pair meristems via interactions with
KNOTTEDI to promote hormone biosynthesis and signaling
(Tanaka eral, 2013; Eveland etal, 2014). Thus, the maize
and rice branching pattern are regulated by conserved genes
and pathways.

UNBRANCHED3 (UB3), is an ortholog of OsSPLI14 which
directly regulates Os7TBI and DENSE AND ERECT PANICLEI
(DEPI) to repress rice tillering and to activate spikelet meristems
(Jiao eral., 2010; Miura ez al., 2010; Lu ez al., 2013). UB3 regu-
lates the determinacy of the axillary meristem of maize (Chuck
etal, 2014), and a recent study has revealed that UB3 is
controlled by KRN4, a closely linked quantitative trait locus for
kernel row number (KRN), and that expression level of UB3 is
negatively correlated with KRN (Liu ez al., 2015). However, the
molecular mechanism by which UB3 represses KRN remains
unknown. Here, we introduced UB3 into maize and rice to reveal
the effects of its overexpression in the two crop plants, respec-
tively. Furthermore, we integrated transcriptome data from the
shoot apices and young panicles collected from highly expressing
UB3 transgenic rice plants and the available ChIP-Seq data (Lu
etal., 2013) to identify potential genes bound by UB3. We subse-
quently validated UB3 binding sites using electrophoresis mobil-
ity shift assays. The candidate pathways identified in rice for the
regulation of branching were assayed in a maize %63 mutant. We
found a shared pathway of UB3 that regulates the vegetative and
reproductive branches in rice and maize by modulating the
cytokinin level and signaling.
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Materials and Methods

Maize and rice genetic transformation

For maize (Zea mays L.) genetic transformation, the UB3 coding
sequence with a mutated 7iR156 target site fused to yellow fluo-
rescent protein (YFP) was cloned into the pCAMBIA3301 vector,
in which the CaMV35S promoter was replaced with the
ubiquitin promoter to produce é)Ubi::UB3+YFP. The mutated
miR156 target sites were the 847" (T-C), 858" (T-G), and 867"
(A-C) nucleotides of the UB3 CDS, which are located on the sec-
ond, 11™ and 20" positions of miR156, respectively. The binary
expression vector was transformed into the Agrobacterium
tumefaciens strain EHA105, which was then coincubated with
immature embryos of the maize inbred line A188 (Frame ezal.,
2002). After 3 d of coincubation, all embryos were transferred to
subculture. After 2 months, the calli were assessed for the pres-
ence of YFP, screened by gradient concentration of hygromycin
and then amplified using specific primers (Supporting Informa-
tion Table S1) derived from the ubiquitin promoter and UB3
sequence. Positive calli were transferred into regeneration
medium. The Ty-regenerated seedlings were cultivated in a
glasshouse at 30°C (day) and 25°C (night) with 16:8h,
light : dark. Those transgenic individuals were re-examined using
specific primers (Table S1) to detect positive transgenic individu-
als. Those individuals with a UB3 insertion and a high expression
level of UB3 were then identified by Southern blotting using
digoxigenin (DIG)-labeled probes (primers listed in Table S1),
which were synthesized using the DNA probe label with the DIG
DNA Labeling kit (#11175033910, Roche). All Southern-
positive transgenic individuals were used for phenotypic evalua-
tion. All nontransgenic maize individuals (A188-NT) were used
as controls.

For rice (Oryza sativa L.) genetic transformation, the UB3
coding sequence with the mutated miRI156 target site equipped
with the CaMV-35§ promoter was inserted into the
pCAMBIAI300 vector to produce the p358:UB3 construct,
which was then introduced into a japonica rice variety, ‘Nip-
ponbare’. Ty or Ty plants were cultivated in a glasshouse. A
pair of primers derived from the CazMV35S promoter and
UB3 sequence was used to detect transgenic individuals. The
UB3 expression in each Ty or T individual was also analysed
by reverse transcription polymerase chain reaction (RT-PCR)
using the primers listed in Table S1. Those progeny plants
derived from T, nontransgenic rice individuals were used as

controls (UB3-NT).

Measurement of endogenous cytokinin

A total of 0.5g of shoots was separately collected from
seedlings of UB3-OE(54/78) and UB3-NT grown for 60d
after germination, with three biological replicates. Cytokinin,
including trans-zeatin (tZ), dihydrozeatin (DZ), trans-zeatin
riboside  (¢ZR), isopentenyladenine (iP) and isopenteny-
ladenosine (iPR), were measured at the National Centre for
Plant Gene Research (Beijing), Institute of Genetics and
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Developmental Biology, Chinese Academy of Sciences (Beijing,
China). Fresh plant tissues were frozen in liquid nitrogen and
homogenized to fine powder using a ball mill Retsch MM 400
(Retsch, Newtown, PA, USA) at a frequency of 30Hz for
1 min. Around 400 mg of ground powder was extracted for 24 h
in extraction solvent (methanol/water/formic: 15/4/1, vIvIv)
with the internal standards of [2HS5]tZ, [2H5]tZR, [2H5]
DHZ, [2H6]iP, [2H6]iPR (400 pg, OlChemIm) added. The
supernatant was centrifuged for 15 min at 15000 g and dried
with nitrogen stream and then dissolved in 2 ml of formic acid
(2mol1™"). Crude extracts were further purified by loading
onto the Oasis MCX cartridge (500 mg 6 'ml; Waters,
Milford, MA, USA) preconditioned with 4 ml of methanol,
water and formic acid (2 moll™"). The cartridge was sequen-
tially washed with formic acid (1 mol I™"), formic acid
(0.5moll™"), formic acid (0.5moll™") in 60% methanol,
water, 5% methanol, ammonia solution (0.5 mol 1_1) in 5%
methanol, ammonia (0.4 moll™"), formic acid (2moll™") and
methanol. Cytokinins were eluted with 4 ml of 5% ammonia
in methanol and dried with nitrogen gas. Dried elution was
dissolved in 50% methanol for analysis on a LC—tandem MS
system consisting of an Acquity UPLC (Waters) and Qtrap
5500 (AB  Sciex, Tokyo, Japan)
equipped with Electron Spray lonization source.

The separation was achieved on an Acquity UPLCTM BEH
C18 column (100 mm x 2.1 mm, 1.7 uM; Waters) with the
column temperature set at 30°C and the flow rate at 0.5 ml min ™.
The 8.5 min linear gradient runs from 98% to 75% A (solvent A,
0.05% acetic acid in water; solvent B, 0.05% acetic acid in acetoni-
trile) in 5.0 min, 75-20% A in the next 0.5 min and is returned to
the initial condition for 3 min for equilibration. Cytokinins were
detected in positive MRM mode and the source parameters were
set as follows: ion spray voltage, 5300 V; desolvation temperature,

system Shinagawa-ku,

600°C; nebulizing gas 1, 45; desolvation gas 2, 60; and curtain gas,
30. The MRM transitions for cytokinins were as follows:
220.1>136.0 (tZ), 352.2>220.1 (ZR), 222.1>136.0 (DHZ),
204.1>136.0 (iP), and 336.1 >204.1 (iPR).

Real-time PCR

To analyze expression of UB3 in transgenic maize and rice plants,
¢. 1.0 g of samples were collected from the leaves of each Ty-
regenerated maize seedling after 4 wk of growth in the glasshouse,
and from the leaves of each 4-wk-old T; transgenic rice and
UB3-NT. In addition, young panicles (YPs) of T, individuals at
4 wk after transplanting were collected from the moderate UB3
expression line UB3-OE(30). Total RNA was extracted using
TRIzol® reagent (Life Technologies, Invitrogen) according to the
user manual. The EasyScript one-step gDNA-removal and
cDNA-Synthesis Supermix Kit (Transgene, Beijing, China) was
used for cDNA synthesis, and SBRY Green PCR Master Mix
(Transgene) was used for amplification with the Bio-Rad CFX96
real-time PCR detection system using gene-specific primer pairs
(Table S1). The expression levels were normalized to ACTINI
(LOC_Os10g36650) in rice or ACTIN (GRMZM2G126010) in

maize.
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Transcriptome sequencing

Two rice transgenic T lines, UB3-OE(54) and UB3-OE(78),
and UB3-NT were used for transcriptome sequencing. Approxi-
mately 1.0 g of sample was collected separately from the shoot
apices (SAs) of individuals at 2 wk after transplanting, and from
young YPs of individuals at 4 wk after transplanting. The samples
from the two transgenic lines of the same tissue were pooled for
total RNA isolation with three biological replicates. Additionally,
c. 1.0 g of sample was collected separately from an immature ear
(5-8 mm) of the ub3::mum and W22 (wild-type) in maize with
three biological replicates. Total RNAs were isolated using
TRIzol® reagent (Life Technologies, Invitrogen). Construction
of the cDNA library and sequencing were performed at the Bei-
jing Genomics Institute (BGI, Shenzhen, China) using the Illu-
mina system HiSeq2500 (Illumina Inc., San Diego, CA, USA).
The raw reads were preprocessed using the Fastx-Toolkit to gen-
erate high-quality clean reads (Goecks ez al., 2010). The FastQC
program was used to assess the quality of the clean reads
(Andrews, 2010), which were then aligned to the rice reference
genome Release 7 of the MSU Rice Genome Annotation Project
using TorHaT v.2.1.0 (Trapnell eral., 2012). CUFFLINKS v.2.1.1
(Trapnell etal., 2012) was then used to normalize and estimate
the gene expression level according to fragments per kilobase of
transcript per million reads (FPKM; Mortazavi ez al., 2008). The
differentially expressed genes (DEGs) were also calculated using
CUFFLINKS v.2.1.1 at a significance level of P<0.01. All RNA
samples for transcriptome sequencing were also used to validate
the expression level of the DEGs.

Electrophoretic mobility shift assay (EMSA)

The full-length UB3 coding sequence was inserted into the
expression vector pGEX 4T-1. The expression of the fusion
protein  UB3-GST was induced in BL2[-transfected cells
(Transgene) in the presence of 0.2mM isopropyl-1-thio-D-
galactopyranoside at 37°C for 3 h, and the expressed fusion
protein was then purified using glutathione S-transferase (GST)
Sefinose Resin (Sangon Biotech, Shanghai, China) and quantified
using the Sangon Biotech protein assay reagent following the
manufacturer’s protocols and sodium dodecyl sulfate—polyacry-
lamide gel electrophoresis (PAGE). The EMSA assay was per-
formed using EMSA Kit (LightShift® Chemiluminescent EMSA
Kit and Chemiluminescent Nucleic Acid Detection Module,
Thermo Scientific, Waltham, MA, USA). The single-stranded
DNA probe (50-60 bp) was synthesized with a 5’-end biotin
label (Table S2) and dissolved in ddH,O to a final concentration
of 5 uM. Approximately 5 ul of forward DNA probe was mixed
with 5 pl of reverse DNA probe. The mixed probes were incu-
bated at 100°C for 5 min and then slowly cooled at room tem-
perature to anneal into double-stranded probes. The labeled
double-strand DNA probes were then diluted to 100 M, and the
unlabeled DNA probes were diluted to 2 pM. The labeled and
unlabeled probes (2 pl of each) were incubated with purified pro-
teins (20—40 ng fusion protein per reaction) in 20 pl mixtures
containing 9 pl of ultrapure water, 2 pl of 10 x binding buffer
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(100 mM Tris, 500 mM KCL,10 mM dithiothreitol; pH 7.5),
1 pl of 50% glycerol, 1 pl of 100 mM MgCl,, 1 ul of poly (dI-
dC) (1 pgpl™" in 10 mM Tris,1 mM ethylenediaminetetraacetic
acid (EDTA), pH 7.5), and 1 pl of 1% NP-40 at room tempera-
ture for 20 min. After the addition of 5 pl of 5 X loading buffer,
the samples were subjected to electrophoresis on 6% nondenatur-
ing PAGE gels in 0.5 x Tris-Borate-EDTA buffer (0.045 mol !
Tris-Borate, 1 mmol ™! EDTA, pH 8.0) at 100V and 4°C for
1 h. The binding reactions were then transferred to a nylon
membrane at 380 mA (~ 100 V) for 45 min at 4°C in 0.5x Tris-
borate-EDTA buffer. Following transfer, the membrane was
crosslinked to the transferred DNA at 80°C for 2 h. The mem-

brane was visualized by chemiluminescence.

Results

UB3 represses maize calli regeneration

UB3 is a negative regulator of maize KRN (Chuck ezal., 2014;
Liu eral., 2015). To reveal the underlying mechanism, we over-
expressed UB3 with a mutated miR156 target site in maize via
Agrobacterium  tumefaciens-mediated  transformation (Frame
etal., 2002). The UB3-encoding DNA sequence fused to a YFP
tag was driven by the Ubiquitin promoter (pUbi::UB3-YFP).
Positive calli were selected by screening with a gradient concen-
tration of hygromycin, amplifying the target gene, and visualiz-
ing the YFP. A total of 576 positive calli clones were selected
for subculturing, but after 3 wk, 508 clones (87.8%) started to
become brown relative to the negative calli (Fig. 1a,b), and they
were difficult to regenerate into seedlings (Fig. 1c). The remain-
ing calli differentiated into three types of seedlings, UB3-OE1
(UB3 overexpression 1), UB3-OE2 and UB3-OE3. Southern
blot showed that the pUbi::UB3-YFP was inserted as a single

(a) A188-NT (b) B3-OE (c) AI88-NT UB3-OE1 UB3-OE2

A188-NT

UB3-OE1 UB2-OE2
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copy into the genome of the three types of seedlings (Fig. le).
Quantitative real-time PCR (QRT-PCR) showed that the
expression levels of UB3 were 3.6-, 3.5- and 1.9-fold higher in
the leaves of UB3-OEl, UB3-OE2 and UB3-OE3 transgenic
seedlings, respectively, compared with that of endogenous UB3
in nontransgenic plants (A188-NT) (Fig. 1f). However, after
transplantation into the glasshouse, the growth of all three types
of seedlings was compromised, and both shoot and root growth
were strongly suppressed (Fig. 1c,d).

Effects of UB3 on tillering and panicle branching in rice

Because of the failure of UB3 overexpression in maize, we intro-
duced the mutated maize UB3 into Nipponbare (Japonica rice)
and obtained six independent transgenic events. We measured
UB3 expression level of leaves of all individuals in each T family
using QRT-PCR. Based on the expression level of UB3, the six
UB3 overexpression lines could be divided into two groups. Two
lines, UB3-OE(78) and UB3-OE(54), displayed a very high
expression level of UB3, which was 10-fold higher (referred to as
high UB3 expression) than that in UB3-NT (Fig. 2b). The two
lines have few tillers and short panicles, suggesting that high
levels of UB3 suppressed plant tillering and panicle branching
(Fig. 2a,c,i-1; Table S3). The initiation rates of the leaves was not
significantly different during the vegetative stage; however, the
tiller buds were produced later and grew more slowly in these
two lines than in UB3-NT plants. Also plant heights of UB3-OE
(78) and UB3-OE(54) were lower and the heading date was later
than those of UB3-NT (Fig. 2a,f~h; Tables S3, S4). For example,
the average plant heights of UB3-OE(78) and UB3-OE(54) were
60.48 and 52.67 cm, respectively, which were significantly lower
than the average height of UB3-NT (83.83 cm). The panicle

lengths of UB3-OE(78) (14.52cm) and UB3-OE(54)

UB3-OE4  UB3-OE3

—
—-
<

5.0

4.0

3.0

2.0

Relative expression

1.0

UB3-OE3

Fig. 1 Performance of UB3-overexpressing maize lines and nontransgenic plants. (a) Calli of the wild-type after 2 months of subculture. Bar, 3 cm. (b)

Positive calli with high UB3 expression after 1 month of subculture. Green and red arrows indicate regeneration seedlings and brown calli, respectively. Bar,
10 cm. (c) Regeneration seedlings of different transformation events (2 months). The blue arrow shows the robust roots of nontransgenic seedlings (A188-
NT referred to UB3 nontransgenic plants in maize), and the yellow arrows show the few and weakened roots of the transgenic seedlings of UB3-OE lines.
Bar, 10 cm. (d) Transplanted transgenic seedlings of different transformation events. Bar, 10 cm. (e) Southern blotting of three transformation events. (f)
The relative expression level of UB3 in the young leaves of nontransgenic (A188-NT) and transgenic seedlings. ACTIN (GRMZM2G1260170) was used as
the internal control. Error bars represent + SE (n = 3).
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Fig. 2 Effects of UB3 on plant and inflorescence architecture in rice. (a) Phenotypic comparison of nontransgenic plants (UB3-NT) and UB3-OE(54) and
UB3-OE(78) in the T4 generation (3 months after transplanting). Bar, 10 cm. (b) The relative expression levels of UB3 in the leaves of different
transformation events (2 wk after transplanting). Rice Actin7 (LOC_Os70g36650) was used as the internal control. Values are means =+ SE (n =3).

(c) Statistical comparisons of tillers, (d) plant height, (h) heading days, (i) panicle length, (j) primary branch, (k) secondary branch and (1) grains per panicle
at 100 d after sowing in UB3-NT and UB3 overexpression lines. (e) The mature panicles of UB3-NT and UB3 overexpression lines. The panicle in the
moderate UB3 expression line UB3-OE(30) is larger than that of UB3-NT, and the panicles in the high UB3 expression lines UB3-OE(78) and UB3-OE(54)
are smaller than that of UB3-NT Bar, 10 cm. (f, g) The dynamic changes of (f) tiller, and (g) plant height in five UB3 transgenic rice lines. The statistical
significance was estimated by a Student's t-test (n > 5). *, P<0.05; **, P<0.01; ***, P <0.001. Error bars represent & SD. Blue columns, UB3-NT; green
columns, UB3 moderate expression lines; red columns, UB3 high expression lines.
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(11.49 cm) were shorter than that of UB3-NT (18.95 cm) as well
(Fig. 2i; Table S3). Similarly, the tiller number per plant in the
two lines (4.00 for both) was significantly less than that in UB3-
NT (19.00) (Fig.2¢,d; Table S3). The primary and secondary
inflorescence branches were significantly repressed in UB3-OE
(78) and UB3-OE(54) (only 65% and 17% of UB3-NT plants,
respectively; Fig. 2j,k; Table S3). The average grain numbers per
panicle in UB3-OE(78) and UB3-OE(54) were 32.92 and 32.17,
respectively, which are only 45% and 44% of that in UB3-NT
plants, and most grains were filled incompletely at the mature
stage (Fig. 2e,l; Table S3). These results demonstrated that higher
expression of UB3 altered the branching pattern of rice, resulting
in strong suppression of tillering and panicle branching and a
delay of the transition from the vegetative to the reproductive
stage. The expression of UB3 in the second type of transgenic
plants was one- to three-fold higher (referred to as moderate UB3
expression) than ACTINI in UB3-NT. This type included four
transgenic lines, UB3-OE(15), UB3-OE(30), UB3-OE(32) and
UB3-OE(86) (Fig. 2b). Compared with UB3-NT, the primary
and secondary panicle branches in UB3-OE(30) grew signifi-
cantly more, and tiller number and plant height were slightly
reduced (Fig. 2c—e,i-l; Table S3).

Furthermore, we analyzed the expression level of UB3 and
three other endogenous genes, including OsSPL7, OsSPL14
and OsSPLI17, in the YPs, and found that OsSPL7, OsSPL14 and
OsSPL17 were down-regulated in UB3-OE(54/78) with high
UB3 expression but up-regulated in UB3-OE(30) with moderate
UB3 expression (Fig. 3a,b). This result indicated that exogenous
UB3 expression at an appropriate level (about equal to Actinl
expression level in UB3-OE(30)) can promote panicle branching
by regulating expression of SPL genes, which is consistent with

(a) (b)
1.5 B UB3-NT 48

B UB3-OE(54/78)

B UB3-NT
= UB3-OE(30)

*kk
*kk

Relative expression level
Relative expression level

Ao

4
A
Fig. 3 Relative expression levels of SPL genes in young panicles of UB3-OE
(54/78), UB3-OE(30) and nontransgenic plants (UB3-NT) in rice. (a)
Relative expression levels of SPL7, SPL14, and SPL17 in the young panicles
of UB3-OE(54/78) and UB3-NT. (b) Relative expression levels of SPL7,
SPL74, and SPL17 in the young panicles of UB3-OE(30) and UB3-NT. Rice
Actin was used as the internal control. **, P<0.01; ***, P <0.001. Error
bars represent + SE.
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recent study showing that panicle branching depends on the
expression level of SPL gene (Wang ez al.,2015).

Genes regulated by UB3

To unravel the regulatory pathway of UB3 in rice, the SAs and
YPs were collected separately from UB3-OE(54/78) and UB3-
NT, and the transcriptome of each was sequenced in three bio-
logical replicates. A total of 2226 DEGs were found in the SAs of
UB3-OE(54/78), with a P-value <0.05 (Fig.4a; Table S5).
Among these genes, 718 were up-regulated and 1508 were down-
regulated in SAs of UB3-OE(54/78). Similarly, 2467 DEGs,
including 1492 up-regulated genes and 975 down-regulated
genes, were found in YPs of UB3-OE(54/78) (Fig. 4a; Table S5).
We found that 226 up-regulated and 274 down-regulated genes
were shared between SAs and YPs (P-value<0.05) (Fig.4a).
Moreover, 24 DEGs were up-regulated in SAs but down-
regulated in YPs, while 150 DEGs were down-regulated in SAs
but up-regulated in YPs (Fig. 4a).

These DEGs were involved in a wide spectrum of biological
processes and metabolic pathways, or containing different tran-
scription factor families (Fig. 4b—f). Gene ontology analysis
showed that DEGs in SAs and YPs were most enriched in bio-
logical processes that respond to abiotic stimulus and stress,
had a molecular function related to transcription regulator
activity, and acted in the extracellular cellular component (P
<0.0001) (Fig. 4b). In particular, most of the genes participat-
ing in cytokinin biosynthesis and signaling were down-
regulated (Figs 4f, S1). LOGI, which encodes a cytokinin
riboside 5'-monophosphate phosphoribohydrolase (Kurakawa
etal., 2007), was repressed in both the SAs and YPs of UB3-
OE(54/78), compared with those in the two tissues of UB3-
NT (Figs 5b, S1). Additionally, the A-type response regulator
genes (ARRs), which act as markers for active cytokinin in the
SAM (Jain eral., 2006), were also repressed in UB3-OE(54/
78) lines. For example, OsRRI, OsRR4 and OsRRG were greatly
down-regulated in the SAs and both OsRR9 and OsRRI0 were
down-regulated in the YPs of UB3-OE(54/78) (Figs 5d.e, S1).
OsCKX2, a cytokinin oxidase/dehydrogenase (CKX) family gene
that negatively regulates SAM activity and seed production
(Ashikari ez al., 2005), was highly expressed in SAs of UB3-OE
(54/78) (Figs5c, S1), suggesting a rapid degradation of
cytokinin in the SAs of UB3-OE(54/78). All of these results
suggest that bioactive cytokinin in SAs and YPs of UB3-OE
(54/78) were lower than those in the two tissues of UB3-NT
(Figs 4f, S1). To test this hypothesis, we measured the concen-
trations of cytokinin in 60-d-old shoots of UB3-OE(54/78)
and UB3-NT. The total content of active forms of cytokinin,
including tZ and iP, was slightdy lower in UB3-OE(54/78)
(10.1 + 1.1 pgg™ ") than in UB3-NT (11.9+£0.8pgg ") (Stu-
dent’s #test, P=0.034). In particular, the tZ content was sig-
nificantly in UB3-OE(54/78) than in UB3-NT
(Student’s #test, P=0.0023). However, the contents of the
two precursors, tZR (P=0.057) and iPR (P=2.1E-05) in
UB3-OE(54/78) were higher than that in UB3-NT. These

results indicated that the precursors could not be effectively
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Fig. 4 Transcriptome profiling in UB3-OE(54/78) and the nontransgenic line (UB3-NT) in rice. (a) Overview of differentially expressed genes (DEGs) in
shoot apices (SAs) and young panicles (YPs) between UB3-NT and UB3-OE(54/78) and comparison among differentially expressed genes with /PA7 ChIP-
seq data (Supporting Information Table S6). SA up and YP up, DEGs with increasing expression levels in SAs and YPs of UB3-OE(54/78), respectively. SA
dw and YP dw, DEGs with decreasing expression levels in SAs and YPs of UB3-OE(54/78), respectively. P <0.05. (b) Gene ontology (GO) enrichment of
DEGs for biological processes, cell components and molecular functions. (c) Number of differentially expressed transcription factors and mean of the fold
change in UB3-OE(54/78) relative to UB3-NT. (d) Differentially expressed MADS-box genes and SPL genes. (e) Differentially expressed AP2 gene family.
(f) DEGs in cytokinin biosynthesis and regulation pathway. The color in each cell indicates the value of the log, fold-change (log,FC). All DEGs are listed in

Table S5.

converted into the active forms (tZ and iP) of cytokinins in
UB3-OE(54/78) as a result of the lower expression of
cytokinin biosynthesis-related genes LOGI and
LOC_08504G44354 (Fig. 6a).

In addition to cytokinins, the concentration of IAA was clearly
lower in UB3-OE(54/78) (4.40 £0.21 pgmg ) than in UB3-
NT (6.81 4+ 0.56 pgmg ') (P=0.0022) (Fig. S2b). Among the
DEGs, many genes associated with auxin biosynthesis and trans-
port were identified as well (Fig. S2a). For example, Small Auxin-

© 2016 The Authors
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up RNA39 (SAUR39), a negative regulator of auxin synthesis and
transport in rice (Kant ez al, 2009), and OsPIN5b, a negative reg-
ulator of rice plant height, tiller number and panicle length (Lu
etal., 2015), were up-regulated in YPs of UB3-OE(54/78) com-
pared with that in UB3-NT (Fig. S2d,e). RICE FLORICULA/
LEAFY (RFL), a positive regulator of the outgrowth of AMs by
influencing auxin transport (Deshpande ez al., 2015), was down-
regulated in both SAs and YPs of UB3-OE(54/78) relative to that
in UB3-NT (Fig. S2¢). The expression of genes might partly
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Fig. 5 Putative targets of UB3 in the regulation of rice tillering and panicle branching. The histogram in the box shows the expression (FPKM value) of
genes in transgenic UB3-OE(54/78) and nontransgenic UB3-NT, including (a) LOC_Os04g44354, (b) LOG1, (c) OsCKX2, (d) OsRR1, (e) OsRR6, (f)
RCN1, (g8) RCN4, (h) SPL14 and (i) SPL17. The gel shift images show that UB3 protein binds directly to the promoter regions of these genes containing a
GTAC motif according to an electrophoretic mobility shift assay (EMSA). Probe, a 50-60 bp DNA containing the GTAC motif. P-M, the mutant probe with
GCAC that serves as the negative control. *, P<0.05; **, P<0.01; ***, P<0.001. Error bars represent + SE (n =3) EMSA probe sequences are listed in
Supporting Information Table S2. SA, shoot apex; YP, young panicle; FPKM, fragments per kilobase of transcript per million reads.

explain the low concentration of IAA in shoots, and the reduced
plant height, tiller number, and panicle length in UB3-OE(54/
78).

Many transcription factors (TFs) were also differentially
expressed in UB3-OE(54/78) and UB3-NT, especially some
inflorescence-related TFs, including MADS-box, AP2 and SPL
genes (Fig. 4c—). MADS-box genes are bound by SBP/SPL TFs
to regulate floral organ specification (Bartlett ezal., 2015). We
detected 11 MADS-box genes that were significantly down- or
up-regulated in YPs of UB3-OE(54/78) (P<0.0001) (Fig. 4d).
OsMADS58 was highly expressed in YPs of UB3-OE(54/78)
(Figs 4d, S1), and previous studies showed OsMADS58 interact-
ing with OsMADS! to control floral meristem determinacy and
suppress spikelet meristem reversion (Hu ezal, 2015; Zheng
eral., 2015). Twenty-nine AP2 domain-containing genes were
differentially expressed, and most of them were down-regulated
in both SAs and YPs (£<0.0001) (Fig.4e). BRANCHED
FLORETLESS 1 (BFLI), a member of the AP2 gene family that
functions in the transition from the spikelet to the floral meris-
tem (Zhu eral, 2003), was down-regulated in SAs and up-

New Phytologist (2017) 214: 721-733
www.newphytologist.com

regulated in YPs (Figs 4e, S1). Among the SPL genes, OsSPL7,
OsSPL14 and OsSPLI7, which positively regulate the activities
of inflorescence meristems and branch meristems (Wang ezal.,
2015), were down-regulated in both SAs and YPs of UB3-OE
(54/78) (Figs 4d, 5h,i). The down-regulation of these three SPL
genes indicated that inflorescence branching might be hindered
in UB3-OE(54/78). Furthermore, the PANICLE PHYTOMER2
(PAP2)[Rice TFLI/CEN homolog gene, RCNI, was down-
regulated while RCN4 was up-regulated in YPs of UB3-OE(54/
78) (Figs 3f, 5f,g). RCNI is positioned downstream of SPLs to
regulate the transition from the vegetative to the reproductive
phase (Wang ez al., 2015). Thus, UB3 might regulate the devel-
opment of SAs and YPs by the regulation of AP2/SPL/MADS to
RCNI/RCN4 directly or indirectly.

Direct targets of UB3 in the regulation of tillering and pani-
cle branching

To identify the DEGs that are directly regulated by UB3, we fur-
ther analyzed RNA-seq data in depth by integrating with the

© 2016 The Authors
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Fig. 6 The comparison of the cytokinin biosynthesis pathway in rice
nontransgenic plants (UB3-NT) and UB3-OE(54/78). The schematic
represents the cytokinin biosynthesis pathway from iPRMP and tZRMP to
the active cytokinin forms isopentenyladenine (iP) and trans-zeatin (tZ).
The cytokinin content was measured in 60-d-old shoots of UB3-NT and
UB3-OE(54/78) (with three biological replicates). iPRMP, N6-(D2-
isopentenyl)adenine riboside monophosphate; tZRMP, trans-Zeatin
riboside-5'-monophosphate. iPR, isopentenyladenine riboside; tZR, trans-
zeatin riboside. *, P<0.05; ** P<0.01 (a Student's t-test). Values are
means & SD (n=3).

ChIP-seq data reported by Lu eral. (Lu eral., 2013). We found
115 (5.1%) DEGs in SAs and 151 (6.1%) DEGs in YPs that
were shared with the ChIP-seq data (Fig. 4a; Table S6). Of these
DEGs, 40 were differentially expressed in both SAs and YPs, and
28 of 40 DEGs contain the TGGGCC/T motif or the GTAC
motif in their promoter regions, which indicated that these genes
might be specifically bound by OsSPL14 or its homologous gene
UB3 in vivo. Among the 28 genes, two cytokinin biosynthesis-
related genes, LOGI and LOC_0804G44354, contain the SBP-
box protein-binding GTAC motif in their promoter regions.
Furthermore, we performed EMSAs to determine whether the
UB3 protein binds to the promoters of these two genes directly
in vitro. As shown in Fig. 5(a,b), GST-UB3 could significantly
reduce the electrophoresis mobility of the probes containing the
GTAC motif, while the mobility of the mutated probes carrying
the GGAC motif was unaffected. Therefore, UB3 could directly
target the promoters of LOGI and LOC_0S§04G44354 and neg-
atively regulate their expression. In addition, we identified the
promoters of three genes involved in cytokinin signaling and
degradation, including OsRRI, OsRRG and OsCKX2, and several
TF genes, such as RCNI, RCN4, SPL14, and SPL17, also carry
the GTAC motif and could be bound specifically by GST-UB3,
indicating that UB3 could directly target these genes to regulate
cytokinin and signaling in SAs and YPs (Figs 5¢—i, S1).

Regulatory pathway of UB3 in maize

We assumed that UB3 could regulate branching at the early stage
of ear development in maize via a similar pathway to that in rice.
To test this hypothesis, we sequenced the transcriptome in

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust

Research® 729

immature ears (5-8 mm) of the wild-type line (W22) and the
ub3::mum mutant (a Mutator-mediated mutant with a W22
background) in maize, each with three biological replicates. In
total, 8034 DEGs, including 3541 up-regulated and 4493 down-
regulated genes, were identified (P<0.001) in the ub3::mum
(Fig. 7a; Table S7). Importantly, we also found that 17 genes
involved in the cytokinin-O-glucoside biosynthesis were up-
regulated, and three genes involved in cytokinin degradation
were down-regulated in the #63::mum mutant. We also analy-
zed the expression of genes involved in auxin biosynthesis and
transport, and TF families, and found that 14 genes involved
in auxin biosynthesis, nine genes in the AP2 gene family, 16
genes in the SPL family and 20 genes in the MADS-box family
were differentially expressed between W22 and the ub3::mum
mutant (Fig. 7a; Table S7a—d). Furthermore, four representative
genes — GRMZM2G175910 (GRM910) encoding a cytokinin-
O-glucosyltransferase, GRMZM2G146688 encoding an AP2-
EREBP-TF (EREB41), GRMZM2G067624 encoding a squamosa
promoter binding protein (SBP29) and GRMZM2G046885
encoding a MADS-box TF (MADS73) — were selected for gel
EMSA to determine whether the promoter of these genes could
be bound directly by UB3 protein 7z vitro. The results showed
that the promoter regions of all four genes could be specifically
bound by GST-UB3 protein (Fig. 7b—e).

Furthermore, we focused on the genes that participated in
CLV-WUS feedback loop in the maize meristems, including 71,
Jfea2, ct2 and fea3, and other classic genes like FON2-LIKE CLE
PROTEINI (ZmFCPI), ZmWUSI and ZmCLV3. RNA-seq and
QRT-PCR showed that fea2, ¢t2 and fea3 were significantly
down-regulated but ZmFCPI, ZmWUS1 and ZmCLV3 were sig-
nificantly up-regulated in the #b3::mum mutant (Fig. S3e;
Table S7). EMSA assays showed that UB3 could directly target
the promoter regions of ZmFCPI and ZmWUS1, indicating that
expressions of both ZmFCPI and ZmWUSI might be regulated
by UB3 directly (Figs 7f,g, S3e).

Discussion

The effects of UB3 in the regulation of vegetative and
reproductive branching

UB3 is an SBP-TF gene and negatively regulates maize KRN
(Chuck eral., 2014; Liu eral., 2015). The SBP/SPL gene family
modulates inflorescence development in Arabidopsis and rice
(Chen etal., 2010). During rice panicle development, SPL7,
SPLI14 and SPLI7 have been shown to be highly expressed
(Wang eral., 2015). In this study, growth of the whole plant was
dramatically suppressed, the transition from the vegetative to the
reproductive phase was delayed, and plant height, tiller number,
panicle branches and grain numbers per panicle were decreased
in UB3-OE(54/78), compared with UB3-NT (Fig. 2; Table S3).
These results indicate that the SPL family contributes to the tran-
sition from later panicle branches to the spikelet and negatively
regulating the branching system. In addition, our results showed
that the panicle size of UB3-OE(30) with moderate UB3 expres-

sion was significantly larger, but its plant height and tiller
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SPL gene family and MADS-box gene family. The color in each cell indicates the value of the log, fold-change (log,FC). All DEGs are listed in Supporting
Information Table S7 (P <0.0001). (b—g) The histogram in the box shows the expression level of genes in the ub3::mum mutant and wild-type, including
(b) GRMZM2G175910, (c) EREB41-GRMZM2G 146688, (d) SBP29-GRMZM2G067624, () MADS73-GRMZM2G046885, (f) FCP1-GRMZM2G165836
and (g) WUST-GRMZM2G047448. Maize ACTIN (GRMZM2G1260170) was used as the internal control. Values are means =+ SE (n = 3). Primer sequences
are listed in Table S1. *, P<0.05; **, P<0.01; *** P <0.001. The gel shift images show that UB3 protein could bind directly to the promoter regions of
these genes containing two or three GTAC motifs. Probe, a 60 bp DNA containing the GTAC motif. P-M, the mutant probe with GCAC motif that can be

used as a negative control. EMSA probe sequences are listed in Table S2.

number were slightly lower than that of UB3-NT (Fig. 2b—e,il;
Table S3). QRT-PCR showed that SPL7, SPL14 and SPL17
were down-regulated in UB3-OE(54/78) but up-regulated in the
moderate UB3 expression line UB3-OE(30) (Fig. 3a,b). It has
been reported that m:R156 and miR529 modulate SPL levels to
achieve an optimal panicle size (Wang ez al., 2015). We suggest
that exogenous UB3 can cooperate with other SPL genes in rice
to ensure a modest expression level of SPLs, which then keep an
appropriate number of panicle branches and grains per panicle.

UB3 regulates branching patterns by modulating the
cytokinin pathway

Phytohormones, including cytokinin, IAA and SLs, are the main
regulators of rice branching patterns. In particular, the accumula-
tion of cytokinins in meristems is highly correlated with the
branching pattern. The LOGI gene, encoding a cytokinin-
activating enzyme that functions in the final step of bioactive
cytokinin synthesis, is required to maintain meristem activity in
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rice (Kurakawa ez al., 2007). The An-2 gene, a homolog of LOG,
enhances awn elongation by increasing the endogenous cytokinin
concentration (Gu ezal., 2015). Gnla, encoding a CYTOKININ
OXIDASE/DEHYDROGENASE (CKX) OsCKX2, negatively reg-
ulates the cytokinin accumulation in inflorescence meristems
(Ashikari ez al., 2005). Type A response regulators (ARRs) repre-
sent primary cytokinin-responsive genes in rice and Arabidopsis,
acting as negative regulators of cytokinin-induced responses (To
etal., 2004; Jain eral., 2006; Tsai ezal, 2012). In the present
study, we found that the cytokinin level affected SAM size and
activity and subsequently affected plant heighg, tillers and panicle
branches (Figs 1, 2; Tables S3, S4). Our RNA-seq data revealed
that many SAM differentiation-related genes, including genes
participating in cytokinin biosynthesis and signaling, were down-
regulated, such as LOG! in cytokinin biosynthesis and five A-
type RR genes (OsRRI, OsRR4, OsRR6, OsRR9 and OsRRI0) in
the cytokinin response pathway. However, OsCKX2, which func-
tions in cytokinin degradation, was up-regulated by exogenous
UB3 (Fig. 5a—e, S1). These genes were highly expressed in SAs
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and YPs, and they were significantly differentially expressed in at
least one stage of development. EMSA showed that UB3 protein
could directly bind to the GTAC motif in the promoter regions
of these genes (Fig. 5a—¢). Measurement of hormone concentra-
tions showed that endogenous cytokinin levels were reduced in
transgenic lines (Fig. 6). In summary, UB3 directly targets and
represses expression of cytokinin biosynthesis and signaling-
related genes, and promotes expression of cytokinin degradation-
related genes, resulting in lower cytokinin levels in SAs, which in
turn inhibit the development of axillary buds when UB3 is highly
expressed in rice. We also analyzed the expression of these genes
in YPs of UB3-OE(30) with moderate UB3 expression: LOGI
and OsCKX2 showed insignificant change, and RR4, RR6, RRY,
RCNI and RCN4 were up-regulated relative to those in UB3-
NT. The expression level of cytokinin synthesis and signaling-
related genes in YPs might interpret the enlarged panicle size in
UB3-OE(30) partly.

In addition to genes involved in cytokinin synthesis and sig-
naling, many inflorescence-related TFs were differentially
expressed between UB3-OE(54/78) and UB3-NT. In this study,
we analysed the promoter region of TFs that are associated with
inflorescence architecture and that also showed altered expres-
sion levels in rice, such as SPLI14, SPL17, RCNI and RCN4.
We found the cis-acting GTAC motif in these genes. Thus, we
suggest that UB3 can also regulate the expression levels of
SPL17, SPL14, RCNI and RCN4 in SAs and YPs by directly
targeting the promoter regions to modulate tillering and
branching.

Putative mechanism of UB3 in maize

Both maize and rice are monocots that generate tillers and
branches, and a similar hormone regulatory pathway is often
expected to control branching in the two crop plants. In rice,
genes in cytokinin or auxin signaling had been widely reported to
regulate axillary bud and panicle development. In maize, how-
ever, cytokinin-related genes in the regulation of maize inflores-
cence architecture are still poorly understood. aberrant
phyllotaxyl (abphl), encoding an A-type cytokinin response regu-
lator, acts as a negative regulator of cytokinin signaling and a pos-
itive regulator of auxin concentration in determining SAM size,
showing a crosstalk between cytokinin and auxin in maize (Lee
eral., 2009). In this study, UB3 negatively regulated tillering and
panicle branching in UB3-OE(54/78) with high UB3 expression
rice lines by reducing the active cytokinin level (Fig. 6). Similarly,
in maize, RNA-seq data revealed that 17 cytokinin biosynthesis-
related genes were up-regulated and three cytokinin degradation-
related genes were down-regulated in the #b3::mum mutant
(Fig. 7a). The result suggests that cytokinin level is possibly
higher in the #b3::mum mutant than in the wild-type. The higher
cytokinin level in the #b3::mum mutant probably promotes the
lateral division of cells to initiate more primordia in meristems,
which potentially develop into kernel rows. In addition to
cytokinin-related genes, we also found that 10 out of 14 DEGs
involved in auxin biosynthesis were down-regulated in the
ub3::mum mutant (Fig. 7a). Therefore, the increased kernel rows
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in the #b3::mum mutant ear may be a result of the crosstalk

between cytokinin and auxin.

In addition, the fea2, cz2 and fea3 genesin the CLV-WUS feed-
back loop were down-regulated but ZmFCPI, ZmWUSI and
ZmCLV3 were up-regulated in the #b3::mum mutant (Fig. S3e).
And UB3 protein could directly target ZmFCPI and ZmWUSI
(Fig. 7f,g). Previous studies suggested that fea2 and fea3 target to
same downstream genes to transport CLAVATA3/ESR-related
(CLE) signal from the leaf primordia, leading to wide expression
of ZmWUS1 and up-regulation of CLV3 that directly correlates
with fasciation (Brand ez al., 2000; Je ez al., 2016). Thus, we sug-
gest that UB3 regulates the development of kernel rows via regu-
lation of ZmFCPI and ZmWUSI in the CLV-WUS pathway.
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