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Abstract

Inflorescence architecture is important for rice (Oryza sativa) grain yield. The phytohormone cytokinin (CK) has been shown to
regulate rice inflorescence development; however, the underlying mechanism mediated by CK perception is still unclear.
Employing a forward genetic approach, we isolated an inactive variant of the CK receptor OHK4/0OsHK4 gene named panicle
length1, which shows decreased panicle size due to reduced inflorescence meristem (IM) activity. A 2-amino acid deletion in the
long a-helix stalk of the sensory module of OHK4 impairs the homodimerization and ligand-binding capacity of the receptor,
even though the residues do not touch the ligand-binding domain or the dimerization interface. This deletion impairs CK sig-
naling that occurs through the type-B response regulator OsRR21, which acts downstream of OHK4 in controlling inflorescence
size. Meanwhile, we found that IDEAL PLANT ARCHITECTURET(IPA1)/WEALTHY FARMER’S PANICLE (WFP), encoding a positive
regulator of IM development, acts downstream of CK signaling and is directly activated by OsRR21. Additionally, we revealed
that IPAT/WEFP directly binds to the OHK4 promoter and upregulates its expression through interactions with 2 TCP transcrip-
tion factors, forming a positive feedback circuit. Altogether, we identified the OHK4-OsRR21-IPA1 regulatory module, provid-
ing important insights into the role of CK signaling in regulating rice inflorescence architecture.

Introduction

Rice (Oryza sativa) yield is closely associated with inflores-
cence architecture, which consists of panicle length, primary
and secondary branch number, as well as grain number per
panicle. Inflorescence architecture is largely determined by
meristem activity (Li et al. 2013; Chun et al. 2022). In recent
years, several genes regulating rice meristem activity and ul-
timately affecting inflorescence architecture have been char-
acterized, such as CLASS | KNOTTED1-LIKE HOMEOBOX
(KNOX1), LAX PANICLET (LAXT), LAX2, ABERRANT PANICLE
ORGANIZATION1 (APOT), APO2/RICE FLORICAULA (RFL),

and ABERRANT SPIKELET AND PANICLET (ASP1) (Komatsu
et al. 2001, 2003; lkeda et al. 2005; Rao et al. 2008; lkeda-
Kawakatsu et al. 2009; Tabuchi et al. 2011; Tsuda et al.
2011; lkeda-Kawakatsu et al. 2012; Yoshida et al. 2012).
Loss of function of these genes usually leads to reduced ac-
tivity of the shoot apical meristem (SAM) or axillary meri-
stem, leading to the formation of panicles with reduced
length, fewer branches, and fewer spikelets (Kurakawa et
al. 2007). On the other hand, an enhancement of meristem
activity may generate larger panicles and increase grain
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Background: The plant hormone cytokinin (CK) promotes plant meristem initiation and maintenance. A high level of
CK in rice can enhance meristem activity and enlarge panicles, while a low level of CK can cause premature termination
of the meristem and result in smaller panicles. The CK signal is transmitted from histidine kinase (HK) receptors to phos-
photransfer proteins (HPts) and response regulators (RRs). The roles of several CK receptors and RRs in rice panicle de-
velopment have been partially revealed, but their regulatory relationships and downstream factors remain unclear.

Question: Which RR receives the CK signal from the CK receptor OHK4? Which genes controlling panicle size are
influenced by RRs? Are there any regulators that affect OHK4?

Findings: We discovered that a loss-of-function mutation of OHK4 disrupts CK signaling and reduces rice panicle size.
The phosphorylation level of the type-B RR OsRR21 is dependent on OHK4. Overexpression of OsRR21 partially res-
cued the short panicle phenotype of the ohk4 mutant. IDEAL PLANT ARCHITECTURET (IPA1)/WEALTHY FARMER’S
PANICLE (WFP), encoding a positive regulator of rice panicle size, is directly activated by OsRR21. Interestingly,
OHK#4 expression is upregulated in the gain-of-function mutant ipal-D but downregulated in loss-of-function ipat
mutants. Genetic and molecular analyses revealed that IPA1/WFP regulates OHK4 through interactions with 2 TCP
transcription factors. Therefore, OHK4, OsRR21, and IPA1/WFP form a positive feedback loop to control meristem
activity and panicle development in rice.

Next steps: Although the connection between OHK4 and OsRR21 has been revealed, we still do not know which his-
tidine HPts act as intermediates in this process. The relationship between OHK4 and other RRs is also not clear.

Chun et al.

Whether OsRR21 regulates other meristem or inflorescence regulators is quite an intriguing issue.

yield (Huang et al. 2009). Overexpression of RICE
CENTRORADIALIST (RCN1) and RCN2 produces more pan-
icle branches and spikelets, probably due to the delayed
transition of an active meristem to a specific meristem
(Nakagawa et al. 2002). The gain-of-function allele of
DENSE AND ERECT PANICLET (DEP1) enhances SAM activ-
ity, resulting in increased grain number (Huang et al.
2009). TAWAWAT (TAWT1) positively regulates inflores-
cence meristem (IM) activity, as the gain-of-function mu-
tant tawawal-D generates increased numbers of panicle
branches and spikelets due to prolonged IM activity
(Yoshida et al. 2013). IDEAL PLANT ARCHITECTURE1
(IPAT)/WEALTHY FARMER’S PANICLE (WFP), encoding the
transcription factor SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE 14 (OsSPL14), is another regulator of IM ac-
tivity. Gain-of-function alleles of OsSPL14 with the optimal
expression levels such as 0sSPL14"™" and OsSPL14""" pro-
duce more spikelets than the wild type (WT) (Jiao et al.
2010; Miura et al. 2010), while excessive levels of OsSPL14
led to reduced numbers of spikelets (Wang et al. 2015).
The phytohormone cytokinin (CK) plays a critical role in
determining meristem activity. The accumulation of en-
dogenous CKs can enhance meristem activity and crop prod-
uctivity. For example, downregulating GRAIN NUMBER1a
(Gn1a), which encodes a CK oxidase/dehydrogenase, in-
creases panicle branch number and grain yield due to in-
creased CK contents in IMs (Ashikari et al. 2005).
Conversely, a loss-of-function mutation of LONELY GUY
(LOG), which encodes a CK-activating enzyme, caused pre-
mature termination of IMs and small panicles (Kurakawa
et al. 2007). The effect of CKs on inflorescences is also indir-
ectly regulated by other genes, such as DROUGHT AND SALT

TOLERANCE (DST), LARGER PANICLE (LP), and VIN3-LIKE 2
(OsVIL2), which affect CK accumulation and inflorescence
architecture through regulating the expression of Gnia (Li
et al. 2011; Li et al. 2013; Yang et al. 2019).

CK perception in plants is mediated by a two-component
system (TCS) containing a histidine kinase (HK) that receives
the input signal and a response regulator (RR) that usually
acts as a transcription factor that is activated in response
to the CK signal. In Arabidopsis (Arabidopsis thaliana), the
CK receptors AHK2, AHK3, and CRE1/AHK4 were identified,
and their functions in plant development were extensively
studied (Inoue et al. 2001; Higuchi et al. 2004; Nishimura
et al. 2004; Kim et al. 2006; Riefler et al. 2006; Stolz et al.
2011; Chang et al. 2013; Bartrina et al. 2017). Notably, the
ahk2 ahk3 ahk4 triple mutant produces a dramatically small
SAM with reduced numbers of cell layers and fewer cells per
layer than the WT (Higuchi et al. 2004; Nishimura et al. 2004;
Riefler et al. 2006). The CK receptors OHK2/OsHK3, OHK3/
OsHK5, OHK4/OsHK4, and OHK5/OsHK6 were identified
in rice (Ito and Kurata 2006; Choi et al. 2012). In addition,
an unusual CK receptor (CHARK) from rice exhibiting non-
histidine but serine/threonine kinase activity was recently
characterized (Halawa et al. 2021). However, only a few CK
receptor mutants have been reported. A missense mutation
in OHK5/OsHK6 enhances the root tolerance to CK but
causes no obvious effects on other morphologies (Ding et
al. 2017). The functions of OHK3/OsHK5 and OHKS5/0sHK6
were recently characterized by reverse genetics (Burr et al.
2020). Similar to their putative orthologs, OHK3/OsHKS5
and OHK5/OsHK6 play overlapping roles in controlling
multiple aspects of rice development, such as root growth,
leaf width, and inflorescence architecture. Nevertheless, the
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Cytokinin regulates rice panicle size

entire spectrum of the effects of CK receptors in regulating
rice biology, especially meristem activity, remains largely
unknown.

In this study, we characterized the rice mutant panicle
length1 (pal1), which shows reduced panicle size and grain
yield due to the downregulation of IM activity. Our analyses
suggested that this mutation impairs the homodimerization
and ligand-binding capacity of the CK receptor OHK4. We
found that the activity of the type-B RR OsRR21 is dependent
on OHK4. OsRR21 directly regulates IPA1, and in turn, IPA1
regulates OHK4 expression via interactions with 2 TCP tran-
scription factors, forming a positive feedback circuit. Overall,
our study identified the OHK4-OsRR21-IPA1 regulatory
module, which substantially affects rice inflorescence archi-
tecture by regulating meristem activity and consequently de-
termines grain yield.

Results

Morphological characterization of the pal1l mutant
Compared with WT (japonica variety ‘Huaidao 5’) rice, the
pal1 mutant generated shorter panicles with a reduced num-
ber of primary and secondary branches (Fig. 1, A to C).
Statistical analysis revealed that panicle length and both pri-
mary and secondary branch number were significantly re-
duced, leading to a dramatic reduction of grain number
per panicle (Fig. 1, D to G). Meanwhile, several other agro-
nomic traits were also altered in the pall mutant, such as
plant height, tiller number, and higher-order tillers
(Supplemental Fig. S1, A to D). The flag leaf length and width
as well as the internode diameter were also markedly re-
duced in the pal1T mutant (Supplemental Fig. S1, E to I).

Pal1 affects IM activity
Rice aboveground organs, such as leaves, stems, and inflores-
cences, are all derived from the SAM. The defective pheno-
types of the pall mutant could be caused by a reduction
of SAM activity. Thus, we first measured the size of the
SAM at the 14-d-old seedling stage. Compared with WT,
the SAM of the pal1 mutant exhibited reduced size, although
the structure was still normal (Fig. 2A). The longitudinal area
of SAM in the pall mutant was significantly reduced (by
10.5%) compared with the WT (Fig. 2B). We also observed
IM at the panicle initiation stage using scanning electron mi-
croscopy (SEM), and a similar reduction was observed
(Fig. 2C). Statistical analysis suggested that the basal area of
the IM was markedly reduced in the pall mutant (Fig. 2E).
At the primary branch protruding stage, WT plants gener-
ated inflorescences with 12 to 14 primary branch meristems
(PBM), whereas the PBM number in the palT mutant varied
from 10 to 12 (Fig. 2, D and F). These results suggest that the
defective aboveground organs in the pall mutant were
caused by reduced meristem activity.

KNOXs are indispensable for meristem maintenance, as
loss-of-function mutations of KNOXs result in defects in
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inflorescence morphology (Long et al. 1996; Tsuda et al.
2011). Therefore, we measured the transcript levels of several
KNOX genes such as OSH1, OSH3, OSH6, OSH15, and OSH43 in
the shoot base (SB) at the tillering stage and in young pani-
cles (~0.5 cm) using RT-qPCR. The expression levels of OSH1
and OSH6 were unchanged in both tissues (Fig. 3, A and B),
although OSH1 was well-characterized as a meristem marker
gene (Zhang and Yuan 2014). OSH15 was tentatively or sig-
nificantly downregulated in the SB and panicle, respectively
(Fig. 3, A and B). The expression level of OSH3 was dramatic-
ally reduced in the pal1 panicle but undetectable in the SBs
of both WT and pal1 (Fig. 3, A and B), as previously reported
(Sentoku et al. 1999). mRNA in situ hybridization confirmed
the downregulation of OSH3 in the pal1 mutant at the IM ini-
tiation stage and the PBM protruding stage (Fig. 3, C and D).
Moreover, OSH43 was upregulated in both tissues, probably
resulting from a compensating response (Fig. 3, A and B).
These results suggest that the pall mutation could affect
meristem size by regulating the expression of defined
KNOX genes (OSH3, OSH15, OSH43) other than OSH1.

We also examined the expression of several other genes in-
volved in meristem activity and panicle development in rice.
OsWUSCHEL (OsWUS), encoding a positive regulator of IM
development, was downregulated in young pall panicles,
whereas FLORAL ORGAN NUMBER1 (FONT), an ortholog of
Arabidopsis CLAVATAT (CLV1) encoding a negative regulator
of IM development (Suzaki et al. 2004), was upregulated in
young pall panicles (Fig. 3E). The downregulation of
OsWUS was further validated by mRNA in situ hybridization
(Fig. 3F). Several other genes associated with panicle develop-
ment, including APO2/RFL, ASP1, and RCN2, were also down-
regulated in the young mutant panicles (Fig. 3G). Taken
together, we propose that PAL1 controls rice inflorescence
architecture by affecting the expression of various genes in-
volved in panicle development, especially meristem activity.

PAL1 encodes the CK receptor OHK4/OsHK4

An F, population was created by crossing the pall mutant
with indica rice cv. ‘Dular’, which displayed segregation of
plants with normal and small panicles at a ratio of 3:1
(22872, %% = 0.16, %505, 1 = 3.84), indicating that the pal1 mu-
tant phenotype is controlled by a single recessive gene. The
PALT locus was initially mapped to chromosome 3 between
the insertion—deletion (InDel) markers R3-17 and R3-20
(Fig. 4A). Further fine mapping narrowed down the PAL1 lo-
cus to an 86 kb region (Fig. 4, B and C). This region comprises
10 putative open reading frames (ORFs) (Fig. 4C), encoding 7
functional proteins, 2 expressed proteins of unknown func-
tion, and 1 retrotransposon.

Sequencing detected a 6bp deletion in ORF5
(LOC_0s03g50860), and no mutations were found in the
other ORFs (Fig. 4D). Thus, LOC_0s03g50860 was the most
likely candidate for the mutated gene. LOC_0s03g50860 en-
codes the CK receptor OHK4/OsHK4, which comprises a
ligand-binding CHASE domain, a HK domain, a receiver-like
domain, and a receiver domain (Supplemental Fig. S2). The
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Figure 1. Morphological characterization of pal1 panicles. A) and B) Closed A) and spread B) panicles of WT (‘Huaidao 5’) and pal1 during the
mature stage. Bar =2 cm. C) Spread primary branches of WT and pal1. Bar = 0.5 cm. D) to G) Comparison of panicle length D), primary branch
number E), secondary branch number F), and grain number per panicle G) between WT and pal1. Values are given as mean + sp (n = 15). **P < 0.01

by Student’s t test.

6 bp deletion caused the deletion of aspartic acid (D) and
glutamine (Q) at the 86th and 87th residues, which are lo-
cated in a highly conserved region close to the CHASE do-
main (Supplemental Fig. S2). The palT mutant phenotype
was completely rescued when WT genomic DNA of
LOC_0s03g50860 was introduced (Fig. 4, E and F). We ob-
tained 10 rescued lines (B590) in T, generation, and the T,
transgenic plants showed comparable panicle morphologies
to the WT (Fig. 4, G to ]). Meanwhile, we isolated 4 allelic mu-
tants of LOC_Os03g50860 in japonica rice variety ‘Zhonghua
11" using Targeting Induced Local Lesions IN Genomes
(TILLING) technology (Supplemental Fig. S3A) (Jiang et al.
2013), which also showed reduced panicle size
(Supplemental Fig. S3, B to G). Therefore, LOC_0Os03g50860
is the causal gene of the pal mutant and is referred to as
PAL1 hereafter.

Expression pattern of PALT and subcellular
localization of its encoded protein

To define the expression pattern of PALT, we performed
RT-qPCR using transcripts from various tissues. PALT was
highly expressed in young tissues, such as young root (R),
leaf blade (LB), and leaf sheath (LS) tissues but was expressed

at lower levels in these tissues at the older stage of develop-
ment (Fig. 5A). PALT was also highly expressed in internodes
(INs) and panicles of various lengths (Fig. 5A). Histochemical
staining of ProPALT:GUS transgenic rice plants showed
high expression of GUS in tissues such as young primary
roots (Supplemental Fig. S4A), the sites of lateral root initi-
ation (Supplemental Fig. S4B), and young LBs and sheaths
(Supplemental Fig. S4, D and E). In the older root system,
the GUS signal was mainly detected in lateral roots
(Supplemental Fig. S4C). Notably, strong GUS signals were
detected in stems and panicles, especially younger panicles
(Supplemental Fig. S4, F and G), consistent with the results
of RT-qPCR analysis. These results demonstrate that PAL1T
is mainly expressed in young tissues with active cell division.

We further examined the precise expression pattern of
PALT during panicle development by in situ hybridization.
PALT transcripts were enriched throughout the SAM and
branch meristems (primary and secondary; Fig. 5, B to E)
but were barely detected in spikelet meristems (SMs)
(Fig. 5F). These results indicate that PALT mainly functions
in the early stages of panicle development.

To examine the subcellular localization of PAL1, we coex-
pressed PAL1-GFP fusion protein with the endoplasmic re-
ticulum (ER) marker HDEL-mCherry (Nelson et al. 2007) in
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Figure 2. Comparison of SAMs and IMs between WT and pal1 plants.
A) SAM (surrounded by dotted lines) of WT (‘Huaidao 5’, left) and pal1
(right) at the vegetative stage, stained by H33342. Samples were col-
lected from hydroponically grown 14-d-old seedlings. Bar = 50 um. B)
Comparison of longitudinal area of the SAM between WT and pal1.
C) Scanning electron microscopy (SEM) of IMs (surrounded by dotted
lines) of WT (upper panel) and pal1 (lower panel) undergoing the tran-
sition from the vegetative to reproductive phase. Samples in C) and D)
were collected at the late tillering stage and inflorescence development
stage, respectively, from rice plants grown in the paddy field. Bar =
30 um. D) SEM of IM of WT (left) and pal1 (right) at the stage of
PBM formation. Bar = 100 um. Each number represents 1 PBM. E)
and F) Comparison of the IM basal area E) and PBM number F) be-
tween WT and pal1. Values are given as mean = sp, n =10 in B) and
E), n=7in F). P < 0.01 by Student’s t test.

leaf epidermal cells of Nicotiana benthamiana. The green
fluorescence of PAL1-GFP was detected in a porous structure
and merged with the ER marker (Fig. 5, G to J), suggesting
that PAL1 is localized mainly in the ER, consistent with other
CK receptors (Caesar et al. 2011; Lomin et al. 2011, 2018b;
Waulfetange et al. 2011; Ding et al. 2017; reviewed in
Romanov et al. 2018).

pal1 shows impaired OHK4 dimerization and OHK4
CK-binding capacity

Similar to bacterial HKs, CK receptors in plants act as homo-
or heterodimers (Gao and Stock 2009; Hothorn et al. 20171;
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Lomin et al. 2018b). The 2-amino acid deletion of PAL1 in
the palT mutant is positioned close to the middle of the
long a-helical stalk, which bears PAS and PAS-like subdo-
mains (Fig. 6A). To investigate the function of the long
a-helical stalk and to detect whether the pall mutation af-
fects the dimerization of the CK receptor, we performed a
split-ubiquitin membrane yeast 2-hybrid assay. PALT"" pro-
tein strongly interacted with itself, but PALT™ failed to
interact with PALTY" or PAL1™ (Fig. 6B). These results
were further verified by a split-luciferase (LUC) assay in
N. benthamiana leaves (Fig. 6C). These data indicate the fail-
ure of receptor homodimerization in the pall mutant.

To determine the effects of the mutation on the ligand-
binding capacity of the receptor, we fused extracytosolic sen-
sory modules of PAL1 from the WT or palT mutant to the
N-terminus of eGFP and expressed the fusion proteins in
N. benthamiana leaves (Supplemental Fig. S5, A and B). We iso-
lated leaf microsomes and used them for a binding assay with
the radiolabeled CK [*H]isopentenyladenine (*H-iP) (Lomin
et al. 2015, 2018a). We measured total and nonspecific bind-
ing of [>H]iP (Supplemental Fig. S5C) and normalized these
values to the quantity of OHK4 in the probe, as detected
by examining the fluorescence of the fused eGFP. The calcu-
lated specific binding of the palT mutant protein was dra-
matically reduced (by ~4.7-fold) compared with WT PAL1
binding (Fig. 6D). These results indicate that the D86-Q87 de-
letion in the long a-helical stalk of the sensor module has a
substantial effect on the CK-binding capacity of the receptor.

PAL1 is required for CK signaling and responses to
exogenous CKs

Exogenously supplying CKs can inhibit root growth, while the
deficiency of CK signaling alleviates this inhibition (Ueguchi
et al. 2007; Ding et al. 2017). Thus, we treated WT and pal1
seedlings with trans-zeatin (tZ). In the WT, root growth
was severely inhibited with increasing tZ concentration.
However, this inhibition was weaker in the pall mutant
(Fig. 7, A and B), indicating that PAL1 takes part in exogenous
CK sensing in roots.

Applying CKs can also inhibit leaf senescence (Hutchison
et al. 2006; Sun et al. 2014). Under dark treatment, both
WT and pal1 leaves progressively turned yellow due to the
loss of chlorophyll. Applying tZ delayed leaf senescence in
WT, while leaf senescence was barely affected by tZ in the
pal1l mutant (Fig. 7C). Measurement of chlorophyll content
on the 7th day of treatment revealed that the stability of
chlorophyll gradually increased with increasing tZ concentra-
tion in the WT but remained consistently low in the palT mu-
tant (Fig. 7D).

Type-A RR genes (type-A RRs) are inducible by CK and
considered to be primary CK response genes (Taniguchi
et al. 1998; D’Agostino et al. 2000). RT-qPCR analysis revealed
that the expression of most type-A RRs was reduced in the SB
of the pal1T mutant (Supplemental Fig. S6A), whereas only a
few of these genes were downregulated in the panicle
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Figure 3. Expression of genes involved in meristem activity and panicle development in WT and pal1 plants. A) Comparison of OSH expression in the
SB at the tillering stage from plants grown in the paddy field by RT-qPCR between WT (‘Huaidao 5’) and pal1. n.d., not detected. B) Comparison of
OSH expression in young panicles (~0.5 cm) by RT-qPCR between WT and pal1. C) Comparison of OSH3 mRNA levels in the IM transition phase by
in situ hybridization between WT (left) and pal1 (right). Bar = 50 um. D) Comparison of OSH3 mRNA levels in the PBM initiation phase by in situ
hybridization between WT (left) and pal1 (right). Bar = 50 um. E) Comparison of OsWUS and FONT expression in young panicles by RT-qPCR be-
tween WT and pal1. F) Comparison of OsWUS mRNA levels in the PBM initiation phase by in situ hybridization between WT (left) and pal1 (right).
Bar = 50 um. G) Comparison of APO2, ASP1, and RCN2 expression in young panicles by RT-qPCR between WT and pal1. Values are given as mean +

sp (n = 3). *P < 0.05 and **P < 0.01 by Student’s t test.

(Supplemental Fig. S6B). Among these, OsRR1, a marker gene
of CK signaling in the SAM and IM (Jain et al. 2006; Li et al.
2013), was downregulated in both tissues. We then com-
pared the dynamic response of OsRR7T transcript with tZ
treatment in SBs. In the WT, OsRR1 expression was rapidly in-
duced at 0.5 h after tZ application and reached the peak by
1 h, followed by a drop. However, only a very low level of

induction was detected in the pall mutant (Fig. 7E). mRNA
in situ hybridization further confirmed the marked reduction
of OsRR1 expression in the IM of the pall mutant (Fig. 7F).
These results indicate that CK signal transduction was
strongly suppressed in the pall mutant. We also
examined the expression levels of several type-B RRs
(OsRR21-OsRR26) in the young panicle. OsRR21 and OsRR26
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The boxes and lines represent exons and introns, respectively. The start codon (ATG) and the stop codon (TGA) are indicated. A 6 bp deletion from
the 256th to 261st nucleotide in PAL1T resulted in the dropping-out of aspartate (D) and glutamine (Q) residues. E) and F) Complementation assay.
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expression showed a slight increase in the pal1 panicle vs. the Ziircher et al. 2013). To further assess the CK signaling
WT, while the others remained unchanged (Supplemental status of the pall mutant, the ProTCSn:GUS construct
Fig. S6C). was transformed into +/pall heterozygotes, and the

Two-component signaling sensor new (TCSn) is a syn-  homozygous progenies were subjected to GUS staining.
thetic CK-sensitive promoter (Miller and Sheen 2008,  Compared with WT, the GUS signal was much weaker
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image of PAL1-GFP and HDEL-mCherry. More than 10 independent cells were observed, which showed a consistently merged signal in the ER.

Bar =20 um.

in both roots and young panicles of the pall mutant
(Fig. 7G), indicating that PALT is required for the output
of CK signaling.

The pal1 mutation disturbs endogenous CK
homeostasis

Previous studies suggested a metabolic link between CK sig-
naling and homeostasis in Arabidopsis (Riefler et al. 2006;
Bartrina et al. 2017). To test such a link in rice, we measured
the endogenous CK contents in young panicles (~0.5 cm).
Compared with WT, the concentrations of tZ, iP, and their
ribosides and glucosides were significantly reduced in the
pall mutant (Fig. 8A).

To examine the possible reasons for the reduced
steady-state CK concentration in the pall mutant, we mea-
sured the expression levels of genes involved in CK biosyn-
thesis and degradation. OsIPTs and LOGs, encoding
isopentenyl transferases and CK-activating enzymes
(Sakamoto et al. 2006; Kurakawa et al. 2007), respectively,
were all upregulated to various extents in the pall mutant
vs. the WT (Fig. 8, B and C). OsCKXs which encode CK oxi-
dases/dehydrogenases involved in CK degradation (Ashikari
et al. 2005) were also upregulated in the mutant (Fig. 8, D
to G). Notably, OsCKX2 expression strongly increased in the
young panicles of pal1 (Fig. 8D). mRNA in situ hybridization
also revealed strongly increased expression of OsCKX2 in the

IM at the initiation stage and in primary and secondary
branch meristems (SBMs) (Fig. 8H).

Taken together, the pal1 mutation affects CK homeostasis
through the upregulation of genes involved in both CK bio-
synthesis and degradation. The drastic rise in OsCKXs expres-
sion, especially (but not only) OsCKX2, could be the major
reason for the reduced endogenous CK levels in the palT mu-
tant, which may in turn contribute to the reduction of meri-
stem activity and the underdevelopment of inflorescences.

IPA1 is upregulated by the PAL1-OsRR21 cascade

To identify the possible downstream effectors, we examined
the expression of several genes related to meristem and pan-
icle development in rice (Fig. 3). Among these genes, OsWUS
and OSHT were reported to be involved in CK signaling.
However, OsWUS primarily controls rice tiller number rather
than panicle length (Lu et al. 2015; Tanaka et al. 2015), while
the expression of OSH1, which positively responds to CK sig-
naling (Naruse et al. 2018), was not altered in the pall mu-
tant. Both OSH15 and IPA1 (also known as OsSPL14/WFP)
were downregulated to various degrees in the SBs and young
panicles (Figs. 3, A and B, and 9A). Previous studies have
shown that OSH15 is associated with CK, as it recruits
PRC2 to the OsCKX4 promoter and represses its transcrip-
tion, ultimately controlling rice panicle architecture (Wang
et al. 2022). However, the relationship between CK and
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IPA1 remains unclear. Another study in Arabidopsis showed
that control of the vegetative phase change by CK relies on
the function of SPL transcription factors (Werner et al.
2021), which prompted us to explore the relationship be-
tween PALT and IPA1. Therefore, we performed an mRNA
in situ hybridization assay, which validated the decreased ex-
pression of IPAT at the IM and PBM initiation stages (Fig. 9B).
To investigate whether CK has an immediate impact on the
expression of IPA1, we examined the time course of IPA1 ex-
pression in tZ-treated SBs of hydroponically grown 10-d-old
seedlings. In WT, IPA1 expression was induced after 30 min of
treatment, reached a peak at 1h, and then decreased.
However, IPAT was only slightly induced by tZ treatment in
the pall mutant, and no obvious expression peak was de-
tected (Fig. 9C). Therefore, IPAT may act downstream of
the CK signaling mediated by PALT.

To validate this hypothesis, we first searched for CK re-
sponse elements (5'-(A, G)GAT(C, T)-3’ or 5-AAGAT(C, T)
TT-3’) (Hosoda et al. 2002; Zubo et al. 2017) in the promoter
of IPA1. Ten such elements were identified within the 2 kb
region upstream of the start codon (Fig. 9D), suggesting
that IPA7T could be regulated by type-B RRs. OsRR27,

OsRR22, and OsRR23 contribute to rice panicle architecture,
while loss-of-function of OsRR24 has no effect on inflores-
cence size (Worthen et al. 2019; Yamburenko et al. 2020).
To evaluate the regulatory relationship between IPA7 and
type-B OsRRs, we performed transient transcriptional assays
using the dual-LUC system in N. benthamiana leaves (Fig. 9E).
OsRR21 and OsRR22 greatly facilitated the expression of LUC
driven by the IPAT promoter, but OsRR23 had no significant
effect (Fig. 9F). Notably, the transcriptional activation of IPA1
conferred by OsRR21 was higher than that by OsRR22.

To test whether OsRRs could directly bind to the IPA1 pro-
moter, we performed yeast 1-hybrid (Y1H) assays. OsRR21
bound to probes P1, P2, P3, and P8 containing the first, se-
cond, third, and ninth CK response element, respectively
(Fig. 9G). In contrast, OsRR22 only bound to P5, and
OsRR23 bound to none of these probes (Supplemental Fig.
S7). We also found that the P5 probe could be bound by
OsRR26, whose transcripts displayed the same upregulation
as OsRR21 in the pall mutant (Supplemental Fig. S7).
These results demonstrate that OsRR21 is likely the major
type-B RR that regulates IPAT expression. Thus, we focused
on OsRR21 for further study.
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Figure 7. Reduction of CK signaling in the pall mutant. A) Inhibition of root growth by exogenous tZ. Seedlings were treated for 10 d with various
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C) Exogenous tZ delayed dark-induced leaf senescence. Leaves were treated with various concentrations of tZ as indicated for 3, 5, and 7 d. D)
Comparison of chlorophyll content between WT and pal1 on the 7th day of tZ treatment (samples in the boxed region of C)). E) Comparison
of time-course expression of OsRR1 induced by 1um tZ in the SB of hydroponically grown 10-d-old seedlings between WT and pall. F)
Comparison of the OsRRT mRNA levels between WT and pal1 by in situ hybridization. The IMs were sampled just after the transition from the
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by Student’s t test.

We overexpressed OsRR21 with a HA-tag fused to the
N-terminus driven by the maize Ubiquitin promoter in WT
(‘Huaidao 5’). A total of 23 T, lines were obtained. The T,
HA-OsRR21 overexpression plants displayed significantly in-
creased primary branch number, whereas they were compar-
able with WT in terms of plant height, tiller number, panicle
length, secondary branch number, and grain number
(Supplemental Fig. S8, F to I). Overexpression of OsRR21 in
these plants was confirmed by RT-qPCR (Fig. 91). We then
performed a chromatin immunoprecipitation (ChIP)-qPCR
assay using HA-OsRR21 transgenic seedlings. Consistent
with the Y1H results, the specific regions containing P1, P2,
P3, and P8 were markedly enriched (Fig. 9H). Additionally,
we measured IPAT transcript levels in panicles of the
HA-OsRR21 overexpression lines. IPAT was upregulated in
these panicles, and its expression levels were positively

correlated with those of OsRR21 (Fig. 9, | and J). These results
suggest that IPA1 is regulated by CK signaling mediated by
the PAL1-OsRR21 cascade.

OsRR21 protein contains a Myb-like GARP DNA-binding
domain in the central region and a RR domain at the
N-terminus that perceives CK signaling through a
His-to-Asp phosphorelay (Fig. 9K) (Heyl and Schmiilling
2003; Kakimoto 2003). To investigate whether OsRR21
functions downstream of PAL1, we compared the in vivo
phosphorylation levels of OsRR21 in WT and pal1 proto-
plasts. Since the full-length OsRR21 protein was barely ex-
pressed in rice protoplasts, we expressed a truncated
OsRR21 (1 to 188 aa) protein named RR21N that contains
the RR domain and a myc-tag the N-terminus (Fig. 9K).
When separated on the phos-tag gel, a weak shifted band
was detected compared with those separated on a normal
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(n=3). *P < 0.05 and **P < 0.01 by Student’s t test.

PAGE gel (Supplemental Fig. S9). The application of calf in-
testine alkaline phosphatase (CIP) eliminated the weak
shifted band, confirming that the shifted band was the
phosphorylated form of RR21N (RR21N-P) (Fig. 9K).
RR21N-P was present in both WT and the pall mutant at
similar levels (Fig. 9L). However, when the CK 6-BA was ap-
plied, the shifted bands in the WT (3 replicates) became
more pronounced than those in the palT mutant (Fig. 9L),
suggesting that the response of OsRR21 to CK signaling is
weaker in the pal1 mutant and that its RR phosphorylation
is PAL1-dependent.

To further analyze the genetic relationship between PAL1
and OsRR21, we overexpressed OsRR21 in the pall mutant.
A total of 10 T, lines were obtained. Compared with the
pall mutant and its original WT (‘Huaidao 5’), the T,
OsRR21 overexpression lines (Fig. 10K) could not rescue
the plant height and tiller number phenotype of the pal1
mutant (Fig. 10, A, E, and F). Higher-order tillers bearing
smaller panicles were still present in the OsRR21 overexpres-
sion lines (Fig. 10B). However, the phenotype of panicles
generated on primary tillers was largely rescued in the
OsRR21 overexpression lines. Panicle length and secondary
branch number were recovered to the WT level (Fig. 10,

G, D, G, and 1), while the primary branch number became
even higher than the WT (Fig. 10H), perhaps leading to
slightly more grains than the WT, although this increase
was not significant (Fig. 10J). These observations suggest
that overexpressing OsRR27 at least partially recovered
the palT mutant phenotype.

Collectively, these data indicate that OsRR21 is a direct tar-
get of PALT-mediated CK signaling in controlling rice inflor-
escence architecture. IPAT acts downstream of CK signaling,
and its expression is affected by the PAL1-OsRR21 phosphor-
elay cascade.

IPA1 positively regulates PAL1, forming a feedback
circuit

A previous ChIP sequencing (ChIP-seq) assay demonstrated
that IPA1 directly binds to the promoter of LOG (Lu et al.
2013), suggesting a potential link between IPAT and CK sig-
naling. This prompted us to reexamine the IPA1 binding pro-
file in the promoter of PALT (Lu et al. 2013). One IPA1
binding peak was identified, which encompassed 2 indirect
IPA1 binding motifs (TGGGCC, P1 and P2) located 636 and
300 bp upstream of the PALT start codon, respectively
(Fig. 11A). To confirm the ChIP-seq result, we transformed
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Figure 9. IPA1 functions downstream of the PAL1-OsRR21 phosphorylation pathway. A) Comparison of IPAT expression levels between WT
(‘Huaidao 5’) and pal1 in the SB at the tillering stage in rice plants grown in the paddy field and young panicles (~0.5 cm) by RT-qPCR. B)
Comparison of mRNA levels of IPAT between WT (left) and pal1 (right) by in situ hybridization. The upper 2 photographs correspond to the tran-
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Time-course expression of IPAT in the SB of hydroponically grown 10-d-old seedlings treated with 5 um tZ. D) Structure of the IPA1 promoter region.
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synthesized into a single probe. E) and F) Transcriptional activities of type-B OsRRs on the IPAT promoter in N. benthamiana leaves. E) Constructs
used in F). Relative transcriptional activity was calculated by LUC/REN and normalized to that of the control. A total of 5 independent infiltration
assays were measured. G) Y1H assays showing that OsRR21 strongly binds to the probes P1, P2, P3, and P8 in the IPAT promoter. Empty AD
(pGADT7) vector was used as a negative control. The concentrations of AbA used to screen protein-DNA interactions are indicated. H)
ChIP-gPCR assay showing that OsRR21 binds to the promoter of IPAT in vivo. Chromatin isolated from ProUBI:HA-OsRR21 transgenic seedlings
was immunoprecipitated with anti-HA antibody and IgG serum, respectively. The relative enrichment was calculated by dividing the enrichment
value of ChIP with anti-HA by that of ChIP with IgG serum. An upstream region of Ubiquitin without a CK response element was used as a negative
control. I) and J) Expression levels of OsRR21 1) and IPAT1)) in the young panicles (~0.5 cm) of the OsRR21 overexpression plants (WT, ‘Huaidao 5’).
K) Schematic diagram and phosphorylation of OsRR21 protein. The longer and shorter dark boxes indicate regulatory response and Myb-like GARP
domains, respectively. Truncated OsRR21 (RR21N) (1 to 188 aa) was transiently expressed in rice protoplasts and detected with an anti-myc anti-
body for the in vivo phosphorylation assays. CIP treatment indicated that the upper shifted bands in the phos-tag gel were phosphorylated RR21N
proteins. Three biological replicates (separate experiments) are displayed. L) The response of OsRR21 phosphorylation to CK was diminished in the
pal1l mutant. Protoplasts of WT and the pal1T mutant transfected with RR21N were incubated for 15 h, followed by incubation with (+) or without
(=) 6-BA for one more hour. Phos-tag gel was used for mobility shift, and routine SDS-PAGE indicates the equal loading of total RR21N. Three
biological replicates (separate experiments) are displayed. Data are presented as mean #+sp. n =3 in A), C), H), 1), and J). n=5 in F). *P < 0.05
and **P < 0.01 by Student’s t test.
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Figure 10. Overexpression of ORR21 partially rescued the pal1 panicle phenotype. A) and B) Plant architecture of WT (‘Huaidao 5’), pal1, and 3
OsRR21 overexpression lines in the pal1 background. The higher-order tillers bearing small panicles are indicated by arrows B). Bar =20 cm in
A), 2 cm in B). C) and D) Morphologies of closed C) and spread D) panicles generated on the primary tillers of WT, pal1, and OsRR21 overexpression
lines. Bar = 4 cm. E) to J) Comparison of plant height E), primary tiller number F), panicle length G), primary branch number H), secondary branch
number 1), and grain number per panicle J) among WT, pal1, and OsRR21 overexpression lines. Panicles in G) to J) only include those generated on
primary tillers. K) Expression levels of OsRR21 in the OsRR21 overexpression plants (pal1 background). Values are given as mean =+ sb. n = 15 in E) to
J), n =3 in K). The different letters above the histogram indicate significant differences (P < 0.05) by 1-way ANOVA followed by Turkey’s multiple

comparison test.

japonica rice cultivar ‘Chunjiang 06" with the
ProlPA1:7mIPA1-GFP fusion construct according to a previ-
ous report (Jiao et al. 2010) and performed ChIP-qPCR ana-
lysis. A total of 17 lines were obtained in the T, generation.
We analyzed transgenic lines with higher IPAT expression
(Supplemental Fig. 10)) in the T, generation. As expected,

the transgenic plants displayed increased plant height and re-
duced tiller number compared with WT (‘Chunjiang 06’)
(Supplemental Fig. 10, A, D, and E). The panicle length,
branch number, and grain number all increased in the trans-
genic plants vs. the WT (Supplemental Fig. 10, B, C, and F
to ). ChIP-qPCR showed that the 2 specific regions

€202 1990J00 LE UO Jasn (SyyD) S80UsIdg 21Ny noLby Jo Awepeoy asaulyd Aq 4€Z10€2/.GZPEON/I1921d/E60 L 0 L/10P/9[oIE-99UBAPE/||92]d/WOo0"dno-ojwapese//:sdny Wwoly papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data

14 THE PLANT CELL 2023: Page 1 of 25 Chun et al.

A B
1 1 kb 1
Input =s—— . - ——— e = dma B ‘ 57 ok = gG
Q
Rep1 IPA1 ‘ c 44 3 anti-GFP
ChiP st i ailies i o _(C_')
= 3
INpUt = oo e e e — [} 5 .
[0}] -
Rep2
P2l ipas ‘ =
chiP T 4
5]}
T o
PAL1 A—I—Q-—I-l—l-lil—_—-—-:) 0-
P3 P1ATG . N [2s}
\,\}@ W @;'l« W
P1, P2: TGGGCC & X o &
P3: No IPA1 binding site N 9 9 O
C D
SD/-L SD/-L/ADA(200 ng/mL)
10° 101102103 10° 107 102 102
Effectors: Control:

i
i

|

1PA1  |PCF1| PCF2

Y]
©
-
%
5]
=

; Reference:

P1+PCF2

JEOSIO © O

E_ F G
>
=
= <. 1.5 * A
& 2 a 2 5 20
c : 1.2 % *
2, S £15 a
= =09 =
2 b D2 y 3 310
£ i be 5 s & % 086 g o
= a o
Z 0 0 0
g ) Y'.\I Q': <<"llr ,\\"Ib \ﬁ‘ % \éﬂ AN
&5 F & F s @ &
K
@?‘

Figure 11. PALT is positively regulated by IPA1. A) Two replicates of the IPA1 binding profile in the promoter of PAL1, as revealed by a previous
ChIP-seq study (Lu et al. 2013). Sequencing profile of the input DNA without ChIP is shown as the background control. P1and P2 refer to the indirect
binding motif TGGGCC of IPA1. P3 is a region that does not contain an IPA1 binding site and is located outside of the IPA1 binding peak. B)
ChIP-gPCR analysis showing that IPA1 binds to the promoter of PALT in vivo. Chromatin isolated from ProlPA1:7mIPA1-GFP seedlings was immu-
noprecipitated with the anti-GFP antibody and IgG serum, respectively. The relative enrichment was calculated by dividing the enrichment value of
ChIP with anti-GFP by that of ChIP with IgG serum. P3 (which lacks an IPA1 binding site) and an upstream region of Ubiquitin were used as negative
controls. C) IPA1 binds to the P1 probe (containing the TGGGCC motif) of the PALT promoter through interactions with PCF1 and PCF2, as revealed
by a Y1H assay. P1m indicates the fragment containing a mutated motif of AGGGCC. Empty AD (pGADT7) vector was used as a negative control.
AbA at a concentration of 200 ng/mL was used for selection of protein—-DNA interactions. D) and E) IPA1 activates the expression of PAL1 together
with PCF1 and PCF2 in rice protoplasts. D) Constructs used in E). Relative transcriptional activity was calculated by LUC/REN and normalized to that
of the control. A total of 5 independent transient transformation assays were measured. F) and G) PAL1T expression in young panicles (~0.5 cm long)
of the gain-of-function ipal-D mutant (WT, ‘Huaidao 5’) and the loss-of-function ipal mutant (WT, ‘Chunjiang 06’) by RT-qPCR. Values are given as
mean =+ so. n =3 in B), F), and G). n =5 in E). *P < 0.05 and **P < 0.01 by Student’s t test. Different letters above the histogram indicate significant
differences (P < 0.05) by 1-way ANOVA followed by Turkey’s multiple comparison test.

containing P1 and P2 were significantly enriched, while no
enrichment was detected for the negative control region
P3 or the Ubiquitin promoter (Fig. 11B).

We then performed Y1H assay to further validate the bind-
ing of IPA1 to the TGGGCC motif in the PALT promoter.
Since IPA1 targets the TGGGCC motif through interactions

with 2 TCP family members, PCF1 and PCF2 (Lu et al.
2013), different combinations of IPA1, PCF1, and PCF2
were tested. Immunoblotting showed that all prey proteins
(GAL4 AD-IPA1, GAL4 AD-PCF1, and GAL4 AD-PCF2) were
properly expressed in yeast cells (Supplemental Fig. 11).
IPA1 bound to a 66 bp probe containing the P1 motif only
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Figure 12. IPAT acts upstream of PALT to regulate rice inflorescence architecture. A) and B) Closed A) and spread B) panicle morphologies of WT
(‘Huaidao 5'), pal1, ipa1-D, and pal1 ipa1-D double mutant. Bar = 4 cm. C) to F) Comparison of panicle length C), primary branch number D), sec-
ondary branch number E), and grain number per panicle F) among WT, pal1, ipai-D, and pal1 ipa1-D double mutant. Values are given as mean =+ sp
(n = 15). The different letters above the histogram indicate significant differences (P < 0.05) by 1-way ANOVA followed by Turkey’s multiple com-

parison test.

in the presence of both the PCF1 and PCF2 transcription fac-
tors (Fig. 11C). Although the TGGGCC motif is also a target
of PCF1 and PCF2 (Kosugi and Ohashi 1997), neither homo-
dimers of PCF1 or PCF2 nor heterodimers of IPA1 with PCF1
or PCF2 bound to the P1 motif in the PALT promoter
(Fig. 11C). The mutation of TGGGCC to AGGGCC (P1™)
abolished the binding capacity of IPA1/PCF1/PCF2, confirm-
ing that binding to the P1 probe was mediated by the
TGGGCC motif. On the other hand, a 66 bp probe contain-
ing P2 motif was not recognized by IPA1, at least when the
yeast cells were selected on 200 ng/mL Aureobasidin A
(AbA), even when PCF1 and PCF2 were present
(Supplemental Fig. 12). These results demonstrate that
IPA1 binds to the promoter of PAL1 by forming heterotri-
mers with PCF1 and PCF2.

To examine whether IPAT and the 2 TCPs cooperatively
regulate PALT expression, we performed transient transcrip-
tional activity assays using rice protoplasts (Fig. 11D). As
shown in Fig. 11E, overexpressing IPAT or PCF1 alone only
slightly promoted LUC expression controlled by the PALT
promoter, while overexpressing PCF2 alone had no notice-
able impact on LUC expression. In contrast, overexpressing
the IPAT:PCF1:PCF2 fusion gene markedly increased LUC ex-
pression (Fig. 11E), suggesting that in planta, PALT regulation
by IPA1 is based on interactions with the transcription
factors PCF1 and PCF2.

We further investigated the biological relevance of PALT as
a target of IPA1. Consistent with the role of IPA1 as a tran-
scriptional activator, PALT was significantly upregulated in
young panicles of the gain-of-function ipal-D mutant (Jiao
et al. 2010; Miura et al. 2010) but downregulated in
loss-of-function ipal mutants created by CRISPR/Cas9 in
the ‘Chunjiang 06’ background (Fig. 11, F and G). A total of
15 CRISPR/Cas9 lines were obtained in the T, generation,
and ipal mutants with homozygous insertions or deletions
in the T, generation were analyzed. As expected, the
loss-of-function ipal mutants showed reduced plant height
and increased tiller number and short panicles with fewer
branches and grains than the WT (Supplemental Fig. 13).
We also generated the pal1l ipal-D double mutant. The
ipa1-D mutant had larger panicles with more branches and
grains, whereas the palT mutant showed much smaller pani-
cles than the WT (Fig. 12, A and B). In the pal1 ipa1-D double
mutant, the panicle length, primary branch number, second-
ary branch number, and grain number per panicle were all
significantly reduced compared with the ipai-D single mu-
tant. However, these morphological traits were comparable
with those of the pal1 single mutant (Fig. 12, C to F). These
results strongly suggest that PALT acts downstream of IPA1
in controlling rice inflorescence development.

Taken together, these results suggest that IPA1 positively
regulates PALT through interactions with PCF1 and PCF2
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Figure 13. A proposed model for the role of the PAL1-OsRR21-IPA1 circuit in regulating rice inflorescence architecture. The CK receptor OHK4/
PAL1 is a positive regulator of rice panicle size that directly binds CKs as a homodimer and transduces the signal to type-B OsRRs through the TCS.
OsRR21 is one of the major type-B RRs downstream of OHK4/PAL1 in controlling inflorescence architecture; its activity is dependent on OHK4/
PAL1. OsRR21 directly activates IPAT. In turn, IPA1 upregulates OHK4/PAL1 by interacting with 2 TCP family transcription factors (PCF1 and
PCF2) and binding to the “TGGGCC” motif. Thus, PAL1-OsRR21-IPA1 forms a positive feedback circuit that regulates rice panicle development.
The pal1 mutation disrupts OHK4/PAL1 homodimerization and the perception of CKs and blocks the signal transduction to downstream factors,

leading to reduced panicle size.

to control rice panicle size. In turn, the CK signaling mediated
by PAL1-OsRR21 directly acts on IPAT, forming a positive
feedback regulation circuit.

Discussion

Inflorescence architecture, which is primarily determined by
meristem activity, plays a fundamental role in controlling rice
grain yield. Meristem activity and inflorescence architecture
in rice are known to be regulated by the phytohormone CK.
However, the genetic/metabolic network between CK signal-
ing and inflorescence development is still not clear.

PAL1 function is associated with meristem activity
and inflorescence architecture

In this study, we identified the rice mutant pal1 whose causal
gene encodes the CK receptor OHK4/OsHK4. Similar to its
homologs OHK3/OsHK5 and OHK5/OsHK6 (Burr et al.
2020), knockout of OHK4 resulted in shorter panicles with re-
duced numbers of branches and grains (Fig. 1, A to G), due to
the reduction in SAM and IM activity (Fig. 2). Additionally,
we compared the phenotypes of the WT, heterozygous,
and homozygous palT mutants, finding no significant differ-
ences in plant height or panicle length between WT and the
heterozygote (Supplemental Fig. 14, A to E), suggesting that
pall is a recessive mutant and that OHK4 has specific func-
tions distinct from those of its homologs. We also created

multiple ohks mutants by CRISPR/Cas9-mediated gene edit-
ing (Supplemental Fig. 15, A and B). Compared with the ohk4
(pal1) single mutant, the plant heights of ohk3 ohk4 and ohk4
ohk5 double mutants were slightly but significantly reduced,
while the tiller numbers varied. However, the ohk3 ohk4 ohk5
triple mutants were slender and tiny, with far fewer tillers
than the WT (Supplemental Fig. 15, C to E). Likewise, panicle
sizes of the ohk3 ohk4 and ohk4 ohk5 double mutants were
only slightly reduced, but the ohk3 ohk4 ohk5 triple mutant
displayed severe defects in inflorescence size (Supplemental
Fig. 15, F to K). These results imply that OHK3, OHK4, and
OHKS5 play at least partially redundant roles in controlling
meristem activity and inflorescence architecture.

Several meristem-associated genes were downregulated in
the pal1 mutant (Fig. 3), implying that PAL1 controls inflor-
escence size by regulating meristem activity. Among these,
WUS and KNOXs play critical roles in meristem maintenance
and differentiation. CLV—WUS (CLAVATA—WUSCHEL) feed-
back signaling in Arabidopsis is required for SAM mainten-
ance and is mediated by CK (Schoof et al. 2000; Gordon et
al. 2009). The WUS promoter can be directly bound by
type-B RRs (Dai et al. 2017; Meng et al. 2017; Wang et al.
2017; Zubo et al. 2017; Zhang et al. 2017a; Xie et al. 2018),
but whether OsWUS is directly regulated by type-B RRs in
rice is not clear. In rice, OsWUS is a major regulator of
axillary meristem activity and tiller bud formation. In
loss-of-function mutants of OsWUS, such as tiller absent1
or monoclum3, tiller number is significantly reduced. At the
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reproductive stage, the mutation of OsWUS mainly caused
defects in spikelet development while panicle length was
not affected (Lu et al. 2015; Tanaka et al. 2015).

The relationship between CK signaling and KNOXs in
plants was also revealed long ago (Jasinski et al. 2005;
Yanai et al. 2005; Tsuda et al. 2011; Naruse et al. 2018),
but the specific regulatory mechanism is still uncertain.
The expression of various KNOX genes is directly or indir-
ectly regulated by different type-B RRs, which mediate CK
receptor signaling. This may explain the downregulation
of the KNOX gene OSH3 and OSH15 in the pall mutant
rather than OSH17, which is usually used as a meristem
marker. In our attempt to test whether the OSH3 and
OSH15 promoter can be directly bound by some type-B
RRs, we used OsRR21 as a prey in a Y1H assay. OsRR21
failed to bind to CK response elements in the OSH3 and
OSH15 promoters (Supplemental Fig. 16, A to D), even
though OSH15 has been reported to regulate rice panicle
length and grain number (Wang et al. 2022). These results
imply that the altered expression of these genes in the
pall mutant could be due to an indirect effect or that
other type-B RRs may act between PALT and KNOXs. In
fact, besides OsRR21, several other type-B RRs such as
OsRR22 and OsRR23 have been reported to regulate rice
panicle size (Worthen et al. 2019). We speculate that
OsRR22 and OsRR23 might also be type-B RRs that func-
tion downstream of PAL1. Additionally, OsRR26 also
bound to the IPAT promoter, although the biological
function of OsRR26 in regulating rice panicle architecture
is currently unclear. Therefore, further studies on uncover-
ing the PAL1-OsRR22/OsRR23/OsRR26 CK pathway and
their downstream meristem-confined genes will provide
more insight into how PALT regulates rice panicle size.

PAL1, OsRR21, and IPA1 form a positive feedback
circuit that regulates rice panicle development

IPA1 plays a critical role in controlling meristem activity and
panicle size (Jiao et al. 2010; Miura et al. 2010; Wang et al.
2015; Zhang et al. 2017b). Several plant hormone-related
genes were shown to be regulated by IPA1, such as LOG,
pointing to a potential link between IPA1 and CK signaling
(Lu et al. 2013). Our studies revealed that IPA1 positively reg-
ulates PAL1, which encodes the CK receptor OHK4. IPA1
binds to the PALT promoter through interactions with
PCF1 and PCF2 (Fig. 11C), which belong to the TCP-P family
of proteins that affect plant growth and propagation
(Martin-Trillo and Cubas 2010). PCF1 and PCF2 homo- or
heterodimers can also target the TGGGCC/T motif and regu-
late the meristematic tissue-specific expression of rice prolif-
erating cell nuclear antigen (PCNA) genes (Kosugi and
Ohashi 1997). Under our experimental conditions, neither
homodimers of PCF1 or PCF2 nor heterodimers of IPA1
with PCF1 or PCF2 exhibited affinity to the PALT promoter,
pointing to the critical role of heterotrimers of IPA1, PCF1,
and PCF2 in regulating PALT expression.
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Recent studies have uncovered a link between CK signaling
and SPLs in controlling the juvenile-to-adult transition in
Arabidopsis. Regulation of the vegetative phase change by
CK relies on SPLs, but no change in SPL expression was de-
tected after CK treatment (Werner et al. 2021). Our study
also revealed a relationship between CK and OsSPL14/IPA1
in rice. Intriguingly, we found that exogenous CK treatment
induced the expression of IPAT and that type-B OsRR21 dir-
ectly upregulates IPAT, suggesting positive feedback regula-
tion between IPA1 and CK signaling (Fig. 13). We found
that OsRR22 and OsRR26 could also bind directly to the
IPAT promoter (Supplemental Fig. S7). Therefore, we cannot
rule out the possibility that other type-B RRs may also be in-
volved in PALT-IPAT regulatory circuit. On the other hand,
overexpression of OsRR21 in the palT mutant only largely res-
cued the panicle phenotype of the palT mutant and not its
other phenotypes (Fig. 10), indicating that besides the
PAL1-OsRR21-IPAT regulatory circuit, there could be other
key factors downstream of PAL1 that contribute to the small
panicle size in the pall mutant. Therefore, it would be worth
identifying additional CK signaling components that act
downstream of PALT and their target genes involved in rice
panicle development.

The integrity of the a-helical stalk in OHK4 (PAL1) is
required for receptor dimerization and CK-binding
capacity
Structural analysis showed that the extracytosolic sensory
module of a typical CK receptor can form a homodimer in
which the membrane-distal part of the long a-helical stalk
forms the dimer interface (Hothorn et al. 2011; Steklov
et al. 2013; Liu et al. 2015; Arkhipov et al. 2019). The long
a-helical stalk is highly conserved in its membrane-distal re-
gion and could contain 2 PAS subdomains due to its rigidity
enhanced by disulfide bonds (Hothorn et al. 2011; Steklov
et al. 2013). However, its biological function has been unclear.
In our case, the D86th and Q87th deletions located in the
center of this long a-helix abolished the dimerization of the
receptor sensory modules and resulted in a drastic decrease
in CK-binding capacity (Fig. 6). This is particularly intriguing,
as the D86-Q87 deletion does not directly touch either the
ligand-binding PAS subdomain or the dimerization interface,
at least in the dimer conformation that is known from the
AHK4 crystal structure and was obtained by modeling the
OHK4/PAL1 sensory module. Two possible scenarios derived
from homology and ab initio modeling could explain the de-
letion effects. In the first scenario, the D86-Q87 deletion may
result in a rupture in the a-helix stalk and the formation of 2
shorter a-helices connected by a short loop (Fig. 6A). Thus,
the long a-helix loses its rigidity and due to the loop formed
in the deletion site, the membrane-distal parts bearing the
dimerization surface can deviate from the main axis, which
can impair the mutual recognition and interaction of
the sensor module dimer subunits. The relative mobility of
the sensor module placing the PAS domain too close to the
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proximal PAS-like domain may alter the initial conformation,
which was optimal for the entry and high-affinity binding
of CK.

Alternatively, perhaps the long a-helix recovers along the
entire stalk, but its membrane-distal region above the dele-
tion zone rotates around its axis at an angle corresponding
to the 2 residues removed from the helix. As a result, the
strongly conserved amino acid residues involved in dimeriza-
tion move out of the interface. Therefore, it is no longer pos-
sible to form conserved bonds that play key roles in sensor
module dimerization. The amino acid composition of the
surface of the a-helix interacting with the ligand-binding
PAS domain changes as well, which can provoke conform-
ational changes in the latter, impeding the CK-receptor
interaction. Overall, our results underline the importance
of the indirect effects of the long a-helix on receptor-ligand-
binding activity.

PAL1 is required for maintaining CK homeostasis
The deficiency of in planta CK signaling has been shown to
alter CK homeostasis. In Arabidopsis, double or triple CK re-
ceptor mutants show significant increases in CK contents,
while single receptor mutants show similar or even reduced
CK levels compared with WT, as exemplified by the decrease
in iP levels in the ahk2-5 and cre1-2 mutants (Riefler et al.
2006). Another study with the moss Physcomitrium patens
revealed that the contents of active CKs including iP, tZ,
and dihydrozeatin (DHZ) were not markedly changed either
in double or triple receptor mutants (von Schwartzenberg
et al. 2016). These studies demonstrated a diverse impact
of CK signaling on CK homeostasis between flowering plants
and bryophytes. In rice, we detected a drastic decrease in CK
levels in the pal1 mutant (Fig. 8A), which is similar to that ob-
served in Arabidopsis ahk2-5 and cre1-2 mutants. Thus, we
propose that Arabidopsis and rice may share a conserved
but yet unknown feedback reaction to the inactivation of
CK receptors. Genes involved in CK biosynthesis and degrad-
ation were all upregulated in the pal1T mutant (Fig. 8, B to G).
Notably, the OsCKX2 transcript level was drastically increased
in the mutant (Fig. 8D), suggesting that the decrease in CK
content in the palT mutant results from CK degradation ra-
ther than reduced CK biosynthesis.

The hyperaccumulation of OsCKX2 transcript in the pall
mutant suggests that OsCKX2 could be a crucial downstream
gene of PALT. However, this result is unexpected, since CKXs
were reported to be induced by CK, and some of them can be
directly activated by type-B RRs (Werner et al. 2006; Gao et al.
2014). One possible explanation for the upregulation of
OsCKX2 is that the loss-of-function mutation of the receptor
caused an increase in CK biosynthesis as a negative feedback
response aiming to restore the signaling level. In fact, OsIPT1
and OsIPT4 were already reported to be negatively regulated
by CK signaling (Sakamoto et al. 2006). The increased expres-
sion of OsIPTs and LOGs in the pal1 mutant may trigger rapid
CK accumulation, which in turn provokes the strong induc-
tion and persistent expression of OsCKXs (particularly
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OsCKX2), ultimately leading to reduced CK content. This
may cause a further reduction of CK signaling, defective mer-
istems, and underdevelopment of inflorescences. To validate
whether OsCKX2 acts downstream of PAL1, a double mutant
of PALT and OsCKX2 needs to be created in the future.
Additionally, studies using diverse ohk mutants may provide
new insight into the interconnection between CK signaling
and homeostasis.

Exploring PAL1 genotypes for improving rice grain
yield

Although the mechanism of PALT in controlling inflorescence
development was basically deciphered, the potential of PAL1
for improving rice grain yield remains to be explored.
Haplotype analysis using a minicore rice germplasm (524 ac-
cessions) from the 3,000 Rice Genomes Project (Wang et al.
2018) revealed plentiful nucleotide diversity of PAL1, particu-
larly in the coding sequence (CDS) region. Based on these var-
iations, 3 major haplotypes (Hap1 to Hap3) were identified
(Supplemental Fig. 177A). Among these, Hap2 displayed the po-
tential for improving panicle size and yield (Supplemental Fig.
17, B to E). Since the marked effects of CKs on meristem activity
and inflorescence architecture have been revealed, more gen-
otypes harboring mutated CK receptor genes should be cre-
ated, especially gain-of-function variations. To date, only a
few gain-of-function mutants for CK receptors have been re-
ported. In Lotus japonicus, a mutation in the CK receptor
LHK1 triggered spontaneous root nodule organogenesis
(Tirichine et al. 2007). In maize, gain-of-function mutations
of the CK receptor ZmHK1 altered leaf morphogenesis
(Muszynski et al. 2020). In Arabidopsis, the repressor of cytoki-
nin deficiency2 (rock2) and rock3 mutants constitutively trans-
mit CK signals from AHK2 and AHK3 across the membrane,
resulting in enlarged flowers and increased seed yield
(Bartrina et al. 2017). Another gain-of-function mutation of
AHK3 delayed leaf senescence (Kim et al. 2006). Apart from
spontaneous mutations, several gain-of-function versions of
AHK were obtained in vitro using a PCR technique (Miwa
et al. 2007). Thus, the ability to manipulate the activity of CK
receptors opens up broad prospects for increasing the prod-
uctivity of crops, including rice.

Materials and methods

Plant materials and growth conditions

The pal1 mutant was isolated from a ®°Co y-ray radiation-
treated population of the elite japonica rice (O. sativa) var-
iety ‘Huaidao 5’. Plants were grown in paddy fields in
Beijing, Shandong, Jiangsu, and Hainan provinces, China, un-
der natural conditions. To collect samples at the seedling
stage, rice seedlings were grown hydroponically in ddH,O
or Yoshida nutrient solution (Coolaber) in a growth cham-
ber. The diurnal cycle was set to 12 h light and 12 h dark
(28°C) with ~150 umol m~?s™" white light and 60% relative
humidity.
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Analysis of plant anatomy

For SAM observation, SBs of 14-d-old seedlings of both WT
and the pall mutant were treated as previously reported
(Ma et al. 2017). SAMs were observed under an LSM700 con-
focal laser scanning microscope (Zeiss), and SAM sizes were
measured using Image). The excitation/emission wavelengths
for Hoechst 33342 staining of nuclei were 350/461 nm.

For SEM, young panicles were fixed in 3.5% glutaraldehyde
solution, dehydrated, dried, and sputter-coated with gold
(Zafar et al. 2020). A scanning electron microscope (Hitachi
S3400N) was used for observation, and IM sizes were mea-
sured using Image).

Map-based cloning

To generate the F, population for mapping, pal1 was crossed
with indica rice variety ‘Dular’. InDel markers were used for
primary and fine mapping. The candidate genes were ampli-
fied and sequenced from both the palT mutant and WT. The
primers used are listed in Supplemental Tables S1 and S2.

Bioinformatics analysis

Protein sequence alignment was conducted using ClustalW.
GENEDOC was used to show consensus sequences and for
shading. Three-dimensional modeling of the receptor sensor
domain was undertaken based on the X-ray structures of the
AHK4 sensor domain (Hothorn et al. 2011). Modeling of the
OHK4 receptor sensory module structures (WT and mutant)
was accomplished in Modeller 9.20 (Sali and Blundell 1993)
using the AutoModel class for comparative modeling. Best
models were selected from 200 buildings according to dis-
crete optimized protein energy (DOPE) score (Shen and
Sali 2006) calculated by Modeller. Additional structures of
the mutated OHK4 sensory module were obtained via ab in-
itio modeling using the IntFOLD5 server (McGuffin et al.
2019). After adding hydrogen atoms, best models were
energy-minimized in UCSF Chimera 1.14 (Pettersen et al.
2004) using an AMBER 14SB force field (Maier et al. 2015)
with 300 steps of steepest descent and 300 steps of conjugate
gradient; step size was 0.02 A in both cases.

RNA extraction and RT-qPCR

An RNAprep Pure Plant Kit (TIANGEN) and HiScript Il Q RT
SuperMix (Vazyme) were used for RNA isolation and cDNA
synthesis, respectively. RT-qPCR analysis was performed in
an Applied Biosystems 7500 Real-Time PCR System with
2 X ChamQ SYBR Color gPCR Master Mix (Vazyme), and
the data were calculated using the QmAAC quantification
method (Livak and Schmittgen 2001). The rice Ubiquitin
gene was used as an internal control. The primers used are
listed in Supplemental Table S3.

Vector construction and plant transformation

To generate the PALT complementation construct, the
8,802 bp genomic DNA fragment of PALT including the
2,525 bp sequence upstream of the start codon was
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amplified from the WT and cloned into the plant binary vec-
tor pCAMBIA1305.1 using an In-Fusion HD Cloning Kit
(Clontech). For the promoter-GUS vector, the 2,530 bp pro-
moter sequence of PALT was fused with the GUS reporter
gene. The TCSn promoter including 2 copies of TCSn1, a
mini 35S promoter, and TMV Q elements was synthesized
and subcloned into the pCAMBIA1305.1 vector (Zircher
et al. 2013). To knock out IPAT and homologs of PAL1,
the target of each gene was subcloned into the sgRNA inter-
mediate vector and then cloned into the destination
vector pYLCRISPR/Cas9P,-H (Ma and Liu 2016). For
overexpression of OsRR21, the OsRR21 CDS was cloned
into the pCAMBIA1305.1TUPFHN vector under the
control of the maize Ubiquitin promoter. To generate
ProlPA1:7mIPA1-GFP, the IPAT CDS was synonymously mu-
tated using a Q5 Site-Directed Mutagenesis Kit (NEB), fused
with GFP and driven by the IPAT promoter, as described pre-
viously (Jiao et al. 2010). The constructs were introduced into
rice calli via Agrobacterium tumefaciens-mediated transform-
ation (Hiei and Komari 2008). The primers used are listed in
Supplemental Table S4.

GUS staining

Different tissues were vacuume-infiltrated for 20 to 30 min in
GUS staining buffer (Jefferson et al. 1987). Following incuba-
tion in the dark at 37°C for 3 to 12 h, the samples were
cleared using an ethanol gradient to remove the chlorophyll
and then photographed under a stereomicroscope (Olympus
SZX16).

Subcellular localization

The PALT CDS was fused to the N-terminus of GFP and in-
serted between the CaMV 35S promoter and NOS polyA in
pCAMBIA1305.1. The primers used are listed in
Supplemental Table S4. The construct was coexpressed
with mCherry-HDEL (ER marker) (Nelson et al. 2007) in
N. benthamiana leaf epidermal cells. The fluorescence of
GFP and mCherry was observed under an LSM 700 confocal
laser scanning microscope (Zeiss). The excitation/emission
wavelengths were 488/507 and 580/610 nm for GFP and
mCherry, respectively.

In situ hybridization

For PALT, a 359 bp DNA fragment in the 3’-UTR was ampli-
fied and cloned into the pSPT18 vector. The fragment con-
taining the T7 or SP6 promoter was amplified and purified
for the synthesis of DIG-labeled sense and anti-sense RNA
probes. For other genes, the same method was used.
Sample fixation and in situ hybridization were performed
as described previously (Coen et al. 1990). The primers
used are listed in Supplemental Table S4.

CK response test

To test the responses of seedling roots to CK treatment, WT
and pal1 were grown in ddH,O supplied with various con-
centrations of tZ for 10 d in the growth chamber following
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2 d of germination at 37°C. For dark treatment, WT and pal1
were grown in Yoshida nutrient solution (Coolaber) to the
3-leaf stage in the growth chamber following 2 d of germin-
ation at 37°C. The middle portions of leaves were cut into
1 cm segments and incubated in the dark for 7 d in ddH,O
supplied with various concentrations of tZ. The chlorophyll
was extracted and measured on the 7th day as described pre-
viously (Arnon 1949).

CK-binding assay

The cDNA fragments encoding receptor sensory modules
(WT and mutant) with adjacent transmembrane segments
of OHK4 were inserted into the pB7FWG2 vector (Karimi
et al. 2007) where they were fused at the 3’-terminus to
the eGFP gene by GATEWAY technology (Thermo
Scientific). The primers used are listed in Supplemental
Table S4. The resulting constructs were transformed into
A. tumefaciens strain GV3101 and transiently expressed in
N. benthamiana leaves. Isolation of leaf microsomes and their
use to examine CK binding in radioligand assays (using
[*H]iP) were performed as described earlier (Lomin et al.
2015, 2018a). GFP quantification was performed using a spec-
trofluorometer (Shimadzu RF-5301 PC).

Quantification of CKs

CK contents in rice panicles (~0.5 cm) were measured using
a polymer monolith microextraction/hydrophilic interaction
chromatography/electrospray ionization tandem mass spec-
trometry method (Liu et al. 2010).

Split-ubiquitin yeast 2-hybrid assay

The PALT CDS was amplified from WT and pal1 cDNA and
cloned into the prey vector pPR3N and bait vector pBT3N.
The primers used are listed in Supplemental Table S4. The
prey and bait vectors were cotransformed into yeast
(Saccharomyces cerevisiae) strain NMY51 using a Frozen-EZ
Yeast Transformation Il kit (Zymo). Yeast media SD/-T/-L
and SD/-T/-L/-H/-A (Clontech) were used as permissive
and test medium, respectively.

Split-LUC assay

The PALT CDS was amplified from WT and the pall mutant
Cdna and then cloned into the pPCAMBIA1300-nLUC vector
(nLuc, N-terminal LUC) and the pCAMBIA1300-cLUC (cLuc,
C-terminal LUC) vector. The split-LUC assay was performed
in N. benthamiana leaves (Chen et al. 2008). The primers used
are listed in Supplemental Table S4.

Y1H

Y1H assays were performed using the Matchmaker Gold
Yeast One-Hybrid Library Screening System (Clontech) fol-
lowing the manufacturer’s instructions. Probes containing
the TGGGCC motif in the PALT promoter and probes con-
taining CK response elements in the IPAT and OSHs promo-
ters were synthesized (Genewiz) and inserted into the pAbAi
vector using T4 ligase (NEB). The resulting pAbAi vector was
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linearized with BstBl and transformed into yeast strain
Y1HGold to generate a bait-specific reporter strain. The
CDS of IPA1, PCF1, PCF2, and OsRRs were separately cloned
into the pGADT7 vector, and these vectors were transformed
into the bait-specific reporter strain. The yeast cells were pla-
ted on SD/-Leu medium (Clontech) containing a certain con-
centration of AbA (Coolaber). The probe containing the
mutated motif was used as a negative control. Total proteins
were extracted from yeast cells using a yeast total protein ex-
traction kit (Solarbio, BC3780), and the expression of all prey
proteins (GAL4 AD-IPA1, GAL4 AD-PCF1, and GAL4
AD-PCF2) was detected using anti-GAL4 AD antibody
(YM3410, 1:3000, ImmunoWay). The primers used are listed
in Supplemental Table S5.

Transcriptional activity assay

To generate the effector constructs, the CDSs of IPA1, PCFT,
PCF2, or the IPAT:PCF1:PCF2 fusion gene were cloned into the
pAN580 vector, while the CDSs of OsRR21, OsRR22, and
OsRR23 were cloned into the pCAMBIA1305.1 vector. The
1.8 kb promoter fragment of PALT and IPAT was cloned
into the pGreenll 0800 vector to drive the LUC reporter
gene. The primers used are listed in Supplemental Table Sé.
For the transcriptional activity assay of IPA1, PCF1, and
PCF2, the corresponding reporters and effectors were coex-
pressed in rice protoplasts as reported in Yoo et al. (2007),
while for the OsRR transcriptional activity assay, the
corresponding reporters and effectors were coexpressed
in N. benthamiana leaves as described above. The
Dual-Luciferase Reporter Assay System (Promega) was used
to measure LUC and Renilla (REN) activity.

ChIP-qPCR assay

The ChIP-gqPCR assay was performed as described previ-
ously (Fang et al. 2021). Approximately 1.5 g seedling
shoots of the ProUBI:HA-OsRR21 overexpression and
ProlPA1:7mIPA1-GFP plants were cross-linked with 1%
(v/v) formaldehyde and ground into a fine powder in li-
quid nitrogen. The chromatin complexes were isolated
and sonicated into 0.2 to 1.0 kb fragments and incubated
with anti-HA (ab9110, 1:500, Abcam) or anti-GFP (598,
1:500, MBL) antibodies. IgG (AC005, 1:500, ABclonal) ser-
um was used as a negative control. The immunocom-
plexes were collected using Protein A agarose beads
(Coolaber). Finally, the immunoprecipitated DNA was re-
covered after washing, elution, and reversing the cross-
linking. The extracted DNA samples from input, ChIP
with antibody, and ChIP with 1gG serum were used as
the template for ChIP-qPCR. The absolute enrichment
of specific regions in the PALT and IPAT promoters was
quantified as the ratio of ChIP to input. The relative en-
richment was then calculated by dividing the absolute en-
richment value of ChIP with antibody by that of ChIP
with 1gG serum. The primers used are listed in
Supplemental Table S7.

€202 1990J00 LE UO Jasn (SyyD) S80UsIdg 21Ny noLby Jo Awepeoy asaulyd Aq 4€Z10€2/.GZPEON/I1921d/E60 L 0 L/10P/9[oIE-99UBAPE/||92]d/WOo0"dno-ojwapese//:sdny Wwoly papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad257#supplementary-data

Cytokinin regulates rice panicle size

In vivo phosphorylation assay

The CDS of the OsRR21 RR domain was cloned into the
pRT105-myc vector (the primers used are listed in
Supplemental Table S4) and transformed into rice proto-
plasts. After overnight incubation, 100 um cycloheximide
(CHX) and 5 um 6-BA were added to the protoplasts, fol-
lowed by one more hour of incubation. The protoplasts
were then collected gently and lysed in extraction buffer
(10 mm Tris-HCl, pH 7.5, 150 mm NaCl, 0.5% Nonidet P-40)
supplemented with 1 mm phenylmethanesulfonyl fluoride
(PMSF), 1% protease inhibitor cocktail (Roche). To confirm
phosphorylation, 1% CIP cocktail (Roche) was applied.
After 15 min incubation on ice, the lysate was centrifuged
at 12,000 rpm and 4°C for 5 min, and the supernatant was
used for SDS-PAGE. To generate the Phos-tag gel, the
SDS-PAGE gel was supplemented with 200 ym MnCl, and
100 um Phos-tag (WAKO). After electrophoresis, the gel
was treated with EDTA to remove MnCl,, as described in
the Phos-tag handbook. For immunoblotting, anti-myc anti-
body (M192-3, 1:4000, MBL) and goat antir-rabbit and mouse
IgG-HRP (M21003, 1:3,000, Abmart) were used. The same
samples were used for routine SDS-PAGE and immunoblot
analysis to check for equal loading.

Haplotype analysis

The genotype data of PALT in 524 rice accessions were ob-
tained from the 3,000 Rice Genomes Project (https://www.
ncbi.nlm.nih.gov/sra/?term=PRJEB6180) (Wang et al. 2018).
The heterozygous alleles were eliminated. The panicle traits
were measured after harvest.

Statistical analysis

The statistical significance of differences was evaluated by
Student’s t test and 1-way ANOVA followed by Turkey’s mul-
tiple comparison test using GraphPad Prism 8 (Supplemental
Data Set S1). “*” and “**” indicate the significant differences
at P <0.05 and P <0.01, respectively. The different letters
above the histogram indicate the differences at P < 0.05.

Accession numbers

The mentioned genes and their sequence information can be
found in Rice Genome Annotation Project (http://rice.
plantbiology.msu.edu/) under the following accession num-
bers: OsHK4/OHK4 (LOC_0s03g50860, MW533262), OHK3/
OsHK5 (LOC_Os10g21810), and OHK5/0sHK6
(LOC_0s02g50480). The accession numbers of other genes
are listed in Supplemental Tables S3 and S5.
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