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Summary

In rice, inflorescence architecture is establishéearly stages of reprodueti
development and contributes directly to grain yiptitential. After induction of
flowering;the complexity of branching and therefdhe number of seeds on the
panicle‘are determined by the activity of differeméristem types and the
timing oftranstions between them. Although some of the geneslugebin

these transitions have been identified, understagdf the network of
transcriptional regulators controlling this procéstacking. To address this, we
used a'precise laser microdissection &NA sequencing approach @ryza
sativasspgjaponicacv. Nipponbare to produce quantitative data theatcdide
the landscape of gene expression in four diffemaetistem types: the rachis
meristem, the primary branch meristem, the elongaprimary bragh
meristem (including axillary meristems) and theksgpet meristem. A switch in
expression profile between apical and axillary meim types followed by more
gradual changes during transitions in axillary nserim identity was observed,
and a number adenes potentially involved in branching were idé@at. This
resourcewillbe vital for a mechanistic understargdof the link between

inflorescence development and grain yield.
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Introduction

Agricultural development is essential to ensuredfpooductionand security for
a growing population (Borlaug, 2007). Rice is apdéafood for over half the
world's pepulation, including many developing couies. A sustainable increase
in the production of rice under the constraintaa@hanging climate and
diminishing water and land availability will require plsnwith improved grain
outputymaking the establishment of higield rice varieties a goal of modern
breeding programs (Pereg al, 2008). Rice yield is a complex trait influenced
by genetic and epigenetic factors, and is progvedsdefined during the life
cycle ofthe plant, first during the vegetative geawhere the number of fertile
tillers is'established, and then during the repradde phase and graifilling
phase (Iked&t al, 2004).

The braached inflorescence ofrice is a compound racernassdied as a
panicle, and s composed of a rachis (the main)agismary branches, higher
order branches, and spikelets. The number of seedbe panicle is influenced
by thescomplexity and arrangement of branches gmkkgets. The
establishement and activity of apical and axillargristems conditions
branchingsinstwo phases during the early staggsafcle development: the
timing of rachis meristem abortion determines thuenber of primary
branchespwhilst the transition of indeterminate brancéarmtems to
determinate spikelet meristems specifies the comifylef branching. After
spikelet differentiation, branching complexity is€d and the rachis and
branches elongate rapidly and heading 8owering occurs (Ikedat al,

2004). The landscape of gene expression is a chematc that differentiates
meristem types and is involved in the control ofrleeem identity transitions.
Mutant analyses and mapping of quantitative trat have idetified a number
of genes required for the initiation and developmeipanicles, as well as genes
controlling the number and size of grains and pasi¢Xing and Zhang, 2010;
Wang and Li, 2011). Some ofthese genes are indolvehe patterning of
axillary meristems and panicle branching, such as tloéeauregulatory factoer
encoding geneSIONOCULM 1LAX PANICLE landLAX PANICLE 2Wang
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and Li, 2011). Alarge set of genes related todlatevelopment, which may also
affect panicle architecture, has been identifiedsfvida and Nagato, 2011),
some of which may have been under selection dudrgestication or are
associated with crop improvement in Asian rice (Kand Zhang, 2010; Het

al.,, 201LsWang and Li, 2011; Xet al, 2012; Ikedeet al, 2013).

Understanding the events during development thé&graeine panicle
characteristics such as branching complexity asglasticity will be vital for
sustain@able improvement of rice yield potentialngsiargeted breeding
programs:Despite advances in the characterizatiamdavidual genes and their
interactions, a complete understanding of the colrdf panicle morphology
and grain.yield will require mechanistic studiepkining the interactions of
gene regulatory network components with eadieotand with the environment
(Azpeitiaetal, 2013). One step towards this goal is to descttiwedifferences

in gene-expression between different meristem tyhasng development. In
this article, we describe the measurement and amsadf genomevide
expression’in meristematic tissues from the eadgss of panicle development
in Oryzassativassp.japonicacv. Nipponbare, using a precise laser

microdissection and RNA sequencing approach.

This article is protected by copyright. All rights reserved



92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

113
114
115
116
117
118
119

Results

PANICLE MORPHOLOGY AND SAMPLING FOR LASERMICRODISSECTION

In rice, the start of the reproductive phase anlidseguent initiation of
inflorescence development involves fast morpholabicansformations
(described by Ikedat al, 2004). A detailed histological analysis of rice
infloresecences was performed to select four morpgichlly distinct
inflorescence meristem types for laser microdissec(LMD). After
differentiation of the flag leaf, the first stagereproductive deglopment is the
conversion of the shoot apical meristem (SAM) te thchis meristem (RM).
The first bract primordium was produced opposite tlag leaf (Figure 1a). After
the establishment of the RM, some cells differetetiato primary branch
meristem(PBM) in the axils of newly developed bracts (Figulb). After the
formation of primary branches, bract growth ceaand primary branches
elongated*(ePBM) (Figure 1c). During primary braretbngation, the PBM can
give rise to axillary meristems (AM), vikh may differentiate into secondary and
higherorder branches or be converted directly to spikeletistem (SM). For
this analysis, SM differentiation was consideredlesfinal stage of panicle
development (Figure 1d). The PBM and secondary bhhanerstem (SBM) are
both converted to a terminal SM. Each terminalxtary SM produces one
floret meristem (FM), which differentiates into mgle floret. The RM, PBM
and ePBM/LAM stages are the indeterminate stagadich meristematic cells
are maintainé, whilst the SM has a determinate fate in whica sihem cell
activity willFbe lost and from which florets williferentiate (Ikedaet al, 2004).

GENOME=WIDE EXPRESSION ANALYSIS OF INFLORESCENE DEVELOPMENT IN RIGE

To investigate gene expression during the develaptoéthe rice inflorescence,
LMD was"tsed to collect meristematic tissues frdra RM, PBM, ePBM/ AM

and SMof early panicles (Figure-1¢. RNA isolated from the meristem samples
was amplified and used to produce cDNA librariesdequencingRNA input

for amplification was between 2.3 and 79.6 ng amelaverage RNA integrity
number (RIN) was 7.2 (Table S1). Initially, two logical replicates were

prepared for each stage, but after performing a@pial components analysis
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(PCA) on transformed expression values, two libeatihat were produced from
degraded RNA (RIN < 6.5) were excluded from thelgsia (Figure S1).
Following this, further samples were prepared tovyite a total of three
biological replicates with intact RNA (RIN 7) for each meristem type. Asingle

sequencinglibrary was produced from each bioldgieplicate.

At least:53-million singleend, 50base reads were produced from each library,
yielding between 16 and 40 million uniquely mappedds within genes, after
excluding reads likely to have originated from rRNA atiRNA. Using strict cwt
offs for gene expression, 11652 unique genes wetealed in two or more
libraries from at least one stage (Data S1). Asediminary assessment of the
RNA sequencing (RNAseq) results, the qualitative gmantitative expression
of 20 geneswere compared with previously repopatierns. 16 of the 20
genes were‘detected in two or more libraries frarieast one meristem type in
the LMD'dataset (Figure S2 and Table S2). The esgio@ of a further four
uncharacterized genes that were detected in specdristem types by RNAseq
was confirmed by RNAn situ hybridization. Each of the four genes was
detected.in the same meristem types by both metkeidsre 2). These results
suggesthat the tissues used for RNA sequencing wererately dissected and

represent the intended meristem types.

PATTERNS OF GENE EXPESSION DURING INFLORESCENCE DEVELOPMENT

To recaver common expression patterns, read cowate transformed using
the variaeestabilizing transformation (VST) included in tbeSeq2 software
package (Lovet al, 2014). Detected genes were ranked by varianad, an
standardized, VSTransformed read counts for the 3884 genes withhtigbest
variance (33% of expressed genesjeavelustered using the fuzeymeans
algorithm=implemented in thefuzz package (Kumar and Futschik, 2007). To
determine the number of cluster corel the minimum distance between
cluster centroids, the formation of empty clustensd PCA plots of clugr
members were monitored for clusters produced withlues between 2 and 25
(Figure S3), leading to the use of eight clustaresaFigure 3). Several common

patterns were recovered by clustering: genes thaeiase or decrease in
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expression steadilguring development (clusters 1and 4), genes thahge
expression between the apical meristem (RM) antlaayximeristem (PBM to
SM) samples (clusters 7 and 5) and genes that ahaxgression gradually over
the course of changes in axillary meristemntgy (clusters 6 and 2). There
were alsestwo weaker clusters containing fewer gemdich had complex
expression patterns involving changes in exprespnicular to the PBM
(clusters/37and 8).

DYNAMIC EXPRESSION OFTRANSCRIPTION FACTORFAMILIES

Examinmation of the clustered genes suggested that trgvtsmn factor (TF)
genes were overrepresented in most clusters (D&AtaUsing lists available in
the Plant.Transcription Factor Database (PdRedriguezt al, 2010), geneset
enrichmentanalysis (GSEM&as used to provide an overview of expression of
transcription'factors and other regulators in theristem samples (Figure 4).
Unlike softeelustering, which was used to group gebased on shared
expression dynamics, this analysis was used tositiget the overall strength
of expression of the families based on kdgld changes (kFC) in read count of
their members. The most pronounced change in espre@ppears to occur
between'the RM and branch meristem samplestbie change from apical to
axillary meristem). Several families (including ABI3vVRAhd GROWTH
REGULATING FACTOR TF genes and Aux/1AA genes) arenma highly
expressed,in RM than in the other meristem typastAer group, including
MYB and SBP TF genes and SET and PHD regulator genas enriched in one
or both.ofthe PBM and ePBM/AM samples but depledediot enriched in the
RM samples:

Homeodomain genes are involved at various stagpsaoft development and in
severalfhormone response pathways (Chiaal, 1998; Himmelbacket al,

2002, Saweet al, 2002). The expression of this family in infloresce
meristem types was explored in greater detail usilhgatmap of scaled,
transformed read counts. Hierarchical clusterintheftransformed counts
recovered five prominent groups of expression (Féghbl). In general, there was

no clear relationship between homeodomain subfaanly expression pattern.
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180 However, there was an apparent enrichment of dN$tD-Zip genes with
181 lowest expression in the RM, a peak in indetermenamtillary meistems and

182 then a gradual decrease during axillary meristeamsitions.
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Discussion

Several previous transcriptomic studies have meaggene expression in
whole rice inflorescences at later stages of dgumlent than those described
here g.g-Wanget a., 2010; Sateet al, 2011; Sharmet al, 2012; Khandagt

al., 2013; Jiangt al, 2014). Another study used microarray experimextts
earlier stages to highlight the importance of trai®ion factors in panicle
development (Furutaret al, 2006). LMD has also been used for precise control
of developmental stage during the collection of Yehmanicle sections for
microarrays/Kobayastet al, 2012). This identified three MADS genes, which
are members of th e QUAIlke (FUL-like) clade, that are cexpressed with
PANICLE PHYTOMERZPAP2Z MADS349, and a quadruple knockdown of
these four genes resulted in defects in infloreseedevelopment (Kobayaséi
al., 2012). All four genes were detected in all staigeshe RNAseq dataset
presented in this artici@®ata S1), confirming their expression in reproduet
meristems..In contrast to previous transcriptonetasgets, only the
meristematic regions of young panicles were codddby LMD for the RNAseq
analysistdescribed here, to restrict the measurémfgene expression to those

tissues.

SWITCH IN GENE EXPRESION BETWEEN APICALAND AXILLARY MERISTE MS
Clustersibsand 7 contain genes that change in aspoe between apical (RM)
and axillarymeristems (PBM to SM). Axillary merésh initiation requires
auxinsynthesis and transport Arabidopsis thalianand maize (reviewed by
Gallavotti, 2013), and excess auxin may be inatégay conjugation to amino
acids by GH3 enzymes (Staswiekal, 2005), but these processes are not as
well understood in rice. Clusr 7 contains the auxin response facd&®F6Aand
the small auxinup RNASAUR33 as well as two ABC transporteraAl(Sland
MDR12), while the complementary cluster 5 contains fancharacterized
geneswith annotations relating to auxiAA10 andIAA16, two auxin
responsive transcriptional regulatoABCB27 an ABC transporter; and
LOC_0s01g63770an AUX/LAX transporter), and the GH3 gene related

auxin homeostasi§gH3-8. Transgenic rice plants presumably expres$ig-
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8 in the endogenous patternEfO-LFY HOMOLOG OF RICERFL) (i.e. PBM
and SBM; IkedaKawakatsuet al, 2012) have smaller panicles with fewer
branches (Yadaegt al, 2011), and GH3 conjugates amino acids to auxm
vitro (Ding etgal, 2008), suggesting that the panicle phenotype beaselated
to reducedsauxin signalling. Although auxin respeiffesctors and Aux/ |AA
response genes are generally more strongly expdestsearlier stages (Figure
4), the presence of auxirelated genes in complementary clusters suggests th
the transeripional effects of auxin signalling are dependentnoeristem type.
Understanding of the relationship between auxin aretistem specification
will require functional analysis of the componewnfgshe regulatory network
involved in the response in thesesues.

Two STMADS 1dike (SVRIlike) MADS genesMADS22andMADSS55 decrease
in expression between PBM and SM, whilst the t{ivdADS47 was not
detected«(Figure 6aMADS22andMADS55are activated by th&l-Like

(G1L/ ALOG) transcriptional activato&1L5 (TAWAWALTAW ), but activation
of MADS47has not been reported (Yoshidhal, 2013). Overexpression of
TAW linereases the production of secondary branchedeaus to the
formation of tertiary branches, resulting in higlggain yield (Yoshidaet al,
2013). TAW lwas recovered from the same clusteMasDS55 and the presence
and ceexpression of genes that are involved in infloreseedevelopment along
with other JIF genes indicates that the clusterdwepbiologically meaningful
groups'of genes, including uncharacterized signgliomponents. Only three
ALOG genes«(which are annotated with the Pfam donRi04852) were
detecteduinsthe dataset. Two were retrieved fromsters 5 and 4G1L2and

TAW iIrespectively), and the third5L1 has a similar exm@ssion pattern
(Figure 6b)taw1lmissense mutants have small inflorescences withhced

grain yield, but this phenotype was stronger wié\WV lwas targeted by RNA
interference (Yoshidat al, 2013). This may suggest functional redundancy
between thesthmecoexpressed ALOG geneGlL]1 G1lL2andTAW 1 with more
than one affected by the RNAI construct used agaidsV 1 Although the
increase in secondary branches linked AN loverexpression suggests that it

acts by suppression of SM identity, perhaps via sineam factors that may
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promote BM activity such as tf®TMADS ke genestaw 1plants also have
fewer primary branches (Yoshicd al, 2013), and the peak expressiontihe

RM of G1L] G1L2, TAW1MADS22andMADS55suggests an additional role
before the transition from apical to axillary meem. The difference in
expressionwof annotated transcription factor germetsveen RM and PBM
samples.and the recovery ofeapression clusters of primarily uncharacterized
genes thatappear to be either switched on oreifiben the RM and the PBM
indicate assignificant change in gene expressianvben apical and axillary

meristems.

GRADUAL GHANGES IN EXPRESSION DURING TRASITIONS IN AXILLARY MERISTEM
IDENTITY

Compared.to the switch from apical to axillary ns¢eim, more gradual changes
in genesexpression were apparent during the sedgaiénansition from PBM to
SM (Figure=8). This transition corresponds to tlequasition of deérminate fate
by the axillary meristem. The enrichment of MADSh@gs in the SM sample and
their overrepresentation in cluster 6 is consisteilh their involvement in
flower development in rice and other plants (Figdre.g.Kyozuka and
Shimameoto, 2002Nagasawat al, 2003; Yamaguchet al, 2006; Yacet al,
2008; Dreniet al, 2011, the role of MADS genes in Arabidopsis flawe
development was reviewed by Prunet and Jack, 20i8).recent studies IA.
thalianaand the domesticated toma®glanum lgopersicum used an LMD
and RNAseq approach to investigate inflorescenceld@ment (Parlet al,
2012; Mantegazzat al, 2014). These two datasets were used with thesgata
presentedsin:this article to compare the expressidhe MIKC®-type class of
MADS=box'genes (Henschet al, 2002), suggesting several differences
between the,species (Figure S4; Methods S1)halianaAGL6is the only gene
from theAGLG6-like clade that is more highly expressed in indetegrate
meristems than determinate merist® aglé mutants have fewer axillary buds
on the inflorescence stem, suggesting th&L6 promotes axillary meristem
formation (Huanget al, 2012). The rice genes from tA&L6-like clade MFO
(MADSH andMADS17 redundantly promote floral meristem detenancy
(Ohmoriet al, 2009), and are correspondingly enriched in deieate
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meristems. Expression of the putative tomAfL6-like gene
SOLYC01G093960.8 also enriched in determinate meristems, suggggtiat
the role ofAGL6In axillary meristem formtion may be specific to the
Arabidgpsis lineage. In contrast, consistent whhit functions in floral organ
specification, in rice and. thaliang genes in th&GL2-like clade are generally
more highly€expressed in determinate meristelffs?2, which wasstrongly
expressed-at all stages with higher expressioméRM and PBM (Data S1),
acts withranotheAGAMOUSLIKE2-like (AGL2-like/ SEPELLATA MADS
gene LEAFY HULL STERILE (LHSYMADS), to specify floral organs (Gaat
al.,, 2010).pap2mutants also have altered primary and secondanydira
number, suggesting an earlier role is spikelet sterm specification (Gaet al.,
2010; Kebayashet al, 2010).LHS1 which is involved in floral meristem
determination and floral organ developméaéonet al, 2000; Agrawakt al,
2005),was enriched in the SM (Figure S4).

The strong enrichment of SQUAMOSA promoter bindprgtein-like
(SPL/SBP)'genes in the PBM and their presenceuster 2 suggests
involvement in the early stages of infloreace developmenWEALTHY
FARMER'S PANICLEW FFP SPL14or IDEAL PLANT ARCHITECTURE
VIPA]), SPL3 SPL12andSPL17are all highly expressed in the RM and PBM,
gradually decrease in expression and have weakpsession in the SM (Figure
6C), suggesting a rechdant function in indeterminate axillary meristerfibese
genes are all putative targetsnofR156 a microRNA that causes reduced
paniclesizesand delayed flowering when overexpedgXieet al, 2006; Wang
et alx2015)mandPLgene expression is camtled bymiR156andmiR529
(Jeongetal;2011; Wanget al, 2015). The precursor for another microRNA,
MIR319A was recovered from the same cluste6& 3andSPL12and has a
similar expression pattern to these gergfl.17andW FP(Figure 6c). InA.
thaliana miR319atargetsTEOSINTE
BRANCHEDBCYCLOIDEAPROLIFERATING CELL FACTORECP)
transcription factors and is involved in floral amgdevelopment (Palatnét al,
2003; Naget al, 2009). No direct interaction witBPLgenes or role in

reproductive @velopment has been reported mrR319ain rice.
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Overexpression oV FP, which was detected by situ hybridization
experiments in the RM and branch meristems in syjde plants, is associated
with increased branching and grain yield (J&@l, 2010;Miura et al, 2010).
WFP binds te the promoter region and appears tgeayregulation of the
DENSEAND ERECT PANICLE(DEP]) gene (Luet al, 2013), which is present
in cluster 3. and encodes a major QTL for grain pratn and panicle
morphoelogyin higp-yield O. sativassp.japonicavarieties. Probable lossf-
functiondepdmutants have larger SAMs with higher cell numberd aeduced
expression of a cytokinin oxidase gel&R AIN NUMBER 1AGN 1A CKX2)
(Huanget al, 2009). WFP also binds to the promoters of gehes are
involved in the determination of inflorescence atehture via the cytokinin,
auxin andsgibberelic acid pathways, includiB@NELY GUY ILOGJ), PIN
PROTEIN:1BandSLENDER RICEfespectively, suggsting a role in the
coordination of hormone signalling (let al, 2013).

Ahomalog ofLOG1 LONELY GUY LIKE PHOSPHORIBOHYDROLASE 1
(LOGLYJ), ispresent in cluster 1 with genes that incraasexpression between
RM andsSM. In rice, cytokinins may increaseanching complexity by
promoting IM or BM activity (reviewed by Haet al, 2014). The LOG1 enzyme
converts cytokinin nucleotides to the active foimvitro, andloglmutants have
lower expression of two cytokinimducibleRESPONSE REGULATCOdenes,
reaulting.in,early termination of BM and IM and smalnicles with small
SAMs and branching defects (Kurakaetal, 2007). Similarly, reduced
expression=oGN 1A which encodes an enzyme that inactivates cytokiisin
assogciated.with increased grain prodaetin several higkyield O. sativassp.
indicavarieties (Ashikaret al, 2005). AlthoughGN 1Atranscripts were not
detected in this LMD dataset (Figure 6d), thesailtsssuggest that an increase
in active cytokinin is associated with grain yiedé aneffect on meristem
activity®™However, the function of theONG AND BARBED AWN1
(LABAYLOGLG6E An-2) gene provides evidence for an inverse role. TABA1
protein present i©. rufipogon which shares an identical primary sequence
with the protein fromO. saiva ssp.japonicacv. Nipponbare, also activates
cytokininin vitro (Guet al, 2015; Hueet al, 2015). Introduction of theabal
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338 allele fromO. rufipogoninto anO. sativasspindica background, which

339 contains a noffunctionallabalallele, results in &igher concentration of

340 endogenous cytokinins and higher expressioRBSPONSE REGULATOR

341 genes (Huatal, 2015), but reduces the number of grains per gamicd the
342 number.ofiillers per plant (Get al, 2015).labalis a domestication allele

343 found ahigh frequencies in cultivated accessions, impdyihat it was affected
344 by artificial'selection either for awn phenotypegrain yield (Guet al, 2015;

345 Huaet aly20415).LABAlwas detected in the ePBM/AM and SM samples but
346 notthe/ RM or PBM samplealthough the function of LOGL1 has not been
347 reported, the expression patternd 8&BAlandLOGL1suggest increasing

348 cytokinin activation along the course of axillaryenistem determination (Figure
349 6d). Suchrazsmechanism would support a cytokinincfion secondary to the
350 maintenanee of IM and BM, but it is not clear hdvistwould influence

351 meristem dentity or panicle branching at the molecular leyetype-A

352 RESPONSE'REGULATORRSJ is present in cluster 5 (containing genes more
353 highly expressed in RM), highlighting the possibemplexity of the roles of

354 cytokinins in inflorescence development.

HOMEODPOMAIN GENES AND MERISTEM IDENTITY
355 loglmutants also appear to have redueEIMEOBOX 1(OSH2J expression
356 (Kurakawaet al, 2007).0SHlencodes a classKnottedlike homeobox
357 (KNOX) hemeodomain transcription factor, and the expimssf class IKNOX
358 genesin meristems in the developing inflorescenceleen detected by situ
359 hybridisation: (Sentoket al, 1999).oshImutants have defects in SAM
360 maintenanee during vegetative growth and lower egpion of otheKNOX
361 genesyandexpressionkKiNOXgenesan be induced by cytokinin treatment
362 during shoot,regeneration (Tsudgal, 2011). Another classHNOXgene,
363 HOMEOBOX 150OSH15 is expressed in a similar pattern@&H 1(Figure 5),
364 as previously reported i@®. sativacv. Nipponbare (Satet al, 1998), and a
365 third, OSH@Gwhas a peak in expression in the RM and PBM (Feda)r OSH1
366 bindsto the upstream region of t&&H 15locus, andoshl osh1%louble-
367 mutants have lower induction OiSH6after treatment with cytokinin (Tsudz
368 al.,, 2011), supporting eole of KNOX genes in the response to this
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phytohormone. The higher expressiomr08H1andOSH15in indeterminate
axillary meristems is compatible with a functiontime promotion of BM

identity. InA. thaliang cytokinin promotes the expression of thentendomain
geneWUSCHEL which itself enhances cytokinin signalling (Leilefd et al.,
2005; Lindsa)et al, 2006; Gordoret al, 2009).wox1plants carrying a likely
null mutation in the rice ortholog WUSCHEL WUSCHELLIKE

HOMEOBOX (WOX1IWUS (Nardmann and Werr, 2006), have defects in
axillarysmeristem formation and lower expressiorO&H1(Tanakaet al,
2015).WOX1was not detected in the meristem tissues desctileed, but
anotheWWUSCHEL homeobofW OX) gene WOXS§ has a peak in expression in
RM, and a thirdLOC_0s01g70810is predominantly expressed in the RM and
PBM (Figure=5). Although these results and previetisdies support a role of
KNOX andWOXgenes in the maintenance of indeterminate meristemtity,
possibly coordinated by phytohormone signallingrewwork is required to

elucidate™this mechanism.

In A. thaliang class Il homeodomatteucinezipper (HDZip) genes are
involvedsin meristem initiation and regulation (§geet al, 2005). The class Il
HD-Zip.geneREVOLUTAIs required for axillary meristem formation (Talbett
al., 1995; Otsugeat al, 2001). Seven of the nine annotated class III-EP
genes inO. sativawere detected (Figure 5), including two homologs of
REVOLUTAHOX9andHOX10 (Prigge and Clark, 2006), which are both highly
expressed in the RM. Three class IV Hip genesRICE OUTMOST CELL
SPECIFIC:GENE [ROC), ROC3andLOC_0s09g35760were recovered in
clustersfmeontaining genes that had lowest expoess the RM and higher
expressionin the samples from axillary meristemseFf the eight detected
class IVHDZip genes and several genes from other homeobosigsdes,
includingOSH1 also follow this pattern (Figure &Jea may<lass IV HDZip
genesrare expressed in the@utell layer of the SAM and transgenic
overexpression dDUTER CELL LAYER delays flowering (Javellet al, 2011;
DepégeFargeixet al, 2011). In rice, several class IV HEOp genes have been
detected in the vegetative SAM bysitu hybridisation (Itoet al, 2003), but

their role in axillary meristems in the developimdlorescence has not been
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explained. There are also smaller groups of homegeoes that peak in
expression in the SM or RM samples, suggesting iplelroles and possible

redundancyor homeodomain proteins during inflorescence depsgient.

CONCLUSION

The molecular mechanisms controlling the meristamadtivities that guide
paniclesdevelopment in rice remain largely unchéeeazed. The dataset
presented;here addresses this by dbsug both the transcriptome profiles
associated with specific meristem identities anel ¢hanges in gene expression
that occur'during the early stages of panicle dgwelent. A marked expression
switch was evident between apical and axillary etems, 6llowed by gradual
changes.during transitions between PBM and SM. Thidd be explained by
the difference between the fates of the rachis stem, which aborts after PBM
differentiation (lkedaet al, 2004), and the axillary meristems, which undergo
transitionstordeterminate SMs. The latter process m@gomparable to the
gradual meristem maturation observed during tommaflorescence
development (Parkt al, 2012), rather than to the continual production of
determinate floral meristems characterigtiche Arabidopsis inflorescence
meristem’. Promising uncharacterized genes weretifiesh, notable examples
including transcription factor genes with expresspatterns similar to known
regulaters of panicle architecture, and putativenhonerelated gees such as
the auxinresponsive genes. Functional studies of these geilagveal the
mechanics of the regulatory networks that estaldsine expression patterns in
meristemss=and their control by hormone signalli@gnes with expression
specificto.@rtain meristem types were also identified, whicaAynprove
valuableras'marker genes, for example in developalestudies of mutants
affected in determination of reproductive meristelantity. Combined with
current'technology for the creation of mutastseh as CRISPR/Cas9 genome
editingythis dataset promises to accelerate retean the molecular
mechanisms, controlling panicle development, which vital for efforts to
achieve the sustainable increase in grain yieldimegl to address population
growth.
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Experimental procedures

PLANT MATERIAL AND SAMPLING

O. sativasspjaponicacv. Nipponbare plants were grown in a growth chambe
with 70%.relative humidity at 30°C during the daydh26°C at night. After 7
weeks in_long day conditions (14 hours ligirtd 10 hours darkness) plants were
transferredsto short day conditions (10 hours lightl 14 hours darkness) to
induce fleraktransition. Inflorescence meristemesreharvested from 6 to 14

days after the change of photoperiod.

MORPHOLOGICAL ANALYSIS

Panicles.were harvested in FAA (formaldehyde 10&étia acid 5%, ethanol

50%), infiltrated under vacuum for 15 minutes, €@overnight at 4°C and
embedded-in paraffin as described by Huijseal.(1992). Tissues were cut into

8 um seetions using an R\M55 microtome (Leica), mounted on glass slides and
stained'with 0.5% w/ v toluidine blue for observatioith an Axiophot D1

microscope’(Zeiss) and image capture with an AxinddRc 5 camera (Zeiss).

TISSUE EMBEDDING LASER MICRODISSECTIOI AND SEQUENCING

Each inflorescence was harvested in 2 ml-éodd 3:1 ethanol:acetic acid
fixativesolution, infiltrated twice under a mildaguum for 15 minutes and
stored for 20 hours in fresh fixative at 4°C. Emtdady for dissection was
performed as described by Manézgaet al.(2014). Tissues were cut into 8 um
sections.on.an RM2155 or RM2255 microtome (Leiaad @issected on a
LMD6000 or LMD7000 laser dissector (Leica). RNAwasm plified using the
ARCTURUS.PicoPure RNA Isolation Kit (ThermoFishamnd assayed onZl00
Bioanalyzerwith the RNA 6000 Pico Kit (Agilent) et amplification and
cDNA synthesis with the Ovation RN8eq System V2 (NuUGEN). Library
preparation with the Ovation Ultralow Library SytgiduGEN) and 56base,
singleendsequencing on the HiSeq@Dplatform (lllumina) were performed
by IGA Technology Services (Udine, Italy).
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RNAIN SITUHYBRIDIZATION
455 Samples harvested from the main stem from four tgweental stages of
456 panicle development were embedded in ParaplaBRX (SigmaAldrich) as
457 descrbed byHuijsert al.(1992). Digoxigeninlabelled antisense and sense
458 RNA probes were generated with the DIG RNA LabelkigSP6/T7 (Roche)
459 according to'the manufacturer's instructions. Toegate the probes, cDONAwas
460 amplified"using the following primrs: LOC_0s01g046705'-
461 GTGTCAAGGCATCGCCAAC3’ and 5'-CATCAGCTGGCTGCTTTACE3';
462 LOC_0s10g042705-TCCCAGTTGACCGAGAACTG3’ and 5'-
463 TGAACTTCCGTCACGAACTCG3'’; LOC_0s10g059905'-
464 CCTCCGGCAAAGAACTGATGS' and 5’-CCGTCATTGGGACTAGTTTGTCAG3'.
465 For deteection oEOC_099g27730Q a Digoxigeninlabelled LNA probe with the
466 sequenceBTCTG{AJCGACG{TIGCG{AJIC{T}GGT-3 ’was synthesised
467 (Eurogentec, Liege, Belgium). Hybridization was penfied as described by
468 Coenetal{1990) using NBT/BCIP (Roche) or VECTOR Blue Alkadi
469 Phogphatase Substrate Kit (Vector Laboratories) fored&bn.

DATA ANALYSES
470 Analysisofthe sequenced libraries was carriedvaitit bash andR scripts (R
471 Core Team, 2015), which were arranged into a pmgelising theruffus
472 package fopython3 (Goodstadt, 2010). All of the code used for thelgsia and
473 to generate.text, figures and tables for this répalong with the versions and
474 parameters.of the software used, are available watision history in a public
475 GitHubsepository ahttps://qgithub.com/evoreprice/ImdPaper

476 Brieflypadaptor trimming was performed witlutadapt (Martin, 2011) and

477 reads were mapped against the MSUv7 genome andtanom (Kawaharaet
478 al., 201370Ouyangt al, 2007) downloaded from Phytozome 10.3 (Goodsttin
479 al., 2042)Y usingTAR (Dobinet al, 2012) in 2pass mode. ThéguantMode'

480 argumentobTAR was used for read counting. rRNA and tRNA contantiora
481 was estimated usinigtseq-count (Anderset al, 2014) tocount the number of
482 readsthat mapped to regions annotated as tRNRbN®Aron the RapDB

483 (Ohyanagiet al, 2006) or to regions where reads simulated wigim
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(https://qgithub.com/lh3/wgsinfrom rRNA sequenceis the TIGR Plant
Repeats Database (Ouyang and Buell, 2004) also exhdpifferential

expression analysis to calculate Lefgld change (LFC) values and
transformed,read counts was performed withokseq2 package (Lovet al,
2014). Terdetermine a strict coff for unexpressed genes, expression values in
transcripts per million were calculated for eacimgéLiet al, 2010; Wagneet
al., 2012)=These values were compared to pseadression values calculated
from intergenic regions of the genomejmg intervals of a similar size
distribution to those used for calculating the 'géaxpression values. For each
library, the cutoff was placed at the 95percentile of the distribution of
intergenic expression values. Transformed countklaiC values from
expressed-genes were used for soft clustering thiémfuzz package (Kumar
and Futsehik, 2007) and geneset enrichment analysiisthegage package
(Luo etal, 2009) respectively. Gene lists were analysed grtamnotations from
several'databases, including TIGR (Kawahetal, 2013), Oryzabase (Kurata
and Yamazaki, 2006) and OGRO (Yamametal, 2012). All plots were
produced with thggplot2 package (Wickham, 2009).
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Accession Numbers

501 Allrice genes are referred to by either their Isedentfier (MSUv7; Ouyanget
502 al.,, 2007) or their official gene symbol provided ony@abase (McCouch,
503 2008):
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Figure legends

Figure 1. Morphology of the early stages of infloresceneeelopment and
laser mierodissection of meristem samples. Tolueditue stained sections of
developing panicles at rachis meristem (R, primary branch meristem
(PBM; b);"elongating primary branch mstem with axillary merisem
(ePBMLAM,; c) and spikelet meristem (SM;) stages of differentiation. The
position of the first bract primordium (bp) anddléaf (fl) are indicated ima.
Laser microdissection (LMD) samples were collecfrean RM (e andi), PBM (f
andj), ePBM/AM (g andk) and SM b andl). Images show the samples before
(e—f) and after i—I) dissection. Scale bars represent 50 jamcj, 100 um {),
200 um é—gandi—k) or 320 um i andl).

Figure(2. RNAIn situ hybridization analysis to confim the specific expression
patterns of four genes detected in the RNA sequandataset. Expression of
LOC_0s09g27730a—d), LOC_0Os01g0467Qe—h), LOC_0s109g0427Qi—I)
andLOC_0s109g059908m—p) was analysed at the RM,(e, i andm), PBM

(b, f,j andny); ePBM/AM (c, g, k ando) and SM ¢, h, | andp) stages. Each
genewas.detected in the same stagmIsytu hybridization as by RNA

sequencing. The scale bars represent 100 um.

Figure 3¥Coammon patterns of gene expression in developifigrescences.
Fuzzyc-means clustering of normalised, variarstabilised read counts was
used to recover eight common patterns of expres&iach line describes the
expréssion‘pattern of one gene, with the gene's begghip to the cluster
represented by the colour of thed. The core values for each cluster are plotted
in black. The ordering of the panels in the plotsvearanged to enable sidg-

side comparison of complementary clusters.

Figure 4. Geneset enrichment analysis (GSEA) of transavipfactor and

other trarscriptional regulator families. Test statistics wemalculated from the
Logz-fold change between the stage of interest andthBiostages for the
expressed genes in each geneset. The absoluteofllue test statistic indicates
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552 the magnitude of the gesetlevel change, and a positive test statistic indisat
553 enrichment and a negative statistic indicates deple

554 Figure 5. Five prominent patterns of expression of homeogerxes in

555 reproductive meristems. Scaled, transformed reachtfor the homeadx

556 genesthat were detected in the dataset are repmdéy the continuous heat
557 scales Theseoalour of thg-axis denotes the homeobox subfamily for each gene
558 (Jainet.aly:2008), and the number of genes detected andatiaériumber of
559 genes for each sudnily is given in brackets after the subfamily namehe
560 legend. The expression patterns were separatedivgtgroups using

561 hierarchical clustering, including a set of homewlgenes with lowest

562 expressionin the RM and highest expression in tadeinate axillary

563 meristems, which contair@SH1land five of the eight expressed class IVHD
564 Zip genes:

565 Figure®G7 EXxpression of selected genes in transcripts piédiom (TPM). Ared
566 pointindicates that the gene was above the deteattoff, and blue indidas
567 that the.,gene was not detecteal). Two reportedSTMADS 1dike (SVRIlike)

568 targets.oF TAWIMADS22andMADS55(Yoshidaet al, 2013), are more

569 strongly expressed in the RM than in other meristeand the other

570 STMADSdike gene MADS47 was only deteed in one library.l§) Only three
571 ALOG genesGlL1 G1L2andG1LY TAW ) were detected, and they share a
572 similaripattern of expressionc)(SeveralSPLgenes and a epegulated

573 microRNAprecursorMIR319A which was recovered in cluster 2, are highly
574 expressed.in RM and PBM before decreasing in expressic@PBM/AM and
575 SM. (d) GNIA (CKX2) was not detected in the LMD dataset, h@G1lis

576 expressedin all meristem types, and two other ggrossibly related to

577 cytokininTactivation LABAL1(LOGL6) andLOGL1Y are expressed more highly in
578 ePBM/AM and SM than in RM and PBM.

This article is protected by copyright. All rights reserved






s




Scaled, transformed read counts
o

-1

<2%|§J§:rrmels>tpj_1 3 l&ﬁ;&émpdf

Cluster 7
(137 genes)

Vol >

Cluster 6
(227 genes)

e

RM

Cluster 3
(85 genes)

PBM

ePBM/AM

SM

e

Q.

= =Gluster 5

{434 genes)

Membership

1.0
0.8
ter 2 I 06
genes) 0.4

0.2
0.0

P S5

o

&ster 8
ﬁenes)

i§ article is protected |

=
n

RM
PBM
ePBM/AM



CCAAT

MADS tpj_13147_f4.pdf

mTERF -
FHAL

bHLH

BSD

Trihelix
MYB-related
SBP

bzIP
Orphans
GRF

WRKY
G2-like
AP2-EREBP
HB

HSF

C2H2

NAC

GRAS

ARF
ABI3VP1
C3H

e
Q
—
O

SET
Jumoniji
PHD
AUX/AA
GNAT

ePBM/
AM

SM

si010€} uonduosuel]

siore|nfgy 180

Test
statistic

.
0

.,

protected |



ROC3
LOC_0s10g42490
LOC_0s09g35760

HOX16
LOC_0s02g49700
LOC_0s08g34010

ROC5
LOC_0s02945250

ROC1
LOC_0s08g08820

OSH15
LOC_0s07g03770

SH5
LOC_0s05938120

LOC_Os11913930
LOC_0s08g04190 I

OSH1
LOC_0s03g51690
LOC_0s02905450

LOC_0s01g70810

LOC_0s02913310
ROC2
LOC_0s04g53540
HOX20
LOC_0s08g37580
HOX9
LOC_0s10g33960
LOC_0s05g50310

LOC_0s01g48170

OSH6
LOC_0s01g19694

OSKN2
LOC_0s05903884

LOC_0s09929130
LOC_0s08g19590
HOX10
LOC_0s03g01890
WOX8
LOC_0s01g60270
OSH45
LOC_0s08919650
HOX3
LOC_0s01g45570
HOX4
LOC_0s09929460
LOC_0s04g35500
LOC_0s03g47730
LOC_0s09g24820

LOC_0s05g48820

ROC4
LOC_0s04g48070
HOX33
LOC_0s12941860
OSHB4
LOC_0s03g43930
HOX11
LOC_0s09g27450
LOC_0s05g09630
LOC_0s06g12400
qSH1
LOC_0s01g62920
LOC_0s06939906
LOC_0s08g37400
LOC_0Os06g36680 I

LOC_0s12910630

HOS58
LOC_0s02908544

[ BLH (3

HD-ZIP | (3/14)

HD-ZIP 11 (2/13)

[ Ho-zip i 7r9)
I Ho-ziP v (8112)
KNOX | (4/9)

KNOX Il (2/4)
PHD (2/2)
Unclassified (1/2)

I wox (2n19)
ZF-HD (8/14)

! Scaled reads

1.0
0.5
0.0
-0.5
-1.0

ticle is protected |



2 ° i 13147_f6.p
MADS22 - LOC_0s02¢52340 GILL- Loc_oSEPg]ﬁJs.g — 'qulelgA . LOC_0s01g46984 SPL3 - LOC_0s02g04680
400 80 500
[ )
300 60 400
) 300
200 0 o e
° 200 .
= — ° ° o«
100 20 ® ° L3 ! °
'. ° ° 100 5 Y
[ ] [ ] [ _ ]
oo ) ° o4 °
@ ®
0 . 0 0
MADSA7 - LOC_Os03g08754 G1L2 - LOC_0s06g46030 SPL12 - LOC_Os06g49010 LOC_0s07g32170
400 80 e 500 2
—~ —~ [ ]
=
= 300 c 60 = 400 .
E =
= 300
c Y c
S 200 '3 40 s .
@ & o @ 200 -
o =C) ° L °
S 100 g S20 ¢ L 3 =3 | RPN
n| | ° [1j 100 .
® °
0 & @ e e c B 0 0 %
MADSS5 - LOC_0S06011330umsfmms GIL5 - LOC_0s10g33780 WFP - LOC_0s08g39890 SPL17 - LOC_Os09g31438
400 ® >3o 500
= 1 400
300 60
ol 00 .
200 © 40 °
+ ( ’ 200 o () » °
® *
100 20 il
[ ) [ ® 100 ° .
LY @ ° ®
[ ]
Py ] ) .: [ ] PN ..
0 50 ®» 0
ePBM/ ePBM/ ePBM/ ePBM/
rRv o pem SO sm ER R pem FEW sm R opem SO s R pem W s
d
GNIA - LOCOSOlgl( LOG1 - LOC_0s01g40630 LOGL1 - LOC_0s01g51210 LABAL - LOC_0s04g43840
<100 °
[
o L
SE °
[ ]
c
S ° °
2 50
[} . . . . .
2 This article is protected by copyright. All rlghts reserved .
§ 25 % ° - o ° & .
W, oo —= L o
RM  pem  SPBM gy RM  pem  SPBM gy RM  pem  SPBM gy RM  paM  SPBM gy



