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ABSTRACT 73 

SEPALLATA (SEP)-like genes, which encode a subfamily of MADS-box transcription 74 

factors, are essential for specifying floral organ and meristem identity in angiosperms. 75 

Rice (Oryza sativa L.) has five SEP-like genes with partial redundancy and overlapping 76 

expression domains, yet their functions and evolutionary conservation are only partially 77 

known. Here, we describe the biological role of one of the SEP genes of rice, OsMADS5, 78 

in redundantly controlling spikelet morphogenesis. OsMADS5 belongs to the conserved 79 

LOFSEP subgroup along with OsMADS1 and OsMADS34. OsMADS5 was expressed 80 

strongly across a broad range of reproductive stages and tissues. No obvious phenotype 81 

was observed in the osmads5 single mutants when compared with the wild type, which 82 

was largely due to the functional redundancy among the three LOFSEP genes. Genetic 83 

and molecular analyses demonstrated that OsMADS1, OsMADS5 and OsMADS34 84 

together regulate floral meristem determinacy, and specify the identities of spikelet 85 

organs by positively regulating the other MADS-box floral homeotic genes. 86 

Experiments conducted in yeast also suggested that OsMADS1, OsMADS5 and 87 

OsMADS34 form protein-protein interactions with other MADS-box floral homeotic 88 

members, which seems to be a typical, conserved feature of plant SEP proteins. 89 
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INTRODUCTION 99 

At present there are an estimated 352,000 species of angiosperms on Earth (The Plant 100 

List 2013), which have evolved a variety of inflorescences and flower morphologies 101 

(Theissen and Melzer, 2007). The monocot family of grasses (Poaceae) represents 102 

nearly one fifth of all monocotyledons (Linder and Rudall, 2005) and includes many 103 

economically significant crops such as rice (Oryza sativa L.) and maize (Zea mays L.). 104 

Grasses have evolved a surprising diversified inflorescence structure and arrangement 105 

of spikelets and flowers, which not only differs from eudicot plants, but also to other 106 

monocots. The rice inflorescence meristem is determinate because it arrests after 107 

producing a programmed number of primary and secondary branches, and panicle 108 

branching is an important agronomic trait for crop improvement. In all grasses, the basic 109 

inflorescence structural unit is the spikelet (Ciaffi et al., 2011; Zhang et al., 2013; Zhang 110 

and Yuan, 2014), which in rice contains only one floret and, arranged in a distichous 111 

pattern at its base, two highly reduced leaf-like rudimentary glumes and two depressed 112 

sterile lemmas (also called empty glumes) above the rudimentary glumes (Kellogg, 113 

2001; Itoh et al., 2005; Yoshida and Nagato, 2011). In addition, rice florets have a 114 

bilateral symmetry with five types of floral organs with characteristic numbers, i.e. one 115 

bract-like lemma and one bract-like palea arranged in the adjacent outer whorls, the 116 

latter of which is hypothesized to be the first true floral whorl of grasses, two small 117 

fleshy organs called lodicules in the second whorl, six stamens in the third whorl and 118 

one pistil in the fourth innermost whorl (Prasad et al., 2001; Prasad and Vijayraghavan, 119 

2003; Zhang and Wilson, 2009; Ciaffi et al., 2011).  120 

The classic ABC model of flower development in angiosperms was formulated more 121 

than 25 years ago (Coen and Meyerowitz, 1991). This model, which was based on the 122 

observation of mutants with defects in floral organ development, expounds how floral 123 

meristem (FM) determinacy and floral organ identity are genetically specified, and 124 

shows that the relatively distantly related eudicot flowering plants Arabidopsis 125 

(Arabidopsis thaliana (L.) Heynh.) and snapdragon (Antirrhinum majus L.) use 126 

conserved mechanisms in floral pattern regulation. In Arabidopsis, sepals form in floral 127 
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whorl 1 because of expression of only the so-called class A genes (APETALA1 [AP1] 128 

and AP2), whereas class A and class B (AP3 and PISTILLATA [PI]) together direct petal 129 

development in whorl 2, B and C (AGAMOUS [AG]) together specify stamens in whorl 130 

3, and class C genes expressed alone determine FM termination and carpel formation 131 

in the fourth and last whorl. More recently two gene classes, D and E, have been added 132 

to form an extended ABCDE model. The D-class gene (SEEDSTICK [STK]) controls 133 

the development of ovules (Pinyopich et al., 2003) while four E-class genes 134 

SEPALLATA1/2/3/4 (SEP1/2/3/4) (formerly known as AGL2/3/4/9) specify the 135 

identities of all four whorls of floral organs, of ovules and determine FM identity and 136 

determinacy (Pelaz et al., 2000; Pelaz et al., 2001; Favaro et al., 2003; Ditta et al., 2004). 137 

Except for AP2, all class A, B, C, D and E genes encode MIKC type MADS-box 138 

transcription factors.  139 

These MADS-box proteins fall into different subfamilies whose functions are broadly 140 

conserved in angiosperms, thus the ABCDE model can largely explain floral 141 

development in monocots such as grasses. Rice has four AP1/FRUITFULL (FUL)-like 142 

genes, OsMADS14, OsMADS15, OsMADS18 and OsMADS20 as putative class A genes 143 

(Kyozuka et al., 2000; Pelucchi et al., 2002; Fornara et al., 2004; Kater et al., 2006; 144 

Preston and Kellogg, 2006; Wu et al., 2017). The analysis of rice floral homeotic 145 

mutants for the AP3-like gene OsMADS16/SUPERWOMAN1 (SPW1) and the PI-like 146 

genes OsMADS2 and OsMADS4 showed that the function of B-class genes is conserved 147 

from grasses to eudicots (Kang et al., 1998; Nagasawa et al., 2003; Prasad and 148 

Vijayraghavan, 2003; Yamaguchi et al., 2006; Yadav et al., 2007; Yoshida et al., 2007; 149 

Yao et al., 2008; Yun et al., 2013). In rice, there are two AG orthologous genes, 150 

OsMADS3 and OsMADS58, and two STK orthologues, OsMADS13 and OsMADS21, 151 

which function as class C and class D genes, respectively (Lopez-Dee et al., 1999; 152 

Kyozuka and Shimamoto, 2002; Yamaguchi et al., 2006; Dreni et al., 2007; Dreni et al., 153 

2011; Hu et al., 2011). Grasses have diverse SEP-like genes divided into five conserved 154 

lineages, which are represented in rice by OsMADS1, OsMADS5, OsMADS7 (allelic to 155 

OsMADS45), OsMADS8 (allelic to OsMADS24), and OsMADS34 (Greco et al., 1997; 156 



Kang et al., 1997; Malcomber and Kellogg, 2005; Zahn et al., 2005; Arora et al., 2007; 157 

Ciaffi et al., 2011). All the SEP-like genes of angiosperms form two major clades, the 158 

LOFSEP clade (also called SEP1/2/4 clade or AGL2/3/4 clade) comprising the rice 159 

genes OsMADS1, OsMADS5 and OsMADS34, and the SEP3 clade (also called AGL9 160 

clade) including the two rice genes OsMADS7(45) and OsMADS8(24) (Malcomber and 161 

Kellogg, 2005; Zahn et al., 2005; Arora et al., 2007). The rice LOFSEP gene 162 

OsMADS1/LHS1 (LEAFY HULL STERILE1) was the first E-class gene to be partially 163 

characterized in grasses. OsMADS1 controls differentiation of specific cell types in the 164 

lemma and palea and is an early-acting regulator of inner floral organs. The mutation 165 

of OsMADS1 causes elongated leafy palea and lemmas, an open hull, two pairs of leafy 166 

palea- or lemma-like lodicules, the decrease of stamen number, the increase of carpel 167 

number, and an additional floret arising from the same rachilla (Jeon et al., 2000; Prasad 168 

et al., 2001; Agrawal et al., 2005; Prasad et al., 2005; Hu et al., 2015). No obvious 169 

defect in either panicles or vegetative organs was observed in the loss-of-function 170 

mutation of the LOFSEP gene OsMADS5, except for the lodicules remaining more 171 

tightly attached to the lemma and palea upon spikelet dissection (Agrawal et al., 2005). 172 

The LOFSEP gene OsMADS34 (PANICLE PHYTOMER2 [PAP2]) is required for rice 173 

inflorescence and spikelet development (Gao et al., 2010; Kobayashi et al., 2010; Lin 174 

et al., 2014). The osmads34-1 mutant displayed altered inflorescence morphology with 175 

increased primary branch number and decreased secondary branch number. Moreover, 176 

the osmads34-1 mutant had fewer spikelets and altered spikelet morphology, with 177 

elongated sterile lemmas acquiring lemma/palea-like features (Gao et al., 2010). 178 

OsMADS34/PAP2 is also involved in the transition from vegetative to reproductive 179 

growth through the specification of inflorescence meristem (IM) identity. Indeed, 180 

OsMADS34 and three AP1/FUL-like genes OsMADS14, OsMADS15 and OsMADS18 181 

coordinately act in the meristem to specify IM, downstream of the florigen signal 182 

(Kobayashi et al., 2012). As for the members of the SEP3 clade, knockdown of both 183 

OsMADS7(45) and OsMADS8(24) showed severe phenotypes including late flowering, 184 

homeotic changes of lodicules, conversion of stamens and carpels into palea/lemma-185 

like organs, and a loss of floral determinacy (Cui et al., 2010). Therefore, all of the 186 
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above SEP-like floral homeotic genes in rice show both functional conservation (E 187 

function) and diversification. In addition, AGL6 is an ancient subfamily of MADS-box 188 

genes, sister to the SEPs and comprising the rice genes OsMADS6/MOSAIC FLORAL 189 

ORGANS1 (MFO1) and OsMADS17 (Zahn et al., 2005; Ohmori et al., 2009). The 190 

characterization of rice osmads6 mutant alleles indicated that the AGL6-like genes 191 

contribute to the E-function in floral development, like the SEP genes (Ohmori et al., 192 

2009; Li et al., 2010; Zhang et al., 2010; Li et al., 2011), and this has been observed in 193 

other angiosperms (Rijpkema et al., 2009; Thompson et al., 2009; Dreni and Zhang, 194 

2016).  195 

Although the class E floral homeotic genes in rice have already been studied to define 196 

their role in molecular mechanisms regulating flower development, the presence of the 197 

five SEP genes has been an obstacle in elucidating their global functions, as rice is a 198 

much less amenable model plant in which to construct higher order mutants, compared 199 

to Arabidopsis. Therefore, the function of OsMADS5 and the genetic interactions 200 

among SEP-like genes are still largely unknown. In an effort to address this question, 201 

Cui et al. (2010) took an RNA interference (RNAi) knockdown approach targeting all 202 

rice SEP genes except OsMADS34, which led to the homeotic transformation of all 203 

floral organs except the lemma into leaf-like organs. However, the specific functions of 204 

the rice LOFSEP and SEP3 clades are still not clear, although there is evidence of more 205 

functional divergence than in Arabidopsis, since the inhibition of just OsMADS1 or 206 

OsMADS34, alone or of both these genes together is sufficient to cause severe 207 

phenotypes (Jeon et al., 2000; Prasad et al., 2001; Agrawal et al., 2005; Prasad et al., 208 

2005; Cui et al., 2010; Gao et al., 2010; Kobayashi et al., 2010). To date, OsMADS5 209 

remains the less studied SEP-like gene in rice, where only one mutant allele has been 210 

generated which suggested only a minor role for this gene in spikelet development 211 

(Agrawal et al., 2005).  212 

In this study, we characterized the genetic interaction of the LOFSEP members 213 

OsMADS1, OsMADS5 and OsMADS34 and explored their molecular mechanisms in 214 

controlling rice spikelet morphogenesis. To address this question, we used the stable 215 



mutant alleles osmads1-z (Gao et al., 2010; Hu et al., 2015) and osmads34-1 (Gao et 216 

al., 2010) and we identified and characterized the new osmads5-3 mutant allele. We 217 

constructed all possible double mutant combinations, namely osmads1-z osmads34-1 218 

(Gao et al., 2010), osmads1-z osmads5-3 and osmads5-3 osmads34-1, and the triple 219 

mutant osmads1-z osmads5-3 osmads34-1, in order to obtain a detailed comparison of 220 

their spikelet phenotypes. Altogether, our data reveal that OsMADS5 is a key player in 221 

rice spikelet morphogenesis together with OsMADS1 and OsMADS34. Moreover, 222 

genetic interaction analysis of the LOFSEP members OsMADS1, OsMADS5 and 223 

OsMADS34 reveals their redundant role in regulating the identity of sterile lemma, 224 

lemma and palea, and also of all the inner floral organs, where their latter function is 225 

very likely to be dependent on the transcriptional activation of B-, C-, AGL6- and SEP3-226 

like genes. These new insights help to better understand the core genetic mechanisms 227 

underpinning floral development in rice and its conserved and diverged aspects across 228 

the evolution of angiosperms.  229 

 230 

RESULTS 231 

Identification of the OsMADS5 T-DNA Insertion Mutant  232 

We searched the rice T-DNA insertion library database (The Rice Mutant Database, 233 

RMD) and identified one insertion line for the OsMADS5 gene. The T-DNA was 234 

inserted in the seventh exon (Supplemental Fig. S1A). Because two Tos17 insertion 235 

alleles were previously reported (Agrawal et al., 2005), we named this T-DNA mutant 236 

osmads5-3. Three pairs of primers for quantitative reverse transcription PCR (qRT-PCR) 237 

were used to quantify OsMADS5 transcripts revealing that the insertion caused a 238 

significant reduction of transcript when primer sets upstream of the T-DNA were used, 239 

but no transcript could be detected using the primer pair downstream of the T-DNA. It 240 

is therefore highly likely that most of the C-terminus from the translated protein product 241 

was not present in osmads5-3 plants (Supplemental Fig. S1, B, C and D). The osmads5-242 

3 line was subsequently backcrossed with its wild type parent Zhonghua11 (Oryza 243 



sativa L. ssp. japonica) three times.  244 

 245 

Expression Pattern of OsMADS5 246 

Based on previous studies in rice, the developmental courses of inflorescence and 247 

spikelet development have been divided into nine and eight stages, respectively (Ikeda 248 

et al., 2004). qRT-PCR analysis revealed a broad expression pattern of OsMADS5 in 249 

wild type reproductive tissues. This included young inflorescences from 0.3 to 7 mm, 250 

which span the inflorescence and spikelet development stages from In3 to In5 and from 251 

Sp1 to Sp8 respectively, but also the mature sterile lemmas, lemmas, paleas, lodicules, 252 

anthers and pistils at stage In8 to In9 when FM activity is terminated. No transcripts of 253 

OsMADS5 were detected in vegetative tissues like roots or leaves (Fig. 1A). 254 

Subsequently, RNA in situ hybridization was performed to study the spatial distribution 255 

of OsMADS5 mRNA, where faint signals indicated that OsMADS5 mRNA 256 

accumulation was first detected at comparatively low levels in the rachis meristem and 257 

primary branch primordia during early inflorescence development (Fig. 1, D and E). 258 

Subsequently, the OsMADS5 mRNA signal strengthened and was specific in the 259 

secondary branch meristem and spikelet meristem (SM) at stage In5 (Fig. 1F) and at 260 

the terminal and lateral SMs (Fig. 1G), persisting in the floret meristem during spikelet 261 

organogenesis. In spikelet and floral organs, OsMADS5 was expressed at the tips of the 262 

rudimentary glumes and sterile lemmas as well as in the lemma primordia at stage Sp3 263 

(Fig. 1H), then in lemma and palea primordia at stage Sp4, and finally in the primordia 264 

of lodicules, stamens and carpels from stage Sp6 to Sp8 (Fig. 1, I–L).  265 

 266 

OsMADS5 and OsMADS34 Redundantly Regulate the Identity of Outer Spikelet 267 

Organs and Meristem Determinacy 268 

A wild type spikelet consists of two rudimentary glumes, two normal sterile lemmas, 269 

one lemma, one palea, two lodicules, six stamens and one pistil (Fig. 2, A–D). 270 



Compared with the wild type, no obvious abnormal phenotype was detected in 271 

osmads5-3 (Fig. 2, E–H), and the abnormal attachment of lodicules to lemma and palea 272 

previously reported for another osmads5 mutant (Agrawal et al., 2005) was not 273 

observed. Since our T-DNA allele might not cause a complete loss of function of 274 

OsMADS5, we recently analyzed mutant lines created by the CRISPR/Cas9 system, 275 

which contained the mutations in the first or the second exon of OsMADS5 respectively 276 

(Supplemental Fig. S1A). Again, these lines did not show any visible floral phenotype 277 

compared with the wild type (Supplemental Fig. S5; Supplemental Tables S6 and S7), 278 

suggesting that the putative function of OsMADS5 might be completely hidden by 279 

genetic redundancy. Indeed, dramatically stronger phenotypes were scored for the 280 

double and triple mutants described below, carrying the homozygous T-DNA insertion 281 

in the OsMADS5 gene.  282 

To investigate the genetic interaction between OsMADS5 and OsMADS34, we crossed 283 

osmads5-3 with the previously identified mutant osmads34-1 (Gao et al., 2010) to 284 

generate the double mutant. Consistent with previous reports, the defects observed in 285 

osmads34-1 were limited to the conversion of sterile lemmas into elongated 286 

lemma/palea-like structures (Fig. 2, I–L), also consistent with the phenotype of 287 

CRISPR lines targeting the second exon of OsMADS34 (Supplemental Figs. S1E and 288 

S5; Supplemental Tables S6 and S7). The osmads5-3 osmads34-1 double mutant 289 

displayed a similar phenotype to the osmads34-1 single mutant, except the 290 

lemma/palea-like structures were even longer and, in addition, new abnormalities 291 

appeared in the lemma, palea and in the inner whorls of floral organs, such as elongated 292 

lodicules and a change in the number of stamens and pistils (Fig. 2, M–P).  293 

These differences were quantified, showing that osmads5-3 osmads34-1 displayed 294 

significantly longer lemma/palea-like sterile lemmas (12.01±0.64 mm, n=100) 295 

compared to osmads34-1 (9.01±0.32 mm, n=100), to osmads5-3 (3.12±0.09 mm, 296 

n=100) and to the wild type (3.12±0.08 mm, n=100) (Supplemental Figs. S2 and S4B). 297 

There was also a modest increase in vascular bundle numbers per sterile lemma 298 

(5.27±0.45, n=30) compared with osmads34-1 (5.00±0.00, n=30), osmads5-3 299 



(1.00±0.00, n=30) and the wild type (1.00±0.00, n=30), respectively (Supplemental 300 

Table S5). 301 

The lemma/palea length of osmads5-3 osmads34-1 was 8.87±0.24 mm (n=100), which 302 

was significantly longer than the wild type, and to each of the osmads5-3 and 303 

osmads34-1 single mutant (Supplemental Figs. S2 and S4A). About 59.56% (n=273) 304 

of osmads5-3 osmads34-1 spikelets exhibited abnormal elongated lodicules in the 305 

second whorl (Supplemental Table S1). The stamen number in osmads5-3 osmads34-1 306 

fluctuated but the average number of stamens per spikelet was 5.89±0.87 (n=273) 307 

(Supplemental Fig. S4, C–F; Supplemental Table S1). In addition, the average number 308 

of pistils and stigmas in osmads5-3 osmads34-1 were 1.05±0.26 (n=273) and 2.55±0.83 309 

(n=273) per spikelet, respectively, displaying a statistically significant increase 310 

compared with the wild type and with the two single mutants osmads5-3 and osmads34-311 

1 (Supplemental Figure S4, C–F; Supplemental Table S1).  312 

Scanning electron microscopy (SEM) analysis was performed to examine abnormalities 313 

in osmads5-3 osmads34-1 in detail. For osmads5-3 osmads34-1, the variation in the 314 

number of stamen primordia was obvious at Sp6 and the sterile lemmas were larger at 315 

Sp8, compared to the wild type and the two single mutants osmads5-3 and osmads34-316 

1 (Supplemental Fig. 3, A–D). Unlike the sterile lemmas of the wild type with a smooth 317 

epidermal surface (Fig. 2Q), the abaxial (outer) epidermal surface of osmads5-3 318 

osmads34-1 and osmads34-1 displayed a pattern with regularly arrayed bulges (Fig. 2, 319 

X and Y), that showed obvious similarities with the abaxial epidermal surface of wild 320 

type lemma/palea (Fig. 2, R and T), suggesting a homeotic transformation of each 321 

sterile lemma into a lemma/palea-like structure. In the second whorl of osmads5-3 322 

osmads34-1 spikelets, the abaxial epidermal surface in most of the elongated lodicules 323 

exhibited a normal cellular morphology compared with the wild type, while 324 

occasionally displaying conversion to a structure resembling the marginal region of the 325 

palea (mrp) (Fig. 2, U, V and Z).  326 

Taken together, these phenotypes reveal redundant regulatory roles of OsMADS5 and 327 



OsMADS34 not only in the outer bracts, i.e. the sterile lemmas, lemma and palea, but 328 

also in the three innermost whorls of floral organs. Thus, OsMADS5 and OsMADS34 329 

redundantly specify the identity of the sterile lemmas, lemma/palea and lodicules, as 330 

well as control the number of stamen and carpel primordia through the maintenance of 331 

meristem determinacy.  332 

 333 

Osmads5-3 Partially Rescues the Defects of osmads1-z in the Second Whorl 334 

To investigate the genetic interaction between OsMADS5 and OsMADS1, we generated 335 

a double mutant by crossing osmads5-3 with the previously identified mutant osmads1-336 

z (Gao et al., 2010). Based on the previous analysis of OsMADS1 mutants (Jeon et al., 337 

2000; Agrawal et al., 2005; Prasad et al., 2005; Chen et al., 2006; Gao et al., 2010; 338 

Khanday et al., 2013) and on their inner organ defects, we grouped the various 339 

phenotypes of osmads1-z into five types in our study (Supplemental Table S2): Type Ⅰ 340 

(77.54%, n=187) was classified as a weak phenotype with an additional lemma/palea-341 

like organ, normal lodicules on the lemma side and/or an extra pair of glume/mrp-like 342 

organs in the second whorl, a decreasing number of stamens and an increasing number 343 

of carpels and stigmas (Fig. 3, A, B and E; Supplemental Fig. S3E). Type Ⅱ (1.60%, 344 

n=187) was represented by twin florets closely packed together (Fig. 3, C and F); type 345 

Ⅲ (6.95%, n=187) had normal lodicules inside the lemma and palea, but lacked any 346 

stamens and pistil (Fig. 3D); type Ⅳ (13.37%, n=187) displayed a complete loss of the 347 

inner three whorls of floral organs and finally type Ⅴ (0.53%, n=187) had an additional 348 

new spikelet borne on an elongated pedicel (Supplemental Fig. S3E2). The phenotypes 349 

of the osmads1-z osmads5-3 double mutant were very similar to the single osmads1-z, 350 

so they were also classified into five types (Fig. 3, H–M; Supplemental Fig. S3F). About 351 

74.33% (n=187) and 9.63% (n=187) of the spikelets of osmads1-z osmads5-3 exhibited 352 

the type Ⅰ and type Ⅲ phenotypes, respectively (Supplemental Table S2). In the second 353 

whorl, the total number of organs per spikelet (1.94±0.65, n=143) in osmads1-z 354 

osmads5-3 did not change significantly compared with osmads1-z (1.99±0.70, n=149), 355 



whereas the ratio of normal lodicules to extra glume/mrp-like organs appeared 356 

remarkably altered (Supplemental Table S3). In the second whorl of osmads1-z, 357 

approximately 34.22% of the spikelets examined displayed normal lodicules, and the 358 

average number per spikelet of these lodicules was reduced to 0.81±0.96 (n=149), 359 

whereas 65.78% of the spikelets showed the abnormal extra glume-like organs at an 360 

average number of 1.19±0.92 (n=149). While in osmads1-z osmads5-3, a reduced 361 

percentage (only 37.76%) of the spikelets presented the extra glume-like organs with 362 

the significantly decreased average number of 0.60±1.10 (n=143), and the remaining 363 

62.24% of the spikelets showed normal lodicules with the significantly increased 364 

average number of 1.27±0.91 (n=143) (Supplemental Table S3). These results 365 

suggested that simultaneous mutation of both OsMADS5 and OsMADS1 can partially 366 

rescue the second whorl defects of osmads1-z, yet no significant differences were 367 

noticed in the other spikelet organs between osmads1-z osmads5-3 and osmads1-z.  368 

 369 

OsMADS5, OsMADS1 and OsMADS34 Together Determine the Spikelet Identity  370 

To investigate the reproductive roles of the three LOFSEP-like members OsMADS5, 371 

OsMADS1 and OsMADS34, we further generated the osmads1-z osmads5-3 osmads34-372 

1 triple mutant and reanalyzed the osmads1-z osmads34-1 double mutant that was 373 

identified previously (Gao et al., 2010) as a control, because among the double mutant 374 

combinations it was the most similar to the triple mutant. OsMADS1 is not expressed 375 

in the sterile lemmas of wild type, but its expression has been reported in the 376 

lemma/palea-like sterile lemmas of osmads34-z mutants (Ren et al., 2016). Consistently, 377 

the osmads1-z osmads34-1 spikelet displayed abnormally elongated and leafy sterile 378 

lemmas and lemma/palea. It also showed both extra leaf/glume/mrp-like organs and 379 

normal lodicules in the second whorl, plus a decreased number of stamens and 380 

increased number of pistils compared with the wild type and each single mutant of 381 

osmads1-z and osmads34-1 (Fig. 4, A and C). The osmads1-z osmads5-3 osmads34-1 382 

triple mutant displayed more severe defects of the spikelet organs, including the 383 



significantly elongated leafy sterile lemmas (15.61±1.41 mm, n=100) and lemma/palea 384 

(38.08±5.46 mm, n=100) compared to those of osmads1-z osmads34-1 at an average 385 

length of 9.08±0.31 mm (n=100) and 17.90±2.17 mm (n=100), respectively (Fig. 4B; 386 

Supplemental Figs. S2 and S4, A and B). Moreover, for osmads1-z osmads5-3 387 

osmads34-1, the average number of vascular bundles per sterile lemma (6.75±0.85, 388 

n=20) and per lemma/palea (13.06±1.26, n=20) were also notably increased compared 389 

to osmads1-z osmads34-1 with an average number of 6.00±0.73 (n=20) and 9.75±1.64 390 

(n=20), respectively (Fig. 4, I–N; Supplemental Table S5). These differences suggest 391 

that a more severe homeotic transformation of the sterile lemma and lemma/palea into 392 

leaves occurred in the triple mutant. A further reduction of organs occurred in the inner 393 

three whorls of osmads1-z osmads5-3 osmads34-1, including a reduced number of 394 

elongated glume-like organs arranged in the second whorl, and the sharply reduced 395 

number of stamens, pistils and stigmas (1.51±0.80 1.28±0.93 and 2.50±1.67 396 

respectively, n=103), in comparison with osmads1-z osmads34-1 (Fig. 4, C–F; 397 

Supplemental Fig. S4, C–F; Supplemental Table S4). Also visible was the growth of 398 

undifferentiated tissues or a cluster of additional FMs defective in determinacy (Fig. 4, 399 

G, M and N), instead of the determinate FMs of osmads1-z osmads34-1. In addition, 400 

the total number of leaf-like lemmas/paleas per spikelet was significantly increased in 401 

osmads1-z osmads5-3 osmads34-1 (3.54±0.50, n=103) compared with osmads1-z 402 

osmads34-1 (2.00±0.00, n=102) and the wild type (2.00±0.00, n=200), resulting in an 403 

increased total number of outer spikelet organs including the sterile lemmas and the 404 

lemma/paleas (5.86±0.67, n=103, occasionally up to 11 in the most severely affected 405 

spikelets) (Fig. 4H; Supplemental Table S4). This suggested the homeotic 406 

transformation of floral organs of the inner three whorls into outer whorl/leaf-like 407 

organs in osmads1-z osmads5-3 osmads34-1, or alternatively, a delay in the switch of 408 

SM into FM leading to a consequent reiteration of outer whorls.  409 

SEM analysis was used to gain a better understanding of the identity of the aberrant 410 

spikelet organs observed in the mutants. During spikelet development, osmads1-z 411 

osmads5-3 osmads34-1 sterile lemmas and lemma/palea were already abnormally 412 



enlarged at Sp6 and Sp8, as seen in osmads1-z osmads34-1 (Supplemental Fig. S3, G2–413 

G4 and H3–H4), but more defects were detected inside the triple mutant spikelet, such 414 

as double FMs (Supplemental Fig. S3H2). Because sterile lemmas and lemma/palea 415 

had a leafy appearance in the mutants, we compared them with mature leaves. In wild 416 

type leaf blades, the abaxial (lower) epidermal surface showed small bulges and several 417 

ordered lines of stomata along both sides of each vein (Fig. 2W). For osmads1-z 418 

osmads5-3 osmads34 and osmads1-z osmads34-1, the corresponding abaxial (outer) 419 

epidermal surface of the elongated sterile lemmas and lemma/palea exhibited similar 420 

patterns to wild type leaf blades, except that only one line of stomata was found along 421 

both sides of each vein (Fig. 4, O, Q, T and V) whilst the adaxial (inner) surface 422 

displayed smooth rectangular cells reminiscent of the lemma and palea adaxial surface 423 

rather than the adaxial (upper) leaf blade surface (Figs. 2S and 4, P, R, U and W). These 424 

results indicated a partial homeotic transformation of the sterile lemma and 425 

lemma/palea to leaf-like structures in the double and triple mutant, especially on the 426 

adaxial side. The outer surface of the elongated glume-like second whorl organs was 427 

also examined, and a mixed epidermal pattern consisting of leaf-like, lemma/palea-like 428 

and mrp-like structures was observed in osmads1-z osmads34-1 (Fig. 4S). However, 429 

only mrp-like cells were observed in the corresponding ectopic organs of the triple 430 

mutant (Fig. 4X), revealing that the mutation of OsMADS5 reduced the range of second 431 

whorl defects in osmads1-z osmads34-1 double mutants. The results above indicated 432 

that the three LOFSEP-like members OsMADS5, OsMADS1 and OsMADS34 together 433 

regulate the identity of sterile lemma, lemma, palea and lodicule, the determinacy of 434 

FM, and determine the correct initiation of stamen and pistil. 435 

 436 

LOFSEP Genes Positively Regulate the Expression of Floral Homeotic Genes  437 

To further study the regulatory function of rice LOFSEP members, qRT-PCR was 438 

performed to measure transcript levels of most of the other MADS-box genes known 439 

to be involved in flower development. Young inflorescences from 2 mm to 7 mm long 440 



were examined in the lofsep mutants and the wild type, covering five developmental 441 

time points across spikelet development, from Sp4 to Sp8.  442 

The transcripts of two AP1/FUL-like genes OsMADS14 and OsMADS15 were 443 

marginally increased in lofsep mutants, in particular in the triple mutant, compared with 444 

their parental varieties Zhonghua11 and 9522 (Fig. 5, A and B).  445 

The expression levels of other floral homeotic genes, i.e. the two SEP3-like genes 446 

OsMADS7(45) and OsMADS8(24), the PI-like gene OsMADS4, the AP3-like gene 447 

OsMADS16 and the two AG lineage genes OsMADS3 and OsMADS58 were 448 

significantly decreased in osmads1-z, especially in the early stages, but did not change 449 

significantly in the osmads5-3 and osmads34-1 single mutants. Similarly, compared to 450 

osmads1-z, the expression level of these homeotic genes did not show obvious changes 451 

in osmads1-z osmads5-3 or osmads1-z osmads34-1, except for OsMADS58 at 452 

extremely low levels in the latter. But in the osmads5-3 osmads34-1 double mutant, all 453 

genes tested were strongly suppressed, across all developmental stages examined (Fig. 454 

5, C–F, I and J). The AGL6-like genes OsMADS6 and OsMADS17 were down-regulated 455 

significantly only at the earliest developmental stages in osmads1-z and all the double 456 

mutants, except for OsMADS17 which was strongly down-regulated in osmads5-3 457 

osmads34-1 from stage Sp4 to Sp8 (Fig. 5, G and H). In the osmads1-z osmads5-3 458 

osmads34-1 triple mutant, SEP3-, PI-, AP3-, AG- and the AGL6-like genes were 459 

strongly suppressed, except for OsMADS3 in 4–5 mm and 5–7 mm panicles (spikelet 460 

stages Sp7 and Sp8) (Fig. 5, C–J).  461 

Subsequently, the expression of the LOFSEP genes themselves was examined in their 462 

mutant backgrounds. According to our previous work, no notable change in the amount 463 

of OsMADS34 transcript was detected in the osmads34-1 frame-shift mutant, which is 464 

caused by a change in the 3’ acceptor splice site in the fifth intron of the gene (Gao et 465 

al., 2010). In contrast, OsMADS34 was moderately up-regulated in osmads1-z, 466 

consistently with previous data (Khanday et al., 2013), and also in osmads1-z osmads5-467 

3, osmads1-z osmads34-1 and osmads1-z osmads5-3 osmads34-1 (Fig. 6B). The 468 



OsMADS1 transcript was not detectable in any mutant background that included 469 

osmads1-z, confirming that osmads1-z is a full knock-out mutant. Interestingly, 470 

OsMADS1 was down-regulated in the osmads5-3 osmads34-1 double mutant, 471 

suggesting that OsMADS5 and OsMADS34 may act redundantly as positive regulators 472 

of OsMADS1 (Fig. 6A). Two pairs of primers were used to detect the OsMADS5 473 

transcripts in the lofsep mutants, either upstream (Fig. 6C) or downstream (Fig. 6D) of 474 

the T-DNA insertion site in osmads5-3, respectively. The OsMADS5 transcript was 475 

decreased when amplified using the upstream primer set (Fig. 6C) and was depleted 476 

using the downstream primer set (Fig. 6D) in all of the mutant combinations involving 477 

osmads5-3, but was not altered in osmads1-z and osmads34-1 single or double mutants.  478 

These results suggested that rice LOFSEP members act, mostly redundantly, as 479 

upstream activators of B- and C- class genes, as well as of AGL6-like and SEP3-like 480 

genes. LOFSEP genes may regulate the expression of each other, in particular 481 

OsMADS5 and OsMADS34 seem to promote OsMADS1, which in turn could be 482 

involved in the fine tuning of OsMADS34 expression.  483 

 484 

Physical Interactions of OsMADS5 and OsMADS34 with other Floral Homeotic 485 

Proteins 486 

In Arabidopsis, the identity of the different floral organs, sepals, petals, stamens and 487 

carpels, is determined by four combinations of floral homeotic MADS-box proteins, as 488 

described by the ‘quartet model’ of floral organ specification (Theissen and Saedler, 489 

2001). Therefore, we performed yeast two-hybrid assay in order to investigate whether 490 

OsMADS5 and OsMADS34 can interact with other MADS-box proteins. We found 491 

that OsMADS34 is able to form homodimers, in contrast to OsMADS5, whilst all the 492 

three LOFSEP-like members could interact with each other to form heterodimers. Both 493 

OsMADS5 and OsMADS34 could form heterodimers with other A-, B-, C-, D- and E-494 

class, as well as, AGL6-like proteins including OsMADS7(45), OsMADS8(24), 495 

OsMADS6, OsMADS14, OsMADS15, OsMADS2, OsMADS4, OsMADS16, 496 



OsMADS3, OsMADS58 and OsMADS13, respectively, albeit the interaction with 497 

OsMADS2 and OsMADS16 appeared weak (Fig. 7). These results suggested that the 498 

two LOFSEP proteins OsMADS5 and OsMADS34 have the ability to form higher order 499 

complexes together with class A, B, C, D, E or AGL6-like proteins to control 500 

multifarious transcriptional programs required for flower development.   501 

 502 

DISCUSSION 503 

LOFSEP Genes Are Key Regulators of Rice Spikelet Organogenesis 504 

In recent years, the function of SEP-like genes has gradually been characterized in rice. 505 

OsMADS7(45) and OsMADS8(24) are functionally redundant genes whose 506 

simultaneous silencing affects the development of only lodicules, stamens and carpels 507 

in the innermost three whorls, consistent with their expression pattern (Cui et al., 2010).  508 

OsMADS34 has been shown to be a key regulator of rice inflorescence architecture and 509 

of sterile lemma identity (Gao et al., 2010; Kobayashi et al., 2010; Kobayashi et al., 510 

2012). In our present study, the mutation of both OsMADS5 and OsMADS34 caused not 511 

only an increase in outer whorl defects greater than the mutation of OsMADS34 alone, 512 

but also affected the inner whorls. Thus, there were an increased number of organs in 513 

the second whorl which acquired a palea-like identity rather than resembling lodicules, 514 

a variable number of stamens and an increased number of carpels in the innermost two 515 

whorls. The number of stigmas also increased, due to the extra carpels and also because 516 

most carpels had more than two stigmas. This mimics the defects in the three inner 517 

whorls caused by the double knockdown of OsMADS7(45) and OsMADS8(24) (Cui et 518 

al., 2010), and also resembles the mild phenotype of osmads1-z. These phenotypes 519 

correlate strongly with the sharp decrease and delay of the onset of expression of 520 

OsMADS7(45) and OsMADS8(24), along with B function, C function and AGL6-like 521 

genes, during spikelet formation in the osmads1-z and osmads5-3 osmads34-1 plants 522 

(Fig. 5, C–J). The phenotypic defects of the osmads5-3 osmads34-1 double mutant 523 



reveal the functional redundancy between the two genes, as suggested by their sequence 524 

similarity and their highly overlapping expression patterns during spikelet 525 

organogenesis.  526 

Our comparison of osmads1-z and osmads1-z osmads5-3 revealed similar phenotypes 527 

suggesting that OsMADS1 is mostly epistatic to OsMADS5. However, despite the total 528 

number of second whorl organs being similar in these two mutants, the ratio of extra 529 

glume-like organs and normal lodicules was nearly halved in the double mutant, 530 

suggesting that the mutation of OsMADS5 in the osmads1-z background could partially 531 

recover the defects of osmads1-z in the second whorl.  532 

Compared with osmads1-z, osmads1-z osmads34-1 shows slightly enhanced defects of 533 

inner floral organs, suggesting that OsMADS34 is also involved in determining their 534 

identity redundantly with OsMADS1 (Gao et al., 2010). In our study, more severe 535 

defects were found in the osmads1-z osmads5-3 osmads34-1 triple mutant, compared 536 

to osmads1-z osmads34-1, including the enhanced elongation of leaf-like sterile 537 

lemmas and leaf-like lemma/paleas, the reduction in the number of elongated mrp-like 538 

second whorl organs, normal lodicules and reproductive organs, and defective meristem 539 

determinacy. Moreover, the total number of the leaf-like organs in the outer whorls was 540 

dramatically increased. This suggests either the homeotic transformation from the 541 

organs of the innermost three whorls to the leaf-like structures of the outer whorls, 542 

and/or the SM-to-FM transition is gravely affected in osmads1-z osmads5-3 osmads34-543 

1. A previous study has shown that simultaneous knockdown of four SEP-like genes 544 

OsMADS1, OsMADS5, OsMADS7(45) and OsMADS8(24) led to homeotic 545 

transformation of the lodicule and reproductive organs into leaf-like organs, while the 546 

lemma and palea were marginally affected (Cui et al., 2010). Our osmads1-z osmads5-547 

3 osmads34-1 triple mutant showed floral organs phenotypes very similar to those of 548 

the quadruple RNAi lines in the innermost three whorls, whereas the severe conversion 549 

to leaf-like organs in the outer whorls were not observed in the quadruple RNAi lines. 550 

In addition, the spikelet of osmads1-z osmads5-3 osmads34-1 exhibited an elongated, 551 

slender and cylindrical pattern with little empty space inside, and the average length of 552 



the elongated leaf-like sterile lemmas and leaf-like lemma/paleas were 5.03 and 4.86 553 

times that of wild type, and 2.92 and 2.28 times that of osmads1-z osmads34-1, 554 

respectively (Supplemental Figs. S2 and S4, A, B), causing the osmads1-z osmads5-3 555 

osmads34-1 spikelets to become more like vegetative shoots. In summary, the SEP 556 

subfamily genes are functionally diversified in rice, with the SEP3-like genes showing 557 

restricted functions in the innermost three whorls, as in Arabidopsis and Petunia x 558 

hybrida hort. ex E.Vilm. (Mandel and Yanofsky, 1998; Pelaz et al., 2000; Ferrario et al., 559 

2003; Vandenbussche et al., 2003; Rijpkema et al., 2009), while the function of 560 

LOFSEP genes starts earlier, in the specification of all spikelet and floral organs and 561 

also influencing meristem identity and determinacy as well.  562 

 563 

Conservation and Diversification of SEPs in Arabidopsis and Rice 564 

Phylogenetic analysis has revealed that the class E genes are clustered into an 565 

angiosperm specific SEP subfamily which consists of two major, ubiquitous clades, 566 

called LOFSEP and SEP3, which probably arose via the whole genome duplication 567 

preceding the most recent common ancestor of angiosperms (Malcomber and Kellogg, 568 

2005; Zahn et al., 2005). In Arabidopsis, SEP1, SEP2 and SEP4 (LOFSEP clade) are 569 

expressed throughout the FM at stage 2 and continue in the primordia of all floral organs: 570 

sepals, petals, stamens, carpels and ovules, while the expression of SEP3 starts slightly 571 

later in late stage 2 floral primordia and continues in the inner three whorls rather than 572 

in sepals (Flanagan and Ma, 1994; Huang et al., 1995; Savidge et al., 1995; Mandel and 573 

Yanofsky, 1998; Ditta et al., 2004), suggesting that Arabidopsis SEP genes may encode 574 

functionally redundant proteins. In agreement with this, single SEP gene mutations 575 

produce only subtle or no phenotypes, while in a sep1 sep2 sep3 triple mutant the floral 576 

organs in the innermost three whorls turn into ectopic sepals, and an even more striking 577 

phenotype occurs in sep1 sep2 sep3 sep4 quadruple mutant, where the floral organs of 578 

all four whorls are converted into leaf-like organs, indicating the central roles of the 579 

SEP genes in specifying FM and organ identity (Pelaz et al., 2000; Pelaz et al., 2001; 580 



Ditta et al., 2004). However, the sep1 sep2 sep4 (lofsep) triple mutant shows no 581 

significant perturbation of floral organ development, suggesting that SEP3 is 582 

significantly more critical for flower development than other SEPs (Ditta et al., 2004).  583 

The expression patterns of rice SEP3-like genes OsMADS7(45) and OsMADS8(24) 584 

share much similarity with SEP3 in eudicots (Pelucchi et al., 2002; Cui et al., 2010), 585 

suggesting that they share similar conserved roles. Supportively, simultaneous 586 

knockdown of OsMADS7(45) and OsMADS8(24) in rice induces strong defects 587 

specifically in whorls 2, 3 and 4 (Cui et al., 2010). Despite in situ RNA hybridization 588 

results indicating an earlier expression of OsMADS8(24) in the inflorescence branch 589 

meristems (Cui et al., 2010), this finding seems in contrast with independent 590 

quantitative experiments (Kobaiashi et al, 2010; Harrop et al., 2016).  591 

The expression patterns of rice LOFSEP-like genes are diversified compared to their 592 

orthologues SEP1, SEP2 and SEP4 in Arabidopsis. In rice, the global expression profile 593 

of LOFSEP genes starts earlier than that of the SEP3 genes, and is associated with the 594 

development of the outer spikelet organs. Rice sterile lemmas, lemma and, eventually, 595 

the palea, represent new bract-like organs surrounding the flower, which evolved in the 596 

monocot grass lineage, and LOFSEP genes were clearly neofunctionalized and 597 

recruited to regulate their identity. This effect might be indirect and dependent on the 598 

LOFSEP function in SM identity specification: as the SM identity is increasingly lost 599 

in lofsep mutant combinations, the glumes are gradually converted toward a default leaf 600 

identity. A similar mechanism has been proposed to explain the effect of A class mutants 601 

on sepal identity in Arabidopsis, alternatively to the existence of a true and direct A 602 

function (reviewed by Causier et al., 2010). On the other hand, rice LOFSEP genes 603 

continue to be expressed during the formation and growth of glume primordia. 604 

OsMADS34 is expressed in the inflorescence meristem and branch meristems, and later 605 

in the primordia of rudimentary glumes and sterile lemmas. During later stages, 606 

OsMADS34 is expressed in the primordia of lemma, palea, stamens, carpels and ovules, 607 

but is absent from the lodicule primordia (Gao et al., 2010; Kobayashi et al., 2010; Lin 608 

et al., 2014), although in this study we detected its expression in mature lodicules (Fig. 609 



1C). The expression of OsMADS5 starts in branch meristems (Kobayashi et al., 2010). 610 

In this study, we showed that OsMADS5 is increasingly expressed in the SM, and 611 

subsequently in the FM. Notably, OsMADS5 was expressed in the primordia of all 612 

spikelet organs including the tip of rudimentary glumes and sterile lemmas, and the 613 

primordia of lemma, palea, lodicules, stamens and carpel (Fig. 1, A and D–L). 614 

Furthermore, OsMADS5 and OsMADS34 showed an overlapping pattern of mRNA 615 

accumulation in all the mature spikelet organs i.e. sterile lemmas, lemma, palea, 616 

lodicules, anthers and pistil at stage In8 to In9 when the FM terminated (Fig. 1, A and 617 

C). In contrast, the transcript of OsMADS1 is not detected during panicle branching; its 618 

earliest expression is detected in the SM, but not in the rudimentary glumes and sterile 619 

lemmas, then is confined to the lemma and palea; within the floral whorls, it is weakly 620 

expressed only in the carpel, but undetectable in lodicules or stamens (Chung et al., 621 

1994; Prasad et al., 2001; Hu et al., 2015) (Fig. 1B). Despite this, the loss of OsMADS1 622 

function causes strong defects in the inner floral whorls (Jeon et al., 2000; Prasad et al., 623 

2001; Agrawal et al., 2005), demonstrating a pivotal role of OsMADS1 in the 624 

establishment of the FM. In agreement with their expression maxima (Fig. 1, A–C), 625 

OsMADS34 is more important for the development of sterile lemmas, whereas 626 

OsMADS1 is required for lemma and palea development. OsMADS5 single mutants 627 

have no phenotype, however, all three genes share significant redundancy in the 628 

development of both glumes and floral organs, as revealed by double and triple mutants. 629 

In Arabidopsis, flower development is not significantly affected even in the lofsep triple 630 

mutant sep1 sep2 sep4, whereas we have found drastic effects in the corresponding 631 

mutant of rice. In this study, the sterile lemmas, lemmas and paleas, as well as the inner 632 

floral organs of osmads1-z osmads5-3 osmads34-1, were converted into leaf-like 633 

structures mimicking the phenotype of sep1 sep2 sep3 sep4 of Arabidopsis. This 634 

demonstrates that there is a clear functional conservation of the SEP subfamily in the 635 

regulation of floral organ and meristem identity, but in rice we observe a higher degree 636 

of subfunctionalization.  637 

Contrary to previous assumptions, we reveal that OsMADS5 actively participates 638 



together with its paralogs in spikelet and floral morphogenesis. This is a significant 639 

advance in understanding the basal genetic model of flower development in rice 640 

because, previously, OsMADS5 was though to play a minor role at best (Agrawal et al., 641 

2005). Interestingly, besides its general redundancy with OsMADS1 and OsMADS34, 642 

OsMADS5 shows some antagonistic effect in the second whorl, because its mutation 643 

partially rescued the formation of extra glume-like organs in osmads1 and osmads1 644 

osmads34-1 mutant backgrounds. 645 

The main implication of the expression patterns of SEP genes is that, in rice, LOFSEP 646 

and SEP3 genes are co-expressed with all the other MADS-box genes involved in 647 

flower development. Here, the comprehensive comparison of the expression patterns of 648 

floral homeotic MADS-box genes enabled us to construct an overarching model of 649 

expression profiles during spikelet morphogenesis (Fig. 8A). This model has facilitated 650 

the integration of previously published data with the findings of this study. 651 

 652 

LOFSEP-like Members of Rice Are Upstream Activators of Class B, C, D, E and 653 

AGL6-like Genes  654 

Another key difference in rice is that the expression of SEP3-like genes seems to be 655 

activated by LOFSEPs, which is not observed in Arabidopsis. In osmads1-z osmads5-656 

3 osmads34-1, the expression of SEP3-like genes, like one of the AGL6-like, B and C 657 

genes, is dramatically delayed and reduced during floral organogenesis from the stages 658 

of lemma primordium, FM and palea primordium initiation (Sp3/Sp4) to the formation 659 

of floral organs and the termination of FM (Fig. 5, C–J). Yet this apparent function of 660 

LOFSEP genes as activators may not be absolute, as also in the triple mutant the 661 

conversion of the SM into FM is retarded not abolished, and defective or reduced floral 662 

organs still develop after several whorls of leaf-like bracts. However, because osmads5-663 

3 and omads34-1 may not be knock-out mutations, this assumption needs to be verified 664 

with more alleles in the future. 665 



In Arabidopsis, the B and C genes do not strictly depend on SEP to be activated in the 666 

floral primordium (Pelaz et al., 2000) although SEP proteins probably bind to their 667 

promoters in order to ensure proper expression levels (Kaufmann et al., 2009). SEP3 668 

itself does not appear to act downstream of LOFSEP genes in Arabidopsis, as in the 669 

sep1 sep2 sep4 triple (lofsep) mutant is still expressed and is sufficient to provide the E 670 

function (Ditta et al., 2004). Therefore, our analysis suggests that the rice LOFSEP 671 

genes may regulate floral organ identity and meristem determinacy through the initial 672 

activation of all the other floral homeotic MADS-box genes. The hypothesis that these 673 

genes are direct targets of LOFSEP proteins is a likely scenario, but challenging to test 674 

because of the difficulty in developing efficient antibodies for chromatin 675 

immunoprecipitation, although using this method we have previously shown that 676 

OsMADS17, one of the rice AGL6-like members, is a direct downstream target of 677 

OsMADS1 (Hu et al., 2015). Regarding the relationship among the LOFSEP-like 678 

members, OsMADS1 is down-regulated in the osmads5-3 osmads34-1 double mutant, 679 

but the expression level of OsMADS34 is increased in osmads1-z, suggesting that 680 

OsMADS5 and OsMADS34 may together promote OsMADS1 during spikelet 681 

morphogenesis, and that OsMADS1 may antagonize OsMADS34. This is consistent 682 

with previous reports that OsMADS1 promotes and ensures the SM to FM transition by 683 

reducing the expression of the SM identity factors such as OsMADS34 in young 684 

spikelets, probably by direct targeting, and contributes to the maintenance of FM 685 

identity and its determinate development (Jeon et al., 2000; Agrawal et al., 2005; Prasad 686 

et al., 2005; Chen et al., 2006; Gao et al., 2010; Khanday et al., 2013; Xu et al., 2017). 687 

However, we show that the SM to FM transition is further delayed in osmads1-z 688 

osmads5-3 osmads34-1, suggesting that OsMADS34 may function either as an SM or 689 

an FM identity gene, perhaps depending on the genetic context and presence of stage 690 

specific interaction partners. In addition, OsMADS34 may repress OsMADS1 in 691 

developing sterile lemmas, based on recent reports (Ren et al., 2016). 692 

 693 

 694 



LOFSEP Proteins Participate in Rice ‘Floral Quartets’  695 

The SEP proteins appear to act as the glue mediating the assembly of ABCD floral 696 

homeotic proteins into alternative MADS-box complexes specifying different floral 697 

whorls in eudicots (Theissen, 2001; Theissen and Saedler, 2001; Malcomber and 698 

Kellogg, 2005; Immink et al., 2009). The SEP proteins of both rice and Arabidopsis 699 

either form homodimers or heterodimers to interact with A-, B-, C-, D-class, and AGL6-700 

like proteins (Honma and Goto, 2001; Favaro et al., 2002; Cooper et al., 2003; Favaro 701 

et al., 2003; Lee et al., 2003; de Folter et al., 2005; Kater et al., 2006; Cui et al., 2010). 702 

For example, to date OsMADS1 has been shown to interact with OsMADS14 and 703 

OsMADS15 (A-class), OsMADS16 (B-class), OsMADS3 and OsMADS58 (C-class), 704 

OsMADS13 (D-class), OsMADS6 (AGL6-like), OsMADS7 and OsMADS8 (SEP3-705 

like), and to form homodimers weakly (Moon et al., 1999a; Lim et al., 2000; Cui et al., 706 

2010; Hu et al., 2015). Similarly, OsMADS34 can form homodimers, or heterodimers 707 

with OsMADS14, OsMADS15 and OsMADS18, OsMADS58, OsMADS6 and 708 

OsMADS7 (Kobayashi et al., 2012; Lin et al., 2014). In this study, we reveal that 709 

OsMADS5 and OsMADS34 have a similar ability to interact with candidate class A, B, 710 

C, D, E and AGL6-like floral homeotic proteins. Previously, no direct interactions were 711 

detected when using the K domain of OsMADS16 or the KC domain of OsMADS4 as 712 

bait and the KC domain of OsMADS5 as prey (Moon et al., 1999b; Lee et al., 2003). 713 

Here, we observed heterodimerization using the extended IKC domain of OsMADS4 714 

and OsMADS16, and the full-length protein of OsMADS5. These results confirmed 715 

that I and K domains are essential to mediate protein interactions while the C domain 716 

plays a crucial role in the formation of higher order complexes (Moon et al., 1999b; 717 

Causier et al., 2010; Lin et al., 2014).  718 

Therefore, both LOFSEP and SEP3 proteins can interact with B, C and AGL6-like 719 

proteins. Moreover, apart from the absence of OsMADS1 in the second and third whorls, 720 

LOFSEP genes are consistently expressed in all floral organs, demonstrated in this work 721 

and by independent data, indicating that rice LOFSEP proteins likely participate in the 722 

formation of the putative ‘floral quartets’ or of functionally equivalent complexes (Fig. 723 



8, A and B). However, because SEP3-like genes are dramatically downregulated in 724 

lofsep mutants, genetic tests are much more complicated in rice than in Arabidopsis and 725 

will require further studies in the future. 726 

In summary, the MADS-box ‘floral quartet’ complexes and even higher order 727 

complexes with non-MADS transcription factors may also be formed in rice and other 728 

monocots, similar to those surmised in core eudicots (West et al., 1998; Egea-Cortines 729 

et al., 1999; West and Sharrocks, 1999; Honma and Goto, 2001; Theissen and Saedler, 730 

2001). In yeast two-hybrid screenings using LOFSEP proteins as baits, the AP1/FUL-731 

like proteins OsMADS14 and OsMADS15 emerged as the MADS-box factors with the 732 

highest affinity (Lim et al., 2000; Meng Q, Liang W and Zhang D, unpublished data). 733 

Their encoding genes are co-expressed with LOFSEP genes in both SMs and FMs. 734 

Interestingly, a recent analysis of these two transcription factors underlined their 735 

essential role in inflorescence development and spikelet development (Wu et al., 2017), 736 

with double mutants showing leafy-like bracts, papery lodicules and other floral defects 737 

reminiscent of the osmads1-z osmads5-3 osmads34-1 phenotype. The combination of 738 

previous data and molecular models predicting SEP-AP1 complexes as activators of B 739 

and C function genes in Arabidopsis (Honma and Goto, 2001; de Folter et al., 2005; 740 

Gregis et al., 2009), and the higher order mutants between AP1, CAL, SEP1/2/4 as well 741 

as SEP4 overexpression, confirmed that the LOFSEP genes of Arabidopsis are indeed 742 

promoters of FM identity (Ditta et al., 2004). The results presented here suggest that 743 

the same mechanism has been only partially rewired during the evolution of grass 744 

reproductive organs. 745 

 746 

MATERIALS AND METHODS 747 

Plant Materials 748 

The three rice single mutants osmads5-3, osmads1-z and osmads34-1 were used in this 749 

study. Subsequently, three CRISPR/Cas9 lines osmads5(M)-CRISPR, osmads5(I)-750 



CRISPR and osmads34(I)-CRISPR were developed in order to confirm the mutant 751 

phenotypes. The parental cultivar of osmads5-3 and osmads1-z is Zhonghua11 (Oryza 752 

sativa L. ssp. japonica) whilst for osmads34-1, osmads5(M)-CRISPR, osmads5(I)-753 

CRISPR and osmads34(I)-CRISPR it is 9522 (Oryza sativa L. ssp. japonica). Both 754 

osmads1-z and osmads34-1 have been previously described by our group (Gao et al., 755 

2010; Hu et al., 2015). Double and triple mutants were isolated by genotyping and 756 

phenotype observation. All plant materials used in this study were grown in the paddy 757 

field at Shanghai Jiao Tong University (at 31°2′3.55″ North latitude, 121°26′39.70″ 758 

East longitude) from May to September.  759 

 760 

Genotyping of lofsep mutant plants 761 

For genotyping the T-DNA line osmads5-3, the PCR primer set OsM5 GF and OsM5 762 

GR was used to detect the OsMADS5 wild type allele, and OsM5 GF with NTLB5 for 763 

the osmads5-3 allele. For the CRISPR mutant lines osmads5(M)-CRISPR, osmads5(I)-764 

CRISPR and osmads34(I)-CRISPR, the genotyping was performed by PCR 765 

amplification and sequencing, using three primer sets OsM5-C G1F and OsM5-C G1R, 766 

OsM5-C G2F and OsM5-C G2R, and OsM34-C GF and OsM34-C GR, respectively. 767 

The genotyping of osmads1-z and osmads34-1 plants has been described previously 768 

(Gao et al., 2010; Hu et al., 2015). All primers are listed in Supplemental table S8. 769 

 770 

Morphological Analysis and Microscopy Observation 771 

Fresh spikelets at stage In9 were photographed with a Leica stereomicroscope (S8AP0). 772 

For cytological analysis, young spikelets of mutants and wild type were fixed in fresh 773 

FAA solution (50% ethanol, 5% acetic acid and 3.7% formaldehyde) and dehydrated 774 

through a series of graded ethanol solutions (70% twice, 80%, 90% and 95% once each, 775 

and 100% twice). Samples for paraffin sectioning were infiltrated with Histo-Clear Ⅱ, 776 

embedded in Paraplast Plus, sectioned into 6-μm-thick slices using a Leica rotary 777 



microtomes (RM2245), deparaffinized and photographed under a Nikon microscope 778 

(Eclipse 80i). The samples for scanning electron microscopy (SEM) were prepared and 779 

analyzed as described previously (Li et al., 2006).  780 

 781 

cDNA Preparation and qRT-PCR Analysis 782 

For the expression analysis of OsMADS1, OsMADS5 and OsMADS34, total RNA of 783 

three biological replicates was extracted using Trizol Reagent (Invitrogen) from young 784 

panicles between 0.3 to 7 mm long, thus covering broad inflorescence and spikelet 785 

developmental stages of In4, In5 and Sp1 to Sp8, and also from mature sterile lemmas, 786 

lemmas, paleas, lodicules, anthers and pistils at stage In8 to In9.  787 

To analyze the expression of floral homeotic genes in lofsep mutants, young 788 

inflorescences from 2 mm to 7 mm long were harvested from the lofsep mutants and 789 

from the wild type, covering five time-points across spikelet development. Indeed a 2 790 

mm-long inflorescence in the wild type cultivars Zhonghua11 or 9522 has mostly 791 

spikelet primordia at the Sp4 stage, with a few still at stage Sp3. When the inflorescence 792 

length becomes 2–3 mm, most of the spikelet primordia are at Sp5, with a small number 793 

at Sp4 or Sp6. Similarly, we sampled inflorescences at 3–4 mm, 4–5 mm or 5–7 mm 794 

long, which mostly bear stage Sp6, Sp7 and Sp8 spikelet primordia, respectively. 795 

The cDNA was synthesized using the PrimeScript™ RT reagent Kit with gDNA Eraser 796 

(Takara). The qRT-PCR analysis was performed using the CFX96 Real-Time PCR 797 

Detection System (Bio-Rad) with SuperReal PreMix Plus (SYBR Green, TIANGEN). 798 

Primers for OsMADS16, OsMADS58, OsMADS7, and OsMADS8 were described by 799 

(Cui et al., 2010), OsMADS4, OsMADS17 and OsMADS1 by (Hu et al., 2015), 800 

OsMADS3 by (Chen et al., 2006), OsMADS6 by (Ohmori et al., 2009) and OsMADS34 801 

by (Gao et al., 2010). All primers are listed in Supplemental table S8. Data were 802 

processed using the CFX Manager software and Excel, based on the relative 803 

quantitation delta-delta Ct (ΔΔCt) method.  804 



RNA In Situ Hybridization 805 

Fresh young panicles dissected from wild type were fixed immediately in FAA solution, 806 

then dehydrated, infiltrated, embedded and sectioned as described above in the paraffin 807 

section method. The digoxygenin-labeled gene-specific RNA probes of OsMADS5 808 

were generated in vitro from a cDNA PCR amplicon comprising the C-terminal of 809 

coding region and the 3’-UTR region of OsMADS5. Primers for in situ hybridization 810 

are listed in Supplemental table S8. Digoxygenin-labeled RNA hybridization and 811 

hybridized probes detection were performed essentially according to (Dreni et al., 2007). 812 

Images were captured on a Nikon microscope (Eclipse 80i).  813 

 814 

Yeast Two-Hybrid Assay 815 

The full-length cDNAs of OsMADS5, OsMADS34, OsMADS1, OsMADS7, OsMADS8, 816 

OsMADS14, OsMADS15 and OsMADS58, the cDNA fragments encoding the IKC 817 

domains of OsMADS2, OsMADS4, OsMADS16, OsMADS3, OsMADS13, and the 818 

cDNA fragments encoding the MIK domains as well as the first 14 amino acid residues 819 

of C domains of OsMADS6, were amplified and cloned into both the activation-domain 820 

(AD) vector pGADT7 and the DNA-binding domain (BD) vector pGBKT7 (Clontech). 821 

Yeast two-hybrid assay was subsequently performed according to the MATCHMAKER 822 

GAL4 Two-Hybrid System 3 & Libraries User Manual (Clontech). Protein interactions 823 

were tested and no single constructs gave rise to detectable autonomous activation as 824 

indicated by yeast growth ability on selective Minimal Synthetic Dropout (SD) media 825 

with high stringency (SD/-Ade/-His/-Leu/-Trp/X-α-Gal). The transformants containing 826 

empty plasmids of both pGADT7 and pGBKT7 were used as negative controls.  827 

 828 

Accession Numbers 829 

Sequence data from this article can be found in the Rice Genome Annotation Project 830 

Database under the following accession numbers: OsMADS5 (Os06g06750), 831 



OsMADS1 (Os03g11614), OsMADS34 (Os03g54170), OsMADS7 (Os08g41950), 832 

OsMADS8 (Os09g32948), OsMADS6 (Os02g45770), OsMADS17 (Os04g49150), 833 

OsMADS14 (Os03g54160), OsMADS15 (Os07g01820), OsMADS2 (Os01g66030), 834 

OsMADS4 (Os05g34940), OsMADS16 (Os06g49840), OsMADS3 (Os01g10504), 835 

OsMADS58 (Os05g11414), OsMADS13 (Os12g10540).  836 

 837 

Supplemental Data 838 

The following supplemental materials are available.  839 

Supplemental Figure S1. The osmads5 and osmads34 mutant alleles. 840 

Supplemental Figure S2. Spikelets of lofsep mutants and of the wild type parental 841 

cultivars.  842 

Supplemental Figure S3. Scanning electron microscopy (SEM) analysis of spikelet 843 

primordia from wild type and lofsep mutants. 844 

Supplemental Figure S4. Statistics of spikelet organs of lofsep mutants and the wild 845 

type.  846 

Supplemental Figure S5. Phenotypes of wild type, osmads5 and osmads34 CRISPR 847 

lines.  848 

Supplemental Table S1. The number and percentage of floral organs of the osmads5-849 

3, osmads34-1 and osmads5-3 osmads34-1 mutants. 850 

Supplemental Table S2. The classification and percentage of five types of phenotypes 851 

presented by osmads1-z and osmads1-z osmads5-3 mutants. 852 

Supplemental Table S3. The number and percentage of spikelet organs of osmads1-z 853 

and osmads1-z osmads5-3 mutants. 854 

Supplemental Table S4. The number of spikelet organs of osmads1-z osmads34-1 and 855 



osmads1-z osmads5-3 osmads34-1 mutants. 856 

Supplemental Table S5. The number of vascular bundles of lofsep mutants. 857 

Supplemental Table S6. The floral organ number of the CRISPR mutants of 858 

OsMADS5 and OsMADS34, compared to osmads5-3 and osmads34-1. 859 

Supplemental Table S7. The number of vascular bundles of the CRISPR mutants of 860 

OsMADS5 and OsMADS34, compared to osmads5-3 and osmads34-1. 861 

Supplemental Table S8. Primers used in this study. 862 
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 869 

FIGURE LEGENDS 870 

Figure 1. Expression pattern analysis of rice LOFSEP genes. A to C, Quantitative 871 

reverse transcription PCR (qRT-PCR) detection of OsMADS5 (A), OsMADS1 (B) and 872 

OsMADS34 (C) transcripts. Total RNA was isolated from wild type roots, leaves, stems, 873 

sterile lemmas, lemmas, paleas, lodicules, anthers and pistils at stage In8 to In9, and 874 

also from 0.3–7 mm inflorescences. The inflorescence length around 0.3–0.6 mm 875 

covers the stages of In3 and In4 when the primary branches form and elongate, while 876 

inflorescence length 0.6–0.9 mm corresponds to stage In5 when the primary branch 877 

meristem produces secondary branches, but the SM has not yet formed. The results are 878 

presented as mean ± SD. Error bars indicate the SD for three biological replications. D 879 

to M, In situ hybridization analysis of OsMADS5 expression in the wild type at stage 880 



In3 (D), In4 (E), In5 (F), early In6 (G), Sp3 (H), Sp4 (I), Sp6 (J), Sp7 (K) and Sp8 (L), 881 

and at stage Sp6 with sense control (M). an, anther; br, bract; fm, floral meristem; im, 882 

florescence meristem; In, inflorescence; le, lemma; lo, lodicule; lsm, lateral spikelet 883 

meristem; pa, palea; PB, primary branch; pbm, primary branch meristem; pi, pistil; rg, 884 

rudimentary glume; SB, secondary branch; sbm, secondary branch meristem; sl, sterile 885 

lemma; tsm, terminal spikelet meristem. Bars = 100 µm (D–G) and 50 µm (H–M).  886 

 887 

Figure 2. Phenotypes of wild type, osmads5-3, osmads34-1 and osmads5-3 osmads34-888 

1 mutants. A, E, I and M, Spikelets of wild type (A), osmads5-3 (E), osmads34-1 (I) 889 

and osmads5-3 osmads34-1 (M) at stage In9. B, F, J and N, Lemma and palea were 890 

removed in wild type (B) and osmads5-3 osmads34-1 (N) and half the lemma and palea 891 

were removed in osmads5-3 (F) and osmads34-1 (J) to show the inner floral organs of 892 

(A, E, I and M), respectively. C, G, K and O, Transverse section of wild type (C), 893 

osmads5-3 (G), osmads34-1 (K) and osmads5-3 osmads34-1 (O) at stage In9 showing 894 

the identity change of sterile lemma and defects of inner floral organs in the mutants. 895 

Black stars mark the number of vascular bundles. D, H, L and P, Diagrammatic 896 

representation of wild type (D), osmads5-3 (H), osmads34-1 (L) and osmads5-3 897 

osmads34-1 (P) spikelets. Q to Z, Scanning electron microscopy (SEM) analysis of the 898 

abaxial epidermis of wild type sterile lemma (Q), lemma (R), palea (T), marginal region 899 

of palea (mrp) (U), lodicule (V), leaf blade (W), adaxial surface of wild type lemma (S), 900 

abaxial epidermis of lemma/palea-like sterile lemma of osmads34-1 (X) and osmads5-901 

3 osmads34-1 (Y), and the abnormal elongated lodicule of osmads5-3 osmads34-1 with 902 

an mrp-like structure (Z). Black arrowheads indicate the stomata. elo, elongated 903 

lodicule; le, lemma; lo, lodicule; lsl, lemma/palea-like sterile lemma; m5, osmads5-3; 904 

m34, osmads34-1; pa, palea; pi, pistil; sl, sterile lemma; st, stamen; sti, stigma. Bars = 905 

2 mm (A, B, E, F, I, J, M and N), 200 µm (C, G, K and O), 50 µm (R, S, T, U, W and 906 

Y) and 10 µm in (Q, V, X, Z). 907 

 908 



Figure 3. Phenotypes of osmads1-z and osmads1-z osmads5-3 mutants. A and H, 909 

Spikelets of osmads1-z (A) and osmads1-z osmads5-3 (H) at stage In9. B to D and I to 910 

K, The whole lemma and palea were removed in osmads1-z (C) and osmads1-z 911 

osmads5-3 (J) spikelets with type Ⅱ phenotype; half the lemma, palea and additional 912 

lemma/palea-like organs were removed in osmads1-z (B) and osmads1-z osmads5-3 (I) 913 

spikelets with type Ⅰ phenotype; and half the lemma and palea were removed in 914 

osmads1-z (D) and osmads1-z osmads5-3 (K) spikelets with type Ⅲ phenotype to show 915 

the inner floral organs at stage In9. E, F, L and M, Transverse section of osmads1-z 916 

with type Ⅰ phenotype (E) and type Ⅱ phenotype (F) and osmads1-z osmads5-3 with 917 

type Ⅰ phenotype (L) and type Ⅱ phenotype (M) at stage In9 showing the defects in 918 

spikelets. G and N, Diagrammatic representations of osmads1-z (G) and osmads1-z 919 

osmads5-3 (N) spikelets. alo, additional lemma/palea-like organ; glo, extra glume-like 920 

second whorl organ; le, lemma; lo, lodicule; m1, osmads1-z; m5, osmads5-3; pa, palea; 921 

pi, pistil; sl, sterile lemma; st, stamen; sti, stigma. Bars = 2 mm (A–D and H–K) and 922 

200 µm (E, F, M and N).  923 

 924 

Figure 4. Phenotypes of osmads1-z osmads34-1 and osmads1-z osmads5-3 osmads34-925 

1 mutants. A and B, Spikelets of osmads1-z osmads34-1 (A) and osmads1-z osmads5-926 

3 osmads34-1 (B) at stage In9. C to G, Elongated leaf-like sterile lemma, lemma and 927 

palea were removed in osmads1-z osmads34-1 (C) and osmads1-z osmads5-3 928 

osmads34-1 (D–G) to show the inner floral organs at stage In9. G1, A close-up view of 929 

the additional floral meristems marked by white arrowheads in (G). G2, SEM analysis 930 

of the additional floral meristems marked by white arrowheads in (G). H, All the leaf-931 

like sterile lemmas, lemmas and paleas which were dissected from the same spikelet 932 

shown in (G) in order to show the increased number of outer spikelet organs in 933 

osmads1-z osmads5-3 osmads34-1. I, K and M, Transverse section of osmads1-z 934 

osmads34-1 (I) and osmads1-z osmads5-3 osmads34-1 (K and M) at stage In9. Black 935 

stars mark the number of vascular bundles. J, L and N, Diagrammatic representations 936 

of osmads1-z osmads34-1 (J) and osmads1-z osmads5-3 osmads34-1 (L and M) 937 



spikelets. O to S, SEM analysis of the abaxial epidermis of osmads1-z osmads34-1 leaf-938 

like sterile lemma (O), leaf-like lemma/palea (Q), and a mixed epidermal pattern of 939 

extra second whorl organs consisting of leaf-like (left side), lemma/palea-like (middle) 940 

and a marginal region of the palea-like (mrp-like) structures (right side) (S), and the 941 

inner/adaxial surface of leaf-like sterile lemma (P) and lemma/palea (R). T to X, SEM 942 

analysis of the abaxial epidermis of osmads1-z osmads5-3 osmads34-1 leaf-like sterile 943 

lemma (T), leaf-like lemma/palea (V), mrp-like extra lodicules (X), and the adaxial 944 

surface of leaf-like sterile lemma (U) and lemma/palea (W). Black arrowheads indicate 945 

the stomata. af, additional floral meristems; ll, leaf-like lemma/palea; lle, leaf-like 946 

lemma; llo, leaf/glume/mrp-like second whorl organ; lpa, leaf-like palea; lsl, leaf-like 947 

sterile lemma; m1, osmads1-z; m5, osmads5-3; m34, osmads34-1; pi, pistil; st, stamen; 948 

sti, stigma. Bars = 2 mm (A–H), 1 mm (G1), 200 µm (I, K and M), 50 µm (G2, O, Q, 949 

S, T, V and X) and 20 µm (P, R, U and W).  950 

 951 

Figure 5. Expression analysis of some floral homeotic genes in the young panicles of 952 

lofsep mutants and the wild type backgrounds. A to J, Expression levels of class A 953 

(OsMADS14 and OsMADS15) (A and B), class B (OsMADS4 and OsMADS16) (C and 954 

D), class C (OsMADS3 and OsMADS58) (E and F), AGL6-like (OsMADS6 and 955 

OsMADS17) (G and H), and SEP3-like (OsMADS7 and OsMADS8) (I and J) genes were 956 

detected by qRT-PCR. Total RNA was isolated from 2 to 7 mm young inflorescences 957 

of the mutants of osmads1-z, osmads5-3, osmads34-1, osmads1-z osmads5-3, osmads5-958 

3 osmads34-1, osmads1-z osmads34-1 and osmads1-z osmads5-3 osmads34-1 and also 959 

the wild type parents Zhonghua11 and 9522. The results are presented as mean ± SD. 960 

The error bars indicate the SD for three biological replications. In, inflorescence; m1, 961 

osmads1-z; m5, osmads5-3; m34, osmads34-1; ZH11, Zhonghua 11. 962 

 963 

Figure 6. Expression analysis of LOFSEP genes in young panicles of lofsep mutants 964 

and wild type backgrounds. A to D, Expression levels of LOFSEP genes OsMADS1 965 



(A), OsMADS34 (B) and OsMADS5 (C and D) were detected by qRT-PCR. The second 966 

and the third primer pairs shown in Supplemental Figure 1A were used to quantify 967 

OsMADS5 transcripts upstream (C) and downstream (D) of the T-DNA insertion site 968 

which causes the osmads5-3 mutant, respectively. Total RNA was isolated from 2 to 7 969 

mm young inflorescences from lofsep mutants and their wild type backgrounds. The 970 

results are presented as mean ± SD. The error bars indicate the SD for three biological 971 

replications. In, inflorescence; m1, osmads1-z; m5, osmads5-3; m34, osmads34-1; 972 

ZH11, Zhonghua 11.  973 

 974 

Figure 7. Interaction analysis of OsMADS5 and OsMADS34 with other floral 975 

homeotic MADS-box proteins. Yeast two-hybrid assay shows the interaction patterns 976 

of rice LOFSEP members OsMADS5 and OsMADS34 with class A (OsMADS14 and 977 

OsMADS15), class B (OsMADS2, OsMADS4 and OsMADS16), class C (OsMADS3 978 

and OsMADS58), class D (OsMADS13), AGL6-like (OsMADS6), SEP3-like 979 

(OsMADS7 and OsMADS8) and LOFSEP-like (OsMADS1, OsMADS5 and 980 

OsMADS34) proteins, respectively. The transformants were grown on selective 981 

Minimal Synthetic Dropout (SD) media at high stringency (SD/-Ade/-His/-Leu/-Trp/X-982 

α-Gal). Co-transformants with empty vectors pGADT7 and pGBKT7 were used as 983 

negative controls. A, adenine; H, histidine; L, leucine; T, tryptophan.  984 

 985 

Figure 8. A working model summarizing the roles of homeotic MADS-box genes 986 

during rice spikelet development. A, The expression domains of A-, B-, C-, D-, E-class 987 

and AGL6-like genes in different spikelet organs. During the spikelet development, the 988 

expression of the FUL1-like gene OsMADS14 is found in the SM, later restricted to the 989 

sterile lemmas, lemma and palea (Pelucchi et al., 2002; Preston and Kellogg, 2006, 990 

2007), and the FUL2-like gene OsMADS15 is also expressed in the SM, and continues 991 

in the sterile lemmas, lemma, palea and lodicules (Kyozuka et al., 2000; Preston and 992 

Kellogg, 2006, 2007). The PI/GLO-like genes OsMADS2, OsMADS4 and the 993 



AP3/DEF-like gene OsMADS16 share a common conserved expression domain in the 994 

lodicule and stamen primordia (Nagasawa et al., 2003; Yadav et al., 2007; Yun et al., 995 

2013). In general, the AG lineage genes OsMADS3 and OsMADS58 exhibit a very 996 

similar expression profile in the stamen, carpel and ovule primordia (Dreni et al., 2011). 997 

The expression of the AGL11 lineage gene OsMADS13 is specific in the ovule 998 

primordium (Lopez-Dee et al., 1999; Dreni et al., 2011), and yet the other AGL11 999 

lineage gene OsMADS21 is expressed in the developing ovule integument, and very 1000 

weakly in stamens and carpels (Arora et al., 2007; Dreni et al., 2007; Dreni et al., 2011). 1001 

The two AGL6-like genes OsMADS6 and OsMADS17 show a largely overlapping 1002 

expression patterns in the FM and, later, in palea, lodicule and ovule (Favaro et al., 1003 

2002; Pelucchi et al., 2002; Ohmori et al., 2009; Li et al., 2010). B, Genetic and physical 1004 

interactions of MADS-box factors in regulating rice spikelet morphogenesis. Black 1005 

arrows indicate the interactions presented in this study and grey arrows show the 1006 

interactions reported in previous works (see manuscript text for references). Bop, body 1007 

of palea; Ca, carpel; FD, floral meristem determinacy; Le, lemma; Lo, lodicule; Mrp, 1008 

marginal region of palea; OsM, OsMADS; Ov, ovule; Pa, palea; Pi, pistil; Rg, 1009 

rudimentary glume; Sl, sterile lemma; St, stamen. 1010 
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FIGURES 1225 

 1226 

Figure 1. Expression pattern analysis of rice LOFSEP genes. A to C, Quantitative 1227 

reverse transcription PCR (qRT-PCR) detection of OsMADS5 (A), OsMADS1 (B) and 1228 

OsMADS34 (C) transcripts. Total RNA was isolated from wild-type roots, leaves, stems, 1229 



sterile lemmas, lemmas, paleas, lodicules, anthers and pistils at stage In8 to In9, and 1230 

also from 0.3–7 mm inflorescences. The inflorescence length around 0.3–0.6 mm 1231 

covers the stages of In3 and In4 when the primary branches form and elongate, while 1232 

inflorescence length 0.6–0.9 mm corresponds to stage In5 when the primary branch 1233 

meristem produces secondary branches, but the SM has not yet formed. The results are 1234 

presented as mean ± SD. Error bars indicate the SD for three biological replications. D 1235 

to M, In situ hybridization analysis of OsMADS5 expression in the wild type at stage 1236 

In3 (D), In4 (E), In5 (F), early In6 (G), Sp3 (H), Sp4 (I), Sp6 (J), Sp7 (K) and Sp8 (L), 1237 

and at stage Sp6 with sense control (M). an, anther; br, bract; fm, floral meristem; im, 1238 

florescence meristem; In, inflorescence; le, lemma; lo, lodicule; lsm, lateral spikelet 1239 

meristem; pa, palea; PB, primary branch; pbm, primary branch meristem; pi, pistil; rg, 1240 

rudimentary glume; SB, secondary branch; sbm, secondary branch meristem; sl, sterile 1241 

lemma; tsm, terminal spikelet meristem. Bars = 100 µm (D–G) and 50 µm (H–M). 1242 

  1243 



 1244 

Figure 2. Phenotypes of wild type, osmads5-3, osmads34-1 and osmads5-3 osmads34-1245 

1 mutants. A, E, I and M, Spikelets of wild type (A), osmads5-3 (E), osmads34-1 (I) 1246 

and osmads5-3 osmads34-1 (M) at stage In9. B, F, J and N, Lemma and palea were 1247 

removed in wild type (B) and osmads5-3 osmads34-1 (N) and half the lemma and palea 1248 

were removed in osmads5-3 (F) and osmads34-1 (J) to show the inner floral organs of 1249 

(A, E, I and M), respectively. C, G, K and O, Transverse section of wild type (C), 1250 

osmads5-3 (G), osmads34-1 (K) and osmads5-3 osmads34-1 (O) at stage In9 showing 1251 

the identity change of sterile lemma and defects of inner floral organs in the mutants. 1252 

Black stars mark the number of vascular bundles. D, H, L and P, Diagrammatic 1253 

representation of wild type (D), osmads5-3 (H), osmads34-1 (L) and osmads5-3 1254 

osmads34-1 (P) spikelets. Q to Z, Scanning electron microscopy (SEM) analysis of the 1255 

abaxial epidermis of wild-type sterile lemma (Q), lemma (R), palea (T), marginal region 1256 

of palea (mrp) (U), lodicule (V), leaf blade (W), adaxial surface of wild-type lemma 1257 

(S), abaxial epidermis of lemma/palea-like sterile lemma of osmads34-1 (X) and 1258 

osmads5-3 osmads34-1 (Y), and the abnormal elongated lodicule of osmads5-3 1259 

osmads34-1 with an mrp-like structure (Z). Black arrowheads indicate the stomata. elo, 1260 



elongated lodicule; le, lemma; lo, lodicule; lsl, lemma/palea-like sterile lemma; m5, 1261 

osmads5-3; m34, osmads34-1; pa, palea; pi, pistil; sl, sterile lemma; st, stamen; sti, 1262 

stigma. Bars = 2 mm (A, B, E, F, I, J, M and N), 200 µm (C, G, K and O), 50 µm (R, 1263 

S, T, U, W and Y) and 10 µm in (Q, V, X, Z). 1264 

 1265 

 1266 

Figure 3. Phenotypes of osmads1-z and osmads1-z osmads5-3 mutants. A and H, 1267 

Spikelets of osmads1-z (A) and osmads1-z osmads5-3 (H) at stage In9. B to D and I to 1268 

K, The whole lemma and palea were removed in osmads1-z (C) and osmads1-z 1269 

osmads5-3 (J) spikelets with type Ⅱ phenotype; half the lemma, palea and additional 1270 

lemma/palea-like organs were removed in osmads1-z (B) and osmads1-z osmads5-3 (I) 1271 

spikelets with type Ⅰ phenotype; and half the lemma and palea were removed in 1272 

osmads1-z (D) and osmads1-z osmads5-3 (K) spikelets with type Ⅲ phenotype to show 1273 

the inner floral organs at stage In9. E, F, L and M, Transverse section of osmads1-z 1274 

with type Ⅰ phenotype (E) and type Ⅱ phenotype (F) and osmads1-z osmads5-3 with 1275 

type Ⅰ phenotype (L) and type Ⅱ phenotype (M) at stage In9 showing the defects in 1276 

spikelets. G and N, Diagrammatic representations of osmads1-z (G) and osmads1-z 1277 

osmads5-3 (N) spikelets. alo, additional lemma/palea-like organ; glo, extra glume-like 1278 

second whorl organ; le, lemma; lo, lodicule; m1, osmads1-z; m5, osmads5-3; pa, palea; 1279 

pi, pistil; sl, sterile lemma; st, stamen; sti, stigma. Bars = 2 mm (A–D and H–K) and 1280 

200 µm (E, F, M and N).   1281 



 1282 

Figure 4. Phenotypes of osmads1-z osmads34-1 and osmads1-z osmads5-3 osmads34-1283 

1 mutants. A and B, Spikelets of osmads1-z osmads34-1 (A) and osmads1-z osmads5-1284 

3 osmads34-1 (B) at stage In9. C to G, Elongated leaf-like sterile lemma, lemma and 1285 

palea were removed in osmads1-z osmads34-1 (C) and osmads1-z osmads5-3 1286 

osmads34-1 (D–G) to show the inner floral organs at stage In9. G1, A close-up view of 1287 

the additional floral meristems marked by white arrowheads in (G). G2, SEM analysis 1288 

of the additional floral meristems marked by white arrowheads in (G). H, All the leaf-1289 

like sterile lemmas, lemmas and paleas which were dissected from the same spikelet 1290 

shown in (G) in order to show the increased number of outer spikelet organs in 1291 

osmads1-z osmads5-3 osmads34-1. I, K and M, Transverse section of osmads1-z 1292 



osmads34-1 (I) and osmads1-z osmads5-3 osmads34-1 (K and M) at stage In9. Black 1293 

stars mark the number of vascular bundles. J, L and N, Diagrammatic representations 1294 

of osmads1-z osmads34-1 (J) and osmads1-z osmads5-3 osmads34-1 (L and M) 1295 

spikelets. O to S, SEM analysis of the abaxial epidermis of osmads1-z osmads34-1 leaf-1296 

like sterile lemma (O), leaf-like lemma/palea (Q), and a mixed epidermal pattern of 1297 

extra second whorl organs consisting of leaf-like (left side), lemma/palea-like (middle) 1298 

and a marginal region of the palea-like (mrp-like) structures (right side) (S), and the 1299 

inner/adaxial surface of leaf-like sterile lemma (P) and lemma/palea (R). T to X, SEM 1300 

analysis of the abaxial epidermis of osmads1-z osmads5-3 osmads34-1 leaf-like sterile 1301 

lemma (T), leaf-like lemma/palea (V), mrp-like extra lodicules (X), and the adaxial 1302 

surface of leaf-like sterile lemma (U) and lemma/palea (W). Black arrowheads indicate 1303 

the stomata. af, additional floral meristems; ll, leaf-like lemma/palea; lle, leaf-like 1304 

lemma; llo, leaf/glume/mrp-like second whorl organ; lpa, leaf-like palea; lsl, leaf-like 1305 

sterile lemma; m1, osmads1-z; m5, osmads5-3; m34, osmads34-1; pi, pistil; st, stamen; 1306 

sti, stigma. Bars = 2 mm (A–H), 1 mm (G1), 200 µm (I, K and M), 50 µm (G2, O, Q, 1307 

S, T, V and X) and 20 µm (P, R, U and W).  1308 

  1309 



 1310 

Figure 5. Expression analysis of some floral homeotic genes in the young panicles of 1311 

lofsep mutants and the wild-type backgrounds. A to J, Expression levels of class A 1312 

(OsMADS14 and OsMADS15) (A and B), class B (OsMADS4 and OsMADS16) (C and 1313 

D), class C (OsMADS3 and OsMADS58) (E and F), AGL6-like (OsMADS6 and 1314 

OsMADS17) (G and H), and SEP3-like (OsMADS7 and OsMADS8) (I and J) genes were 1315 

detected by qRT-PCR. Total RNA was isolated from 2 to 7 mm young inflorescences 1316 



of the mutants of osmads1-z, osmads5-3, osmads34-1, osmads1-z osmads5-3, osmads5-1317 

3 osmads34-1, osmads1-z osmads34-1 and osmads1-z osmads5-3 osmads34-1 and also 1318 

the wild-type parents Zhonghua11 and 9522. The results are presented as mean ± SD. 1319 

The error bars indicate the SD for three biological replications. In, inflorescence; m1, 1320 

osmads1-z; m5, osmads5-3; m34, osmads34-1; ZH11, Zhonghua 11. 1321 

 1322 

 1323 

 1324 

Figure 6. Expression analysis of LOFSEP genes in young panicles of lofsep mutants 1325 

and wild-type backgrounds. A to D, Expression levels of LOFSEP genes OsMADS1 1326 

(A), OsMADS34 (B) and OsMADS5 (C and D) were detected by qRT-PCR. The second 1327 

and the third primer pairs shown in Supplemental Figure 1A were used to quantify 1328 

OsMADS5 transcripts upstream (C) and downstream (D) of the T-DNA insertion site 1329 

which causes the osmads5-3 mutant, respectively. Total RNA was isolated from 2 to 7 1330 

mm young inflorescences from lofsep mutants and their wild-type backgrounds. The 1331 

results are presented as mean ± SD. The error bars indicate the SD for three biological 1332 

replications. In, inflorescence; m1, osmads1-z; m5, osmads5-3; m34, osmads34-1; 1333 

ZH11, Zhonghua 11.   1334 



 1335 

Figure 7. Interaction analysis of OsMADS5 and OsMADS34 with other floral 1336 

homeotic MADS-box proteins. Yeast two-hybrid assay shows the interaction patterns 1337 

of rice LOFSEP members OsMADS5 and OsMADS34 with class A (OsMADS14 and 1338 

OsMADS15), class B (OsMADS2, OsMADS4 and OsMADS16), class C (OsMADS3 1339 

and OsMADS58), class D (OsMADS13), AGL6-like (OsMADS6), SEP3-like 1340 

(OsMADS7 and OsMADS8) and LOFSEP-like (OsMADS1, OsMADS5 and 1341 

OsMADS34) proteins, respectively. The transformants were grown on selective 1342 

Minimal Synthetic Dropout (SD) media at high stringency (SD/-Ade/-His/-Leu/-Trp/X-1343 

α-Gal). Co-transformants with empty vectors pGADT7 and pGBKT7 were used as 1344 

negative controls. A, adenine; H, histidine; L, leucine; T, tryptophan.   1345 



 1346 

Figure 8. A working model summarizing the roles of homeotic MADS-box genes 1347 

during rice spikelet development. A, The expression domains of A-, B-, C-, D-, E-class 1348 

and AGL6-like genes in different spikelet organs. During the spikelet development, the 1349 

expression of the FUL1-like gene OsMADS14 is found in the SM, later restricted to the 1350 

sterile lemmas, lemma and palea (Pelucchi et al., 2002; Preston and Kellogg, 2006, 1351 

2007), and the FUL2-like gene OsMADS15 is also expressed in the SM, and continues 1352 

in the sterile lemmas, lemma, palea and lodicules (Kyozuka et al., 2000; Preston and 1353 

Kellogg, 2006, 2007). The PI/GLO-like genes OsMADS2, OsMADS4 and the 1354 

AP3/DEF-like gene OsMADS16 share a common conserved expression domain in the 1355 

lodicule and stamen primordia (Nagasawa et al., 2003; Yadav et al., 2007; Yun et al., 1356 

2013). In general, the AG lineage genes OsMADS3 and OsMADS58 exhibit a very 1357 

similar expression profile in the stamen, carpel and ovule primordia (Dreni et al., 2011). 1358 

The expression of the AGL11 lineage gene OsMADS13 is specific in the ovule 1359 

primordium (Lopez-Dee et al., 1999; Dreni et al., 2011), and yet the other AGL11 1360 

lineage gene OsMADS21 is expressed in the developing ovule integument, and very 1361 

weakly in stamens and carpels (Arora et al., 2007; Dreni et al., 2007; Dreni et al., 2011). 1362 

The two AGL6-like genes OsMADS6 and OsMADS17 show a largely overlapping 1363 

expression patterns in the FM and, later, in palea, lodicule and ovule (Favaro et al., 1364 

2002; Pelucchi et al., 2002; Ohmori et al., 2009; Li et al., 2010). B, Genetic and physical 1365 

interactions of MADS-box factors in regulating rice spikelet morphogenesis. Black 1366 

arrows indicate the interactions presented in this study and grey arrows show the 1367 



interactions reported in previous works (see manuscript text for references). Bop, body 1368 

of palea; Ca, carpel; FD, floral meristem determinacy; Le, lemma; Lo, lodicule; Mrp, 1369 

marginal region of palea; OsM, OsMADS; Ov, ovule; Pa, palea; Pi, pistil; Rg, 1370 

rudimentary glume; Sl, sterile lemma; St, stamen.  1371 

  1372 



SUPPLEMENTAL FIGURES 1373 

 1374 

Supplemental Figure S1. The osmads5 and osmads34 mutant alleles.  1375 

A, Schematic representation of the genomic organization of OsMADS5, as well as the 1376 

information of both the T-DNA insertion mutant osmads5-3 and the osmads5(M)-1377 

CRISPR and osmads5(I)-CRISPR lines targeting the MADS and I domains, respectively. 1378 

We have confirmed the T-DNA insertion event at position 558 of the OsMADS5 coding 1379 

sequence, causing the loss of at least 40 of the 51 predicted amino acidic residues of 1380 

the C-terminus. Red and green arrows indicate, in the CRISPR lines, the single base “T” 1381 

and “A” insertions at position 50 and 254 of the OsMADS5 coding sequence, 1382 

respectively.  1383 

B to D, Quantitative reverse transcription PCR (qRT-PCR) detection of OsMADS5 1384 

transcripts using three pairs of primers in WT and osmads5-3. The primer target sites 1385 

are shown in (A).  1386 

E, Schematic representation of the genomic organization of OsMADS34 and the 1387 

information of the CRISPR mutant. The red arrow indicates, in the m34(I)-CRISPR line, 1388 

the single nucleotide “C” deletion at position 210 of the OsMADS34 coding sequence, 1389 

targeting the I domain of OsMADS34.  1390 

 1391 



 1392 

Supplemental Figure S2. Spikelets of lofsep mutants and of the wild type parental 1393 

cultivars. 1394 

Phenotypical comparison showing the normal spikelets length of 9522, Zhonghua11, 1395 

osmads5-3 and osmads34-1, the elongated spikelets of osmads1-z, osmads1-z osmads5-1396 

3 and osmads5-3 osmads34-1, and the much increased spikelet length of osmads1-z 1397 

osmads34-1 and osmads1-z osmads5-3 osmads34-1, hence displaying the gradual, 1398 

dose-dependent conversion to leaf-like structures in the lofsep mutants.  1399 

m1, osmads1-z; m5, osmads5-3; m34, osmads34-1; ZH11, Zhonghua 11.  1400 

Bars = 2 mm.  1401 

 1402 



 1403 

Supplemental Figure S3. Scanning electron microscopy (SEM) analysis of spikelet 1404 

primordia from wild type and lofsep mutants.  1405 

A1 to A3, Spikelet primordia of wild type at stage Sp4 (A1), Sp6 (A2) and Sp8 (A3). 1406 

White stars mark the stamens.  1407 

B1 to B3, No detectable defects of spikelet primordia of osmads5-3 at stage Sp4 (B1), 1408 

Sp6 (B2) and Sp8 (B3). White stars mark the stamens.  1409 

C1 to C3, Spikelet primordia of osmads34-1 at stage Sp4 (C1), Sp6 (C2) and Sp8 (C3) 1410 

showing the abnormal elongated sterile lemma. White stars mark the stamens.  1411 

D1 to D3, Spikelet primordia of osmads5-3 osmads34-1 at stage Sp4 (D1), Sp6 (D2) 1412 

and Sp8 (D3) showing the more severe phenotypes. White stars mark the stamens.  1413 

E1 to E4, Spikelet primordia of osmads1-z at stage Sp4 (E1) Sp6 (E3) and Sp8 (E4) 1414 

with type Ⅰ phenotype, and Sp4 (E2) with type Ⅴ phenotype.  1415 

F1 to F4, Spikelet primordia of osmads1-z osmads5-3 at stage Sp4 (F1) and Sp8 (F4) 1416 

with type Ⅰ phenotype, Sp4 (F2) with type Ⅱ phenotype and Sp4 (F3) with type Ⅳ 1417 

phenotype.  1418 

G1 to G4, Abnormal spikelet primordia of osmads1-z osmads34-1 at stage Sp4 (G1), 1419 

Sp6 (G2), Sp7 (G3) and Sp8 (D3).  1420 



H1 to H4, Abnormal spikelet primordia of osmads1-z osmads5-3 osmads34-1 at stage 1421 

Sp4 (H1 and H2), Sp7 (G2), Sp7 (H3) and Sp8 (H3). 1422 

alo, aditional lemma/palea-like organ; fm, floral meristem; le, lemma; ll, leaf-like 1423 

lemma/palea; lle, leaf-like lemma; llo, leaf/glume/mrp-like second whorl organ; lpa, 1424 

leaf-like palea; lsl, lemma/palea-like or leaf-like sterile lemma; m1, osmads1-z; m5, 1425 

osmads5-3; m34, osmads34-1; pa, palea; rg, rudimentary glume; sl, sterile lemma; st, 1426 

stamen.  1427 

Bars = 50 µm (A–H).  1428 

 1429 

 1430 

 1431 

 1432 

 1433 

 1434 

 1435 

 1436 

 1437 

 1438 



1439 

Supplemental Figure S4. Statistics of spikelet organs of lofsep mutants and the wild 1440 

type.  1441 

A and B, The average length of lemma/palea (A) and sterile lemma (B) of the lofsep 1442 

mutants and the wild type. The results are presented as mean ± SD. The error bars 1443 

indicate the SD.  1444 

C to F, The number of floral organs including the lodicules (C), stamens (D), pistils (E) 1445 

and stigmas (F) of the lofsep mutants and the wild type.  1446 

m1, osmads1-z; m5, osmads5-3; m34, osmads34-1; ZH11, Zhonghua 11.  1447 



 1448 

Supplemental Figure S5. Phenotypes of wild type, osmads5 and osmads34 CRISPR 1449 

lines.  1450 

A, C, E and G, Spikelets of wild type 9522 (A), m5(M)-CRISPR (C), m5(I)-CRISPR (E) 1451 

and m34(I)-CRISPR (G) mutant lines of this year (2017) at stage In9. 1452 

B, D, F and H, Lemma and palea were removed in 9522 (B), m5(M)-CRISPR (D) and 1453 

m5(I)-CRISPR (F), and they were partially removed in m34(I)-CRISPR (H) in order to 1454 

show the inner floral organs of (A, C, E and G), respectively. 1455 

I and J, The average length of lemma/palea (I) and sterile lemma (J) of the osmads5 and 1456 

osmads34 CRISPR mutant lines as well as the wild type 9522 in 2017. The results are 1457 

presented as mean ± SD. The error bars indicate the SD.  1458 



le, lemma; lo, lodicule; lsl, lemma/palea-like sterile lemma; m5, osmads5; m34, 1459 

osmads34; pa, palea; pi, pistil; sl, sterile lemma; st, stamen; sti, stigma. 1460 

Bars = 2 mm (A–H).  1461 

 1462 

 1463 

 1464 



SUPPLEMENTAL TABLES 

Supplemental Table S1. The number and percentage of floral organs of the lofsep mutants. 

Genotype 
Total 

spikelets 
Lodicules Stamens Carpels Stigmas 

Elongated 

lodicules (%)   

WT 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 0 

m5-3 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 0 

m34-1 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 0 

m5-3 m34-1 273 2.00±0.33 5.89±0.87* 1.05±0.26** 2.55±0.83** 59.56% 

The number of the floral organs are presented as mean ± SD. *, P < 0.05; **, P < 0.01. m5, osmads5; m34, osmads34.  

 

 

 

 

Supplemental Table S2. The classification and percentage of five types of phenotypes presented by lofsep mutants.  

Genotype 
Total 

spikelets 

Weak mutant 

Type Ⅰ 

Half empty 

Type Ⅱ 

Twin flowers 

Type Ⅲ 

Empty hull 

Type  Ⅳ 

New spikelet 

Type Ⅴ 

m1-z 187 77.54% 6.95% 1.60% 13.37% 0.53% 

m1-z m5-3 187 74.33% 9.63% 1.07% 13.90% 1.07% 

m1, osmads1; m5, osmads5.  

 



Supplemental Table S3. The number and percentage of spikelet organs of lofsep mutants.  

Genotype 
Total 

spikelets 

Sterile 

lemmas 

Lemma/ palea 

like organs 

Normal 

lodicules 

Glume like 

lodicules   
Stamens Pistils Stigmas 

WT 200 2±0.00 2±0.00 2±0.00 0 6±0.00 1±0.00 2±0.00 

m1-z 149 2.50±0.53 2.77±0.62 
0.81±0.96 

(34.22%) 

1.19±0.92 

(65.78%) 
3.46±1.71 1.15±0.42 2.28±0.95 

m1-z m5-3 143 2.28±0.47 2.73±0.67 
1.27±0.91** 

(62.24%) 

0.60±1.10** 

(37.76%) 
3.33±1.45 1.15±0.46 2.41±1.01 

The number of the spikelet organs are presented as mean ± SD. **, P < 0.01. m1, osmads1; m5, osmads5.  

 

 

 

Supplemental Table S4. The number of spikelet organs of lofsep mutants.  

Genotype 
Total 

spikelets 

Leaf-like 

sterile 

lemmas 

Normal 

sterile 

lemmas 

Leaf-like 

lemma/paleas 

Normal 

lemma/paleas 

Total outer 

bracts 

Leaf/glume/mrp-like 

lodicules 

Normal 

lodicules 
Stamens Pistils Stigmas 

WT 200 0.00±0.00 2.00±0.00 0.00±0.00 2.00±0.00 4.00±0.00 0.00±0.00 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 

m1-z m34-1 102 2.25±0.43 0.00±0.00 2.00±0.00 0.00±0.00 4.25±0.43 3.80±0.70 1.81±0.21 3.45±0.92 1.88±1.07 3.76±2.07 

m1-z m5-3 m34-1 103 2.32±0.47 0.00±0.00 3.54±0.50** 0.00±0.00 5.86±0.67** 2.73±0.93**  1.48±0.36** 1.51±0.80** 1.28±0.93** 2.50.±1.67** 

The number of the floral organs are presented as mean ± SD. **, P < 0.01. m1, osmads1; m5, osmads5; m34, osmads34.  

 



Supplemental Table S5. The number of vascular bundles of lofsep mutants.  

Genotype 
Total 

spikelets 

Vascular bundles 

per sterile lemma 

Vascular bundles 

per lemma 

Vascular bundles 

per palea 

Vascular bundles per 

leaf-like lemma/palea 

WT 30 1.00±0.00 5.00±0.00 3.00±0.00 / 

m5-3 30 1.00±0.00 5.00±0.00 3.00±0.00 / 

m34-1 30 5.00±0.00** 5.00±0.00 3.00±0.00 / 

m5-3 m34-1 30 5.27±0.45** 5.00±0.00 3.00±0.00 / 

m1-z 30 1.00±0.00 5.00±0.00 3.00±0.00 / 

m1-z m5-3 30 1.00±0.00 5.00±0.00 3.00±0.00 / 

m1-z m34-1 20 6.00±0.73** / / 9.75±1.64 

m1-z m5-3 m34-1 20 6.75±0.85** / / 13.06±1.26** 

The number of the vascular bundles are presented as mean ± SD. **, P < 0.01. m1, osmads1; m5, osmads5; m34, osmads34. 

 

 

 

 

 

 

 

 

 



Supplemental Table S6. The floral organ number of the new alleles of lofsep mutants. 

Genotype 
Total 

spikelets 
Lodicules Stamens Carpels Stigmas 

WT 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 

m5 (M)-CRISPR 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 

m5 (I)-CRISPR 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 

m5-3 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 

m34 (M)-CRISPR 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 

m34-1 200 2.00±0.00 6.00±0.00 1.00±0.00 2.00±0.00 

The floral organ number of this year (2017) are presented as mean ± SD. m5, osmads5; m34, osmads34.  

 

Supplemental Table S7. The number of vascular bundles of lofsep new alleles.  

Genotype 
Total 

spikelets 

Vascular bundles 

per sterile lemma 

Vascular bundles 

per lemma 

Vascular bundles 

per palea 

WT 30 1.00±0.00 5.00±0.00 3.00±0.00 

m5 (M)-CRISPR 30 1.00±0.00 5.00±0.00 3.00±0.00 

m5 (I)-CRISPR 30 1.00±0.00 5.00±0.00 3.00±0.00 

m5-3 30 1.00±0.00 5.00±0.00 3.00±0.00 

m34 (M)-CRISPR 30 5.00±0.13** 5.00±0.00 3.00±0.00 

m34-1 30 5.00±0.19** 5.00±0.00 3.00±0.00 

The number of the vascular bundles of this year (2017) are presented as mean ± SD. **, P < 0.01. m5, osmads5; m34, osmads34. 

 



Supplemental Table S8. Primers used in this study. 1 

Name Purpose Sequence 

OsM5 GF osmads5-3 genotyping 5'-TGAATCATTTCGGTTGCTTG-3' 

OsM5 GR osmads5-3 genotyping 5'-TGCCCCACAATATAGGAAGC-3' 

NTLB5 osmads5-3 genotyping 5'-AATCCAGATCCCCCGAATTA-3' 

OsM5-C G1F m5(I)-CRISPR genotyping 5'-CCAACAAACGGAGCAAGA-3' 

OsM5-C G1R m5(I)-CRISPR genotyping 5'-CAAACAAAGCAGCAGGGA-3' 

OsM5-C G2F m5(M)-CRISPR genotyping 5'-CCTGCGGTAGAAATCCTT-3' 

OsM5-C G2R m5(M)-CRISPR genotyping 5'-CATCTATCATGCACGAACA-3' 

OsM1 GF1 osmads1-z genotyping 5'-TACGATCAGGTAGCCAAACCAC-3' 

OsM1 GF2 osmads1-z genotyping 5'-ATTTCTGCCTATTACACGGATGG-3' 

OsM1 GR2 osmads1-z genotyping 5'-ACATGATCAAAGTGAGTTCTGCGT-3' 

OsM34 GF osmads34-1 genotyping 5'-AAAGCTGCTCCAAGCTAGGTG-3' 

OsM34 GR osmads34-1 genotyping 5'-GGGAGGCTCACTGGAAAACAC-3' 

OsM34-C GF m34(M)-CRISPR genotyping 5'-ATGGACTTAGGTTGGGTTCT-3' 

OsM34-C GF m34(M)-CRISPR genotyping 5'-TTCTAGTGTAAAGATTGCCTC-3' 

OsM5 qRT-1F qRT-PCR 5'-CAACTACAACCTTAACTCATG-3' 

OsM5 qRT-1R qRT-PCR 5'-CCTGATATTCATGAGGGATATC-3' 

OsM5 qRT-2F qRT-PCR 5'-CAACTTGAGAACCAGATCGAG-3' 

OsM5 qRT-2R qRT-PCR 5'-GCTCAAATACTTGATCAAGCAAC-3' 

OsM5 qRT-3F qRT-PCR 5'-ATATCTTGCCAAGATGTAGGG -3' 

OsM5 qRT-3R qRT-PCR 5'-AGCATAAACAAACGCACTAAA-3' 

OsM14 qRT-F qRT-PCR 5'-AGCTGGTGGAGAAGCAGAAAGT-3' 

OsM14 qRT-R qRT-PCR 5'-GTCTCGCAACCGCAAGATGA-3' 

OsM15 qRT-F qRT-PCR 5'-TTGGTGCCATGAATACAGGA-3' 

OsM15 qRT-R qRT-PCR 5'-CTCGGAAATGGACTCAAGCA-3' 

OsM4 qRT-F qRT-PCR 5'-AGCACAAGATGTTGGCTTTTAGGG-3' 

OsM4 qRT-R qRT-PCR 5'-CATCTAGCAGCGCATGAGG-3' 

OsM16 qRT-F qRT-PCR 5'-CGAGGCGTACGAGACTCTGC-3' 

OsM16 qRT-R qRT-PCR 5'-ACCACGCGGAAGGCGAACAT-3' 

OsM3 qRT-F qRT-PCR 5'-AACGCAAACAGTAGGACCATAGTG-3' 

OsM3 qRT-R qRT-PCR 5'-CCCCTCTCATTCTCAACAACC-3' 

OsM58 qRT-F qRT-PCR 5'-GAGCAAAGTTGCTGAGAGTG-3' 

OsM58 qRT-R qRT-PCR 5'-GAGGCTGATGCATGATGTTG-3' 

OsM6 qRT-F qRT-PCR 5'-AGAGAAAGACGCAACTGATGATGG-3' 

OsM6 qRT-R qRT-PCR 5'-AGGCTTGCTGCATGGCTCTG-3' 

OsM17 qRT-F qRT-PCR 5'-TGCTCAACCACCACCAG-3' 

OsM17 qRT-R qRT-PCR 5'-TTTCAACATTTGCCGAAC-3' 



OsM7 qRT-F qRT-PCR 5'-TGGGTTCTTCCATCCACTTG-3' 

OsM7 qRT-R qRT-PCR 5'-CGTCATCATCATGGTAGCCA-3' 

OsM8 qRT-F qRT-PCR 5'-CACCTTGCAGATCGGGTTTA-3' 

OsM8 qRT-R qRT-PCR 5'-ATCTGTGTCGTCACATCCGT-3' 

OsM1 qRT-F qRT-PCR 5'-GCAACTACAACTCACAGGATGC-3' 

OsM1 qRT-R qRT-PCR 5'-GATGAGCAACCATGTCTGCTGCT-3' 

OsM34 qRT-F qRT-PCR 5'-TGAAGCAAATCAGATCAAGAAAGAC-3' 

OsM34 qRT-R qRT-PCR 5'-CCTGGAAGAAGTGCTCTGGTTG-3' 

OsM5 is-F In situ hybridization 5'-TTGCCAAGATGTAGGGCCCAG-3' 

OsM5 is-R In situ hybridization 5'-AGCATTCATCAATCAAACCG-3' 

OsM5 is T7-F In situ hybridization 5'-TAATACGACTCACTATAGGGTTGCCAAGATGTAGGGCCCAG-3' 

OsM5 is T7-R In situ hybridization 5'-TAATACGACTCACTATAGGGAGCATTCATCAATCAAACCG-3' 

OsM5 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGCGAGGGAAAGTAGAG-3' 

OsM5 Y2H-R Yeast two-hybrid 5'-AAAGGATCCTCATTGGTTGAGGTGATCCAT-3' 

OsM34 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGCGAGGCAAGGTGGTG-3' 

OsM34 Y2H-

R 
Yeast two-hybrid 5'-AAAGGATCCCTAGGCCATCCACTCAGGAGG-3' 

OsM1 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGAGGGGGAAGGTGGAG-3' 

OsM1 Y2H-R Yeast two-hybrid 5'-AAAGGATCCTCATATCCAGCCGGATGGGATGT-3' 

OsM7 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGAGGGGTCGGGTGGAG-3' 

OsM7 Y2H-R Yeast two-hybrid 5'-AAAGGATCCTCATGGTAGCCATGGGGGCAT-3' 

OsM8 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGAGAGGGAGGGTGGAG-3' 

OsM8 Y2H-R Yeast two-hybrid 5'-AAAGGATCCTCAGGGTAGCCATGTCGGCAT-3' 

OsM6 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGAGGGGAAGAGTTGAG-3' 

OsM6 Y2H-R Yeast two-hybrid 5'-AAAGGATCCGAGCTTGTGCTTGAGTTGCCT-3' 

OsM14 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGCGGGGCAAGGTGCAG-3' 

OsM14 Y2H-

R 
Yeast two-hybrid 5'-AAAGGATCCTTAGCCGTTGATGTGGCTCAG-3' 

OsM15 Y2H-F Yeast two-hybrid 5'-AAAGAATTCATGGGGCGGGGGAAGGTGCAG-3' 

OsM15 Y2H-

R 
Yeast two-hybrid 5'-AAAGGATCCTTAAGCATTGAGGTGGCTCAG-3' 

OsM2 Y2H-F Yeast two-hybrid 5'-AAAGAATTCAAGACCTCGCTATCAAGAATC-3' 

OsM2 Y2H-R Yeast two-hybrid 5'-AAACTCGAGTTAATTGTTCTCCTGCAGGTTGG-3' 

OsM4 Y2H-F Yeast two-hybrid 5'-AAAGAATTCAAGACCACGTCCGTGTTTCCC-3' 

OsM4 Y2H-R Yeast two-hybrid 5'-AAACTCGAGCTACTTCTCCTGCTGGAGGTTG-3' 

OsM16 Y2H-F Yeast two-hybrid 5'-AAACATATGTCCACCGACATCAAGGGGATCT-3' 

OsM16 Y2H-

R 
Yeast two-hybrid 5'-AAAGAATTCTCAACCGAGGCGCAGGTCGTGG-3' 



OsM3 Y2H-F Yeast two-hybrid 5'-AAAGAATTCTTCTGCAAGCGCCGCAATGGC-3' 

OsM3 Y2H-R Yeast two-hybrid 5'-AAAGGATCCCTAATTGAAGGCCGGCTGCTG-3' 

OsM58 Y2H-F Yeast two-hybrid 5'-AAACATATGCACATATACAAAGAGCAGGAGG-3' 

OsM58 Y2H-

R 
Yeast two-hybrid 5'-AAAGAATTCTCAAATTTCATTTGTTGAACTATG-3' 

OsM13 Y2H-F Yeast two-hybrid 5'-AAACATATGAACAATGTGAAGGCTACAATT-3' 

OsM13 Y2H-

R 
Yeast two-hybrid 5'-AAAGAATTCTCAGAAGTGAGGAGGCGGCGC-3' 
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