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ABSTRACT  31 

Inflorescence architecture is an important determinant of crop productivity. The number of 32 

spikelets produced by the wheat inflorescence meristem (IM) before its transition to a terminal 33 

spikelet influences the maximum number of grains per spike. MADS-box genes VRN1 and FUL2 34 

(SQUAMOSA-clade) are essential to promote the transition from IM to terminal spikelet and for 35 

spikelet development. Here we show that repression of MADS-box genes of the SHORT 36 

VEGETATIVE PHASE (SVP) clade (VRT2, SVP1 and SVP3) by SQUAMOSA genes contributes 37 

to spikelet identity. Constitutive expression of VRT2 resulted in leafy glumes and lemmas, 38 

reversion of spikelets to spikes, and down-regulation of MADS-box genes involved in floret 39 

development, whereas the vrt2 mutant reduced vegetative characteristics in spikelets of 40 

squamosa mutants. Interestingly, the vrt2 svp1 mutant showed similar phenotypes to squamosa 41 

mutants in heading time, plant height and spikelets per spike but exhibited unusual axillary 42 

inflorescences in the elongating stem. We propose that SQUAMOSA-SVP interactions are 43 

important to promote heading, formation of the terminal spikelet, and stem elongation during the 44 

early reproductive phase, and that down-regulation of SVP genes is then necessary for normal 45 

spikelet and floral development. Manipulating SVP and SQUAMOSA genes can contribute to 46 

engineering spike architectures with improved productivity. 47 

 48 

  49 
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INTRODUCTION 50 

Each year more than 750,000,000 tons of wheat grains are produced around the world providing 51 

one fifth of the calories and protein consumed by the human population (FAOSTAT, 2017). 52 

These wheat grains are produced in an inflorescence called spike, which is generated by the 53 

inflorescence meristem (IM). The IM first produces multiple axillary meristems, called spikelet 54 

meristems (SMs), each subtended by a suppressed leaf ridge. Then, the SMs differentiate into 55 

sessile spikelets on the spike axis (rachis) and the IM transitions into a terminal spikelet resulting 56 

in a determinate inflorescence. 57 

The spikelet is the basic unit of the grass inflorescence (Kellogg, 2001) and, in wheat, it 58 

comprises two basal sterile bracts (glumes) and an indeterminate number of florets. Each floret 59 

has a bract called lemma with an axillary floral meristem (FM) that generates a two-keeled 60 

structure called palea, two scales called lodicules, three stamens and a terminal ovary (Clifford, 61 

1987). In wheat, the SM produces an indeterminate number of FMs on an axis called rachilla, 62 

with only the most basal florets surviving to set grains (Sakuma et al., 2019).  63 

Variation in the activity and maturation rate of meristems has profound effects on inflorescence 64 

architecture and crop productivity (Park et al., 2014; Liu et al., 2021b). In wheat, the timing of 65 

the transition from the IM to a terminal spikelet determines the number of spikelets per spike, 66 

which together with the number of fertile florets per spikelet determine the maximum number of 67 

grains that a spike can produce. Since these are important components of grain yield, a better 68 

understanding of their regulatory mechanisms can be useful to engineer more productive wheat 69 

plants. 70 

Significant progress has been made to understand the pathways controlling grass inflorescence 71 

development, particularly in rice (Oryza sativa L.) and maize (Zea mays L.). A complex gene 72 

network involving several members of the MADS-box gene family regulates the identity shifts 73 

of different meristems in these species (Callens et al., 2018; Wu et al., 2018; Chongloi et al., 74 

2019). During floral development, MADS-box proteins act as tetrameric complexes and different 75 

protein combinations result in the specification of different organ identities, as was documented 76 

in the ABCDE model of flower development in Arabidopsis (Arabidopsis thaliana (L.) Heynh.) 77 

(Theissen et al., 2016) and rice (Wu et al., 2018). In wheat, there is currently limited knowledge 78 

of the role of these genes in spike development. We have recently shown that wheat MADS-box 79 
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meristem identity genes VRN1 and FUL2 from the SQUAMOSA-clade are essential for the 80 

transition of the IM to a terminal spikelet (Li et al., 2019). In the vrn1 ful2 loss-of-function 81 

mutant, the inflorescence remains indeterminate and fails to produce a terminal spikelet, whereas 82 

in the single vrn1 or ful2 mutants the transition to terminal spikelet is delayed, leading to an 83 

increased number of spikelets per spike.  84 

In addition, SQUAMOSA genes are essential for spikelet identity specification. In the vrn1 ful2 85 

mutant, the axillary meristems in the spike develop into vegetative structures resembling tillers, 86 

some of which have residual flower organs. When the loss-of-function mutations in FUL3 87 

homeologs (the third member of the SQUAMOSA-clade) were combined in a vrn1 ful2 ful3 88 

mutant, the spike axillary meristems generated fully vegetative tillers and the leaf ridges were 89 

de-repressed and formed leaves  (Li et al., 2019). These results demonstrated that VRN1, FUL2 90 

and FUL3 have redundant and essential roles in spikelet meristem identity, spikelet development, 91 

and repression of the lower leaf ridge.  92 

The wheat SQUAMOSA genes also control the initiation of reproductive development and affect 93 

heading time and plant height. VRN1 is a major flowering gene in wheat (Yan et al., 2003). 94 

Spring wheat varieties carrying dominant Vrn1 alleles do not have a vernalization requirement, 95 

whereas winter wheat varieties with the functional but recessive vrn1 allele require several 96 

weeks of vernalization to acquire flowering competence (Yan et al., 2003; Fu et al., 2005; 97 

Kippes et al., 2018). The transition from a vegetative meristem (VM) to an IM is delayed in the 98 

vrn1-null mutant, further delayed in vrn1 ful2 and the most greatly delayed in vrn1 ful2 ful3, 99 

which indicates redundant roles of these three genes in the regulation of the initiation of the 100 

reproductive phase (Li et al., 2019). Functional redundancy was also observed for plant height, 101 

with the vrn1 ful2 ful3 mutant being shorter than any other mutant combinations (Li et al., 2019). 102 

In this study, we aimed to identify the gene network controlled by VRN1 and FUL2 during the 103 

early stages of spike development in wheat and, particularly, the genes responsible for the 104 

reversion of spikelets to vegetative tillers in the vrn1 ful2 mutant. By comparing the developing 105 

spike transcriptomes of vrn1 ful2 (spikelets transformed into tillers) and vrn1 mutants (normal 106 

spikes), we identified three MADS-box genes of the SHORT VEGETATIVE PHASE (SVP) clade 107 

upregulated in the vrn1 ful2 mutant. These genes include SVP1, VEGETATIVE TO 108 

REPRODUCTIVE TRANSITION 2 (VRT2, synonymous SVP2) (Kane et al., 2005), and SVP3 109 
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(Schilling et al., 2020). Gene names, synonyms, accession numbers, and orthologs in rice of the 110 

MADS-box genes analyzed in this study are provided in Supplemental Table 1.  111 

We explore the genetic interactions between SQUAMOSA and SVP genes and show their 112 

complementary and overlapping roles in the early reproductive phase, and their antagonistic 113 

effects during spikelet and initial floral development. We also show that constitutive expression 114 

of VRT2 promotes leafy glumes and lemmas, likely by the down-regulation of multiple MADS-115 

box genes of the SEPALLATA-clade, which are known to be involved in floral development. 116 

Finally, we describe a complex network of interactions among wheat proteins from the 117 

SQUAMOSA, SVP and SEPALLATA clades. The SQUAMOSA genes promote the down-118 

regulation of SVP genes, and this facilitates the interactions between SQUAMOSA and 119 

SEPALLATA proteins that are critical for normal spikelet and floral development.  120 

 121 

RESULTS 122 

Quant-Seq analysis of developing wheat spikes in vrn1 and vrn1 ful2 mutants reveals genes 123 

regulated by VRN1 and FUL2 124 

During early spike development, the IM in the vrn1 mutant produces axillary meristems that 125 

acquire SM identity and develop into spikelets, whereas in the vrn1 ful2 mutant the IM produces 126 

axillary vegetative meristems, which later develop into tillers subtended by a bract (Li et al., 127 

2019). To identify the genes and pathways that repress the vegetative program and activate the 128 

spikelet identity program, we compared the transcriptomes of developing apices of these two 129 

mutants at four developmental stages covering the early steps of spike development: vegetative 130 

(VEG), double-ridge (DR), post-double-ridge (PDR) and terminal spikelet (TS) (Figure 1A). The 131 

average number of unique reads per sample and other transcriptome statistics are summarized in 132 

Supplemental Table 2. 133 

In the comparisons between developing spikes of vrn1 and vrn1 ful2 mutants at the VEG and DR 134 

stages, we found 187 Differentially Expressed Genes (DEGs, 86 down-regulated and 101 up-135 

regulated) and 209 DEGs (63 down-regulated and 146 up-regulated), respectively (Figure 1B, 136 

Supplemental File 1). These numbers greatly increased in the PDR and TS stages to 1,574 and 137 

1,753 DEGs, respectively (Figure 1B).  138 
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We then performed a cluster analysis of the 1,399 up-regulated and 1,268 down-regulated non-139 

redundant DEGs (Figure 1C) based on their expression profiles across the four developmental 140 

stages. This analysis resulted in 5 clusters for each of the two sets, which included at least 10% 141 

of the up- or down-regulated genes (Figure 1D and E, Supplemental File 1). Clusters 4 and 5 142 

included genes that were up-regulated in vrn1 but not in vrn1 ful2 at PDR (cluster 4) or TS 143 

(cluster 5). A GO analysis of these clusters revealed an enrichment of genes involved in early 144 

reproductive development in cluster 4 and flower development in cluster 5, including four genes 145 

of the SEPALLATA (SEP) clade (Figure 1D and F). These results are consistent with the 146 

reproductive fate of the SM in vrn1 relative to vrn1 ful2, where they develop into tiller-like 147 

structures. Additional genes from these clusters with known roles in inflorescence development 148 

are described in Supplemental Table 3.  149 

We observed the opposite profiles in clusters 9 and 10, which included genes up-regulated in 150 

vrn1 ful2 but not in vrn1 between DR and PDR (cluster 9) or at TS (cluster 10) (Figure 1E and 151 

G). A GO analysis of these clusters revealed an enrichment for genes involved in photosynthesis 152 

(Figure 1E), which is consistent with the vegetative fate of the vrn1 ful2 spike axillary 153 

meristems. These clusters also include florigen antagonists CENTRODIALIS2 (CEN2), CEN4 154 

and CEN5 (Figure 1G). Cluster 8 showed a peak at the DR stage and included several genes 155 

previously shown to be involved in the regulation of spikelet number per spike (SNS) (Figure 156 

1G, Supplemental Table 3).  157 

Since we were particularly interested in negative regulators of spikelet meristem identity, we also 158 

analyzed genes from cluster 7, which were highly down-regulated between DR and PDR and at 159 

TS in vrn1 but not in vrn1 ful2 (Figure 1E and G, Supplemental Table 3). This cluster included 160 

three MADS-box genes of the SVP-clade, confirming a previously published qRT-PCR result 161 

showing significantly lower VRT2, SVP1 and SVP3 transcript levels in vrn1 relative to vrn1 ful2 162 

at the TS stage (Li et al., 2019). Of the three wheat genes in the SVP-clade, we prioritized the 163 

functional characterization of VRT2 and SVP1 because of their higher expression levels relative 164 

to SVP3 at the PDR and TS stages (Figure 1G), and also because of their closer evolutionary 165 

relationship relative to SVP3 (Supplemental Figure 1). 166 

 167 
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Identification and combination of loss-of-function mutants for VRT2 and SVP1 in 168 

tetraploid wheat 169 

We selected truncation mutations for the A and B genome homeologs of VRT2 and SVP1, which 170 

are summarized in Figure 2A and B, respectively (for more detail see Materials and Methods). 171 

To generate the VRT2 loss-of-function mutant, designated hereafter as vrt2, we combined the 172 

premature stop codon mutation Q125* in the A-genome homeolog (vrt-A2) with a splice site 173 

mutation in the B-genome homeolog (vrt-B2) (Figure 2A). This vrt-B2 mutation results in splice 174 

variants with premature stop codons or a large deletion in the middle of the protein 175 

(Supplemental Figure 2). To generate the SVP1 loss-of-function mutant, designated hereafter as 176 

svp1, we intercrossed an svp-A1 mutant carrying a splice site mutation that generates splice 177 

variants with premature stop codons (Supplemental Figure 2) with a svp-B1 mutant carrying the 178 

premature stop codon Q99* (Figure 2B). We generated PCR markers for each of these four 179 

mutations to trace them in the different crosses and backcrosses (Supplemental Table 4). 180 

The selected vrt2 and svp1 mutants are likely loss-of-function mutants (or severely hypomorphic 181 

mutants) because the encoded proteins have truncations that eliminate more than half of the 182 

conserved K domain or, for one of the alternative splice forms of svp-A1, a protein with a large 183 

deletion including parts of the MADS and K domains (Figure 2B and Supplemental Figure 2). 184 

Figure 2C presents the crosses and backcrosses used to generate vrt2, svp1, vrt2 svp1, and the 185 

higher order mutants described in other sections of this study.  186 

 187 

The vrt2 and svp1 mutations delay heading time, reduce plant height and increase number 188 

of spikelets per spike 189 

Plants homozygous for vrt2 or svp1 mutations were shorter, flowered later, and had higher SNS 190 

than the wild type (WT), and all these effects were magnified in the vrt2 svp1 mutant (Figure 3A 191 

and B). Statistical analyses of these traits showed that vrt2 and svp1 mutants headed significantly 192 

later than WT in two independent experiments (2.9 - 4.8 d, Figure 3C and Supplemental Figure 193 

3A and B), indicating a small but consistent effect of both genes as promoters of heading time. In 194 

vrt2 svp1, the delay in heading time (29 d) was much larger than the sum of the individual gene 195 

effects, reflecting a highly significant interaction between these two genes (Supplemental Table 196 
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5). Mutations in the individual A and B- genome homeologs of each gene showed no significant 197 

differences in heading time (Supplemental Figure 3). 198 

The late heading time of the vrt2 svp1 mutant was correlated with a highly significant increase in 199 

leaf number (4.4 more leaves than WT, P < 0.001, Figure 3D), which indicates that part of the 200 

delay in heading time was caused by a delayed transition of the shoot apical meristem (SAM) 201 

from the vegetative to the reproductive stage. Using qRT-PCR, we detected reduced expression 202 

levels of the flowering promoting genes VRN1 and FT1 and higher levels of the flowering 203 

repressor VRN2 in the fifth leaf of the vrt2 svp1 mutants compared with the WT (Supplemental 204 

Figure 4).  205 

Both vrt2 and svp1 produced significantly more spikelets per spike than the WT under controlled 206 

environmental conditions, with larger differences between the VRT2 alleles (3.6 - 4.9 spikelets) 207 

than between the SVP1 alleles (2.1 - 2.9 spikelets, Figure 3E and Supplemental Figures 3C and 208 

D). The increase in SNS in the vrt2 svp1 mutant relative to the WT (13 spikelets or ~70% 209 

increase) was larger than the added differences of the individual mutants, indicating a highly 210 

significant interaction (Supplemental Table 5). Mutants for the A- and B-genome homeologs of 211 

both genes showed significant effects on SNS under controlled environments, and these effects 212 

were validated for vrt2 in the field (Supplemental Figure 3C, D and G).  213 

We also observed significant reductions in plant height in vrt2, svp1 and vrt2 svp1 mutants 214 

(Figure 3F), and detected a significant interaction between the two genes (P = 0.0032, 215 

Supplemental Table 5). The effect of vrt2 on plant height (-17.5 cm) was stronger than that of 216 

svp1 (-6.8 cm, Figure 3F), and both were determined mainly by reductions in peduncle length 217 

(Supplemental Figure 3E and F). In a field experiment, the effect of vrt2 on plant height was 218 

even stronger than in the controlled environment experiments (-28.4 cm, Supplemental Figure 219 

3H and I).  220 

In summary, these results indicate that VRT2 and SVP1 have overlapping functions during early 221 

reproductive development in wheat, accelerating the transitions from vegetative meristem to IM 222 

and from IM to terminal spikelet, and promoting elongation of the peduncle.  223 

 224 

The vrt2 svp1 mutant has axillary spikes at the nodes of the elongating stems 225 
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A surprising characteristic of the vrt2 svp1 mutant was the presence of axillary spikelets or 226 

spikes subtended by leaves in the nodes of the elongating stem below the peduncle (Figure 4A). 227 

Although axillary inflorescences are common in some species from other grass subfamilies 228 

including the Bambusoideae, Andropogoneae and Panicoideae (Stapleton, 1997; Vegetti, 1999), 229 

wildtype wheat does not have axillary spikelets, spikes or tillers in the nodes of the elongating 230 

stem (Figure 4 B-D).  231 

We observed a gradient in the development of the axillary buds, with those in node -1 closest to 232 

the spike developing into a single spikelet (Figure 4E), those in node -2 into one or two spikelets, 233 

and those in node -3 into normal spikes with multiple spikelets (Figure 4I, J and N). The single 234 

axillary spikelets in node -1 showed normal spikelet and floral characteristics (Figure 4F and G). 235 

The axillary spikes in node -3 were initially enclosed by one bract (Figure 4I). Upon removal of 236 

these bracts, we observed normally developing spikes (Figure 4J), which were delayed in their 237 

development relative to the corresponding apical spikes at the same time point (Figure 4A). 238 

These unusual axillary spikelets and spikes were also observed in some nodes of vrt2 (Figure 239 

4K) and svp1 (Figure 4L) individual mutants, but at lower frequencies (Figure 4M) and usually 240 

less developed than in the vrt2 svp1 mutant. In vrt2 svp1 mature plants, some axillary spikes 241 

were able to emerge from the subtending leaves (Figure 4N yellow arrow). 242 

 243 

Expression patterns of VRT2 and SVP1 in wheat inflorescences correlate with mutant 244 

phenotypes 245 

To further characterize VRT2 and SVP1 genes, we performed in situ hybridization at different 246 

stages of spike development. We also included VRN1 and FUL2 in our in situ hybridization 247 

analyses to compare the expression patterns of SVP and SQUAMOSA genes. In Kronos, VRN1 248 

and FUL2 expression was detected in leaf primordia and in the SAM. During inflorescence 249 

development, both genes were expressed in the IM, in the emerging SM and in the subtending 250 

vegetative ridge (Supplemental Figure 5) supporting their roles in spikelet development, 251 

repression of the vegetative ridge and determinacy of the IM (Li et al., 2019). Similar expression 252 

patterns were observed in diploid T. monococcum L. (Supplemental Figure 5D and I). 253 

In agreement with the expression profile observed in the Quant-Seq analysis for the SVP-clade 254 

genes (Figure 1G), the in situ hybridizations with VRT2 and SVP1 revealed a progressive 255 
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decrease of signal in the IM and SM with spike development (Figure 5A-C and E-G). When 256 

spikelets reached the stamen primordia stage, we observed a strong signal in the stamen 257 

primordia for SVP1 (central spikelets develop earlier in wheat, Fig. 5G) but not for VRT2 (Fig. 258 

5C). This latter result is consistent with the expression pattern reported for the SVP1 homolog 259 

OsMAD22 in rice (Pelucchi et al., 2002; Sentoku et al., 2005).  260 

Both SVP1 and VRT2 showed hybridization signal in leaf primordia below the developing spikes, 261 

with a stronger signal at the base of these organs. Similar expression profiles were detected in 262 

Kronos (Figure 5A-C and E-G) and T. monococcum (Supplemental Figure 6). In contrast to WT 263 

Kronos, the vrn1 ful2 mutant showed ectopic expression of VRT2 and SVP1 at later stages of 264 

spike development, which is consistent with the Quant-Seq results (Figure 1G). This ectopic 265 

expression was concentrated in the spike axillary organ primordia that then develop into tiller-266 

like structures (Figure 5I-L).  267 

Similar to VRT2 and SVP1, the CEN2, CEN4 and CEN5 genes showed higher expression levels 268 

after DR in vrn1 ful2 than in vrn1 in the Quant-Seq analysis (Figure 1G), so we investigated the 269 

expression profiles of CEN2 in WT and vrn1 ful2 mutant by in situ hybridization. We selected 270 

CEN2 because it is expressed at higher levels than CEN4 and CEN5 in the developing spikes. In 271 

the WT Kronos, CEN2 showed strong hybridization signals at the base of the leaves of the early 272 

developing spikes, similar to VRT2 and SVP1 (Supplemental Figure 7A-D). In the vrn1 ful2 273 

mutant, we observed ectopic expression of CEN2 in the spike axillary organ primordia, similar to 274 

what we observed for VRT2 and SVP1 (Figure 5I-L and Supplemental Figure 7E), suggesting 275 

that both SVP and CEN genes may contribute to the leafy characteristics of the spike axillary 276 

meristems in this mutant. 277 

 278 

Constitutive expression of VRT2 alters spike development  279 

To test if the ectopic expression of SVP-like genes observed in the vrn1 ful2 mutant contributes 280 

to the vegetative characteristic of its inflorescences, we generated transgenic plants constitutively 281 

expressing VRT-Am2 (cloned from T. monococcum Am genome) under the maize UBIQUITIN 282 

promoter (hereafter referred to as UBI::VRT2). We characterized three independent transgenic 283 

events (T#2, T#4 and T#8), which displayed varying degrees of phenotypic effects (Figure 6 and 284 

Figure 7). The intensity of these phenotypic defects was partially correlated with VRT2 transcript 285 
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levels in their developing spike at the TS stage. Transgenic lines T#2 and T#4 showed higher 286 

transcript levels than T#8, and all three had transcript levels significantly higher (P < 0.0001) 287 

than the non-transgenic sister lines (WT, Figure 8A).  288 

The T#8 plants showed no significant differences in heading time, whereas the T#4 and T#2 289 

plants headed 4.3 d and 10.7 d later than the WT, respectively (P < 0.001, Figure 6A). 290 

Interestingly, in this experiment T#8 showed small but opposite effects to T#4 and T#2 for both 291 

stem length (Figure 6B) and spikelet number per spike (Figure 6C). Relative to the WT, T#8 292 

showed a significantly longer stem (2.6 cm. P = 0.008) and reduced SNS (1 spikelet, P = 293 

0.0015), while both T#4 and T#2 showed shorter stems (12.2 and 11.8 cm shorter, P < 0.001, 294 

Figure 6B) and higher SNS (2.9 and 3.7 more spikelets, respectively, P < 0.001, Figure 6C). The 295 

increase in SNS in T#4 and T#2 resulted in significant increases in spikelet density (Figure 6D). 296 

All three transgenic lines showed longer glumes and lemmas than the WT, but the differences 297 

were significant (P < 0.001) only for T#4 and T#2 (Figure 6E and F). T#2 exhibited the most 298 

severe morphological alterations (Figure 7A to E), including very long glumes and lemmas, and 299 

replacement of basal spikelets by branches with multiple spikelets (also with elongated glumes 300 

and lemmas, Figure 7C-E). 301 

We explored the ability of the weakest UBI::VRT2 transgenic line (T#8) to complement the 302 

morphological changes observed in vrt2 in the F2 progeny of a cross between T#8 and vrt2 303 

(Figure 2C). In the absence of the transgene, the vrt2 mutant headed 3.2 d later than the WT, but 304 

those differences disappeared in the presence of the transgene, indicating full complementation 305 

(Supplemental Figure 8A). The differences in peduncle length between the WT and vrt2 mutant 306 

(19.6 cm) were significantly reduced in the presence of UBI::VRT2 (11.4 cm, Supplemental 307 

Figure 8B), indicating partial complementation. However, there was no complementation for the 308 

differences in SNS, with similar increases in SNS in the vrt2 mutant relative to the WT in the 309 

transgenic and non-transgenic backgrounds (Supplemental Figure 8C).  310 

To understand better the effect of UBI::VRT2 on the regulation of spikelet development, we used 311 

qRT-PCR to compare the transcript levels of several MADS-box flowering regulators between 312 

the three UBI::VRT2 transgenic and the non-transgenic sister line at the TS stage (Figure 8). We 313 

observed significant reductions in the transcript levels of A-class gene VRN1, B-class gene PI1, 314 

C-class gene AG1, and E-class genes SEP1-2, SEP1-4, SEP3-1 and SEP3-2 (Figure 8B-E) in the 315 
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strongest T#2 transgenic wheat line. The downregulation of these flowering regulators was 316 

correlated with the spike phenotypic changes in the different transgenic events, and was 317 

significant in the T#4 transgenic line only for SEP1-4, and not-significant for all the studied 318 

genes for T#8 (Figure 8B-E). 319 

 320 

The ful2 mutant enhances spikelet defects in weak UBI::VRT2 transgenic plants 321 

Strong constitutive expression of VRT2 results in spikelets with leaf-like glumes and lemmas 322 

similar to those observed in the partial mutants carrying one functional copy of VRN-A1 in the 323 

heterozygous state and no functional copies of FUL2 (ful2), which was previously designated as 324 

Vrn1 ful2 (Li et al., 2019). Based on these results, we hypothesized that VRT2 and FUL2 may 325 

have opposite effects on spikelet development. To test if the combination of ful2 and UBI::VRT2 326 

would enhance the spike and spikelet defects of the individual lines, we crossed the weak 327 

UBI::VRT2 T#8 with ful2.  328 

The differences in stem length were highly significant for ful2 but not for UBI::VRT2 (Figure 9A 329 

and Supplemental Table 7). By contrast, SNS, glume length and lemma length were significantly 330 

affected by both ful2 and UBI::VRT2, and highly significant interactions were detected for all 331 

three traits (Supplemental Table 7, Figure 9B-D). Plants combining UBI::VRT2 T#8 and ful2 332 

showed long leaf-like glumes and lemmas, similar to those of the strong transgenic lines T#4 and 333 

T#2 and a large increase in floret number (Figure 9E), a phenotype reported previously in Vrn1 334 

ful2 mutant plants (Li et al., 2019). Dissection of basal spikelets showed that some florets were 335 

replaced by spikelets and that the rachilla ended in a terminal spikelet (resembling a determinate 336 

branch) in seven out of the eight plants analyzed (Figure 9F-H). Taken together these results 337 

suggest that VRT2 and FUL2 have antagonistic effects on spikelet development.  338 

 339 

The vrt2 mutant reduces spikelet developmental defects in the Vrn1 ful2 mutant 340 

Since VRT2 constitutive expression exacerbated the spikelet defects observed in the ful2 mutant, 341 

and VRT2 and SVP1 are ectopically expressed in vrn1 ful2 “spikelets” (Figure 5I-L), we 342 

hypothesized that the loss-of-function of vrt2 could reduce some of the vegetative characteristics 343 

of the vrn1 ful2 “spikelets”. To test this hypothesis, we crossed vrt2 with Vrn1 ful2 and selected 344 
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two pairs of sister lines, the first one homozygous for vrn1 (vrt2 vrn1 ful2 and vrn1 ful2) and the 345 

second one with one functional copy of Vrn-A1 (vrt2 Vrn1 ful2 and Vrn1 ful2).  346 

The vrn1 ful2 mutant plants were taller than the vrt2 vrn1 ful2 mutant plants (Supplemental 347 

Figure 9A-B) and most of its shoots produced spikes with axillary spikelets replaced by 348 

vegetative tillers (Supplemental Figure 9C) as described in a previous study (Li et al., 2019). By 349 

contrast, 84% of the inflorescences in the vrt2 vrn1 ful2 mutant failed to emerge (Supplemental 350 

Figure 9D). Spikes that emerged from the other 16% shoots showed deformed axillary tillers 351 

replacing the spikelets (Supplemental Figure 9E-F). Dissection of the shoots from vrn1 ful2 352 

(Supplemental Figure 9G) and vrt2 vrn1 ful2 (Supplemental Figure 9H) revealed that vrt2 vrn1 353 

ful2 had underdeveloped spikes with very short peduncles and internodes, most of which 354 

eventually died within the sheaths.  355 

Scanning electron-microscope (SEM) images of the developing inflorescences at the PDR stage 356 

showed that, in both vrt2 vrn1 ful2 and vrn1 ful2, the spike axillary meristems resembled 357 

vegetative meristems, some of them bearing axillary buds in the first leaf-like primordia 358 

(Supplemental Figure 10A-D). In the vrn1 ful2 SEM images, the visible buds were 359 

undifferentiated (red arrows). Dissection of vrn1 ful2 mature tiller-like organs revealed modified 360 

floral organs (Li et al., 2019), suggesting that these buds have the potential to eventually 361 

differentiate. Interestingly, in the SEM images of vrt2 vrn1 ful2, we observed more developed 362 

floret organ primordia (orange arrows) in the axils of some basal leaf-like primordia, indicating 363 

that vrt2 mutation may reduce “spikelet” defects of vrn1 ful2 mutants.  364 

To better visualize the effect of the vrt2 mutation on spikelet development, we compared sister 365 

lines Vrn1 ful2 and vrt2 Vrn1 ful2 with one functional copy of Vrn-A1 (Figure 10 and 366 

Supplemental Figures 10 and 11). SEM images of the early developing inflorescences showed no 367 

clear differences, with both genotypes bearing axillary SMs showing normal floret organ 368 

primordia (Supplemental Figure 10E-H). However, clear morphological differences between 369 

these genotypes occur at later developmental stages. 370 

The vrt2 Vrn1 ful2 mutant headed 3.5 d later (Supplemental Figure 11A), had shorter stems 371 

(Supplemental Figure 11B) and produced on average 4.7 more spikelets per spike (Supplemental 372 

Figure 11C) than Vrn1 ful2. The spikes of Vrn1 ful2 showed long glumes and lemmas (Figure 373 

10B), an unusually high number of florets (Figure 10E) and branches replacing 80% of the basal 374 
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spikelets (Figure 10G-H). By contrast, the spikes of vrt2 Vrn1 ful2 showed significantly shorter 375 

glumes and lemmas (Figure 10D, Supplemental Figure 11D and E), a more normal number of 376 

florets (Figure 10F), and a reduced proportion of basal spikelets replaced by ‘branches’ (30%, 377 

Supplemental Figure 11F). In summary, the spikes and spikelets of vrt2 Vrn1 ful2 appear more 378 

normal than in Vrn1 ful2 (Figure 10E-F), despite the presence of lemmas still showing some 379 

leafy characteristics (Figure 10I).  380 

A qRT-PCR comparison of some of the DEG identified in the Quant-Seq data showed 381 

significantly higher transcript levels of SEPALATA genes SEP1-2 and SEP3-1 and reduced 382 

expression of CEN2, CEN5 and TB1-2 in the developing spikes of vrt2 Vrn1 ful2 relative to Vrn1 383 

ful2 (Supplemental Figure 12A). The positive effect of the SVP genes on the transcript levels of 384 

CEN2, CEN4, CEN5 and TB1-2 in developing spikes was validated in the vrt2 svp1 mutants 385 

(Supplemental Figure 12B). These expression profiles are consistent with the changes observed 386 

between vrn1 and vrn1 ful2 apices (Figure 1F and G). Taken together, the genetic interactions 387 

and the qRT-PCR results indicate that VRT2 is partially responsible for the spikelet defects of the 388 

Vrn1 ful2 mutant, possibly by regulating the expression of some of the DEGs identified in the 389 

Quant-Seq analyses.  390 

 391 

Wheat SQUAMOSA proteins interact with SVP and SEPALLATA MADS-box proteins 392 

The previous mutant analyses revealed genetic interactions among SQUAMOSA, SVP and 393 

SEPALLATA genes, so we decided to explore the pairwise physical interactions among the 394 

proteins encoded by these genes using yeast two-hybrid (Y2H) assays. After confirming that 395 

none of these wheat proteins caused autoactivation in Y2H assays (Supplemental Figure 13), we 396 

tested the interactions within the clades. Individual members of the SVP-clade did not interact 397 

with each other, and only SVP1 was able to form homodimers (Figure 11 and Supplemental 398 

Figure 14). Among the SQUAMOSA proteins, FUL2 and FUL3 showed strong and weak 399 

homodimerization, respectively (Supplemental Figure 14). FUL2 interacted with both VRN1 and 400 

FUL3, whereas the latter two did not interact with each other (Supplemental Figure 14). Pairwise 401 

interactions between proteins from the two clades revealed that VRT2 and SVP1 can interact 402 

with all three SQUAMOSA proteins, whereas SVP3 can interact only with FUL2. The 403 



 

15 
 

interactions of SVP1 with all three SQUAMOSA proteins were of similar strength but the VRT2 404 

interaction were weakest with VRN1 and strongest with FUL2 (Supplemental Figure 15).  405 

Rice SEPALLATA proteins of the LOFSEP subclade (OsMADS1, OsMADS5 and OsMADS34) 406 

are critical for spikelet and floret organ identity and have been shown to interact with 407 

SQUAMOSA proteins (Wu et al., 2018). In wheat, we observed positive Y2H interactions for all 408 

nine possible pairwise combinations of the three LOFSEP proteins with the three SQUAMOSA 409 

proteins (Figure 11). The interactions for all three LOFSEP proteins were strongest with FUL2, 410 

intermediate with FUL3 and weakest with VRN1 (Supplemental Figure 15). By contrast, there 411 

were fewer positive Y2H interactions between proteins of the LOFSEP and SVP clades. Among 412 

the nine possible pairwise combinations, we only detected a strong interaction between SEP1-2 413 

and SVP1 and a weak interaction between SEP1-6 and SVP3. In summary, wheat proteins from 414 

the SQUAMOSA-clade interact with most proteins from the SVP and LOFSEP clades in yeast, 415 

whereas the latter two show limited interaction with each other (Figure 11).  416 

We also used BiFC to validate the positive Y2H interactions in wheat protoplasts (Supplemental 417 

Table 8). We observed fluorescent signals in the nucleus and sometimes in the cytoplasm for 418 

nine of the 15 tested interactions (Supplemental Table 8 and Supplemental Figure 16A-I), 419 

whereas the six interactions of SEP1-4 and SEP1-6 with the SQUAMOSA proteins showed no 420 

nuclear fluorescence (Supplemental Figure 16J-O). Some of the positive and negative 421 

interactions showed fluorescing protein aggregates outside the nucleus (Supplemental Figure 422 

16G and H, see foot note). We did not detect fluorescent nuclear signals or aggregates for the 423 

negative controls using the YFP-C (C-terminal part of YFP) paired with individual proteins of all 424 

three clades fused to YFP-N (N-terminal part of YFP) (Supplemental Figure 16P-W). The lack 425 

of nuclear fluorescence between the three SQUAMOSA proteins with SEP1-4 and SEP1-6 426 

(Supplemental Table 8) served as additional negative controls for proteins of the same families.  427 

 428 

Wheat SVP and LOFSEP proteins compete for interactions with SQUAMOSA in yeast 429 

Since both SVP and LOFSEP proteins interact with SQUAMOSA proteins and VRT2 ectopic 430 

expression results in spikelet and floret defects, we then tested if the presence of the SVP 431 

proteins could interfere with the interaction between the SQUAMOSA and LOFSEP proteins 432 

using Y3H assays. The -gal assays confirmed that all three LOFSEP proteins had much 433 
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stronger interactions with FUL2 than with FUL3 or VRN1 (Figure 12). SEP1-4 and SEP1-6 434 

showed interactions of similar strength with FUL3 and VRN1, but SEP1-2 interaction with 435 

FUL3 was stronger than with VRN1 (Figure 12). The expression of VRT2 as the competing 436 

protein in Y3H assays significantly reduced the -gal activity of the three strong FUL2 - 437 

LOFSEP interactions (12.0% in SEP1-2, 20.6 % in SEP1-4 and 22.0 % in SEP1-6, P < 0.01). 438 

Among the weak interactions, the presence of VRT2 only had a significant effect on the FUL3 - 439 

SEP1-2 interaction (93.8 % reduction, P < 0.0001, Figure 12). Taken together, these results 440 

indicate that the presence of wheat VRT2 can interfere with some of the wheat SQUAMOSA - 441 

LOFSEP interactions in yeast. 442 

 443 

 444 

DISCUSSION 445 

 446 

Roles of SQUAMOSA genes in the transcriptome of developing spikes and spikelets in 447 

wheat 448 

By comparing the transcriptomes of developing spikes from vrn1 ful2 (where spikelets are 449 

replaced by tillers) and vrn1 (normal spikelets) at four developmental stages, we identified genes 450 

and pathways controlling spike and spikelet development (Figure 1). The dramatic increase in 451 

the number of DEGs between the DR and PDR stages suggests that this developmental interval 452 

is critical for the establishment of the different developmental fates of the axillary spike 453 

meristems in the vrn1 and vrn1 ful2 mutants. The lower number of DEGs in the vegetative and 454 

DR stages of spike development correlates with the similar morphology of the early developing 455 

spikes of vrn1 and vrn1 ful2 mutants up to the DR stage (Li et al., 2019). Similarly, the dramatic 456 

morphological differences observed in the spike axillary meristems at the PDR and TS stages 457 

between these two genotypes, correlate with the higher number of DEGs (Figure 1). 458 

The large morphological differences at the later stages of spike development are reflected in the 459 

DEGs in clusters 4, 5, 9 and 10. Genes in cluster 4 are enriched in genes involved in the 460 

regulation of the early stages of spikelet development and include several known regulators of 461 

axillary branch and spikelet meristem development and determinacy (Supplemental Table 3). 462 
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Cluster 5 DEGs include multiple class-B, class-C and class-E (except SEP1-6 = OsMADS34) 463 

MADS-box floral genes that are up-regulated in vrn1 at TS, reflecting the progression of the 464 

axillary meristems into spikelets and florets in the WT but not in vrn1 ful2 (Figure 1F). In 465 

contrast, transcript levels of the florigen antagonists CEN2, CEN4 and CEN5 are strongly 466 

upregulated in the vrn1 ful2 mutant in clusters 9 and 10 (Figure 1G), which are also enriched in 467 

genes with photosynthetic functions reflecting the leaf-like structures generated by the spike 468 

axillary meristems in this mutant (Figure 1E).  469 

Genes in cluster 8 peak at the DR stage and include several genes previously shown to control 470 

the number of spikelets per inflorescence (Supplemental Table 3) and SEP1-6, the only wheat 471 

gene from the LOFSEP-clade that is up-regulated in the vrn1 ful2 mutant (Figure 1G). Finally, 472 

cluster 7 includes the three SVP-clade genes investigated in this study (Figure 1G), and genes 473 

known to either extend the activity of the IM or delay the transition of IM to SM identity 474 

(Supplemental Table 3). In summary, the complete table of DEGs presented in Supplemental 475 

File 1 represents a valuable genomics resource for researchers interested in genes and gene 476 

networks that act downstream of VRN1 and FUL2 and play important roles in the early stages of 477 

spike and spikelet development. Supplemental Table 3 highlights a subset of these genes, which 478 

have already been found to play important roles in inflorescence and floret development in 479 

grasses. 480 

 481 

Localization of SVP and SQUAMOSA genes in wheat inflorescences 482 

Our in situ experiments detected similar hybridization profiles in SVP and SQUAMOSA genes at 483 

the early stages of spike development. However, at PDR and TS stages expression of VRT2 and 484 

SVP1 was no longer detected in the IM or the early differentiating SMs (Fig. 5C and G), whereas 485 

expression of VRN1 and FUL2 persisted in these tissues (Supplemental Figure 5). Similar 486 

profiles have been reported for SQUAMOSA genes in previous studies in wheat and barley 487 

(Preston and Kellogg, 2007, 2008; Alonso-Peral et al., 2011). The overlapping expression 488 

domains of SVP and SQUAMOSA genes during early stages of inflorescence development is 489 

consistent with the positive synergistic interaction between genes from these families observed in 490 

this study.  491 
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We detected ectopic expression of VRT2 and SVP1 within the developing spike axillary organs in 492 

the vrn1 ful2 mutant but not in WT Kronos, confirming that SQUAMOSA genes are required to 493 

repress SVP gene expression at later stages of spike development in the WT. Ectopic expression 494 

of VRT2 in glumes and lemmas was also detected by in situ hybridization in developing spikes of 495 

T. turgidum subsp. polonicum, which carries a VRT-A2 allele with a shorter first intron (Liu et 496 

al., 2021a). Liu et al. (2021) proposed that the structural changes in the first intron may disrupt 497 

the binding of the protein encoded by MULTIFLORET SPIKELET 1 (MSF1, 498 

TraesCS1A02G314200, an APETALA2/ETHYLENE-RESPONSIVE FACTOR), resulting in 499 

ectopic expression of VRT-A2 and elongated glumes. Interestingly, MFS1 was downregulated in 500 

the apices of the vrn1 ful2 mutant at PDR and TS stages (cluster 4), which may provide a 501 

molecular link to the ectopic expression of SVP genes in this mutant.  502 

 503 

Wheat genes from the SVP clade accelerate heading time 504 

In Arabidopsis, SVP acts as a flowering repressor (Hartmann et al., 2000) but the related AGL24 505 

acts as a flowering promoter (Michaels et al., 2003), suggesting a great degree of flexibility of 506 

genes from this clade to regulate flowering time. In pepper and tomato, the SVP homologs 507 

CaJOINTLESS and JOINTLESS both function as flowering promoters (Cohen et al., 2012; 508 

Thouet et al., 2012), similar to the VRT2 and SVP1 genes in wheat. The late heading vrt2 svp1 509 

mutant showed a significant increase in leaf number, suggesting a delayed transition of the SAM 510 

from the vegetative to the reproductive stage. This delay was associated with a significant 511 

decrease in the transcript levels of flowering promoter genes VRN1 and FT1 and a significant 512 

increase of the flowering repressor VRN2 in the leaves of the vrt2 svp1 mutant (Supplemental 513 

Figure 4). These three genes are part of a positive feedback loop that promotes wheat flowering 514 

by increasing the transcript levels of FT1 (Distelfeld et al., 2009a). In Arabidopsis and rice, it 515 

was demonstrated that FT1 homologs encode a mobile protein that is transported from the leaves 516 

to the SAM (Corbesier et al., 2007; Tanaka et al., 2015).  517 

Changes in VRT2 expression levels or in its spatio-temporal expression profiles can revert the 518 

function of this gene from a flowering promoter to a flowering repressor. The weak  UBI:VRT2 519 

T#8 transgene accelerated flowering 1.3 days (Supplemental Figure 8A) whereas the strong T#2 520 

event delayed heading up to 10 days (Figure 6A). A similar delay was observed when the barley 521 
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BM1 (~SVP3) gene was constitutively expressed under the ZmUBIQUITIN promoter (Trevaskis 522 

et al., 2007). The effect of the constitutive expression of VRT2 on heading time is likely 523 

modulated by genetic background and environment, since constitutive expression of UBI::VRT2 524 

in winter wheat accelerated flowering in unvernalized plants but not in fully vernalized plants 525 

(Xie et al., 2019).  526 

One possible interpretation of the contrasting roles of VRT2 on heading time in mutants and 527 

transgenic plants is that changes in VRT2 protein abundance and distribution in the transgenic 528 

plants may affect the composition and stability of different MADS-box protein complexes 529 

resulting in multiple pleiotropic effects. The altered balance of these multiple effects across a 530 

complex and interconnected regulatory network can lead to different outcomes depending on the 531 

timing, location and levels of VRT2 expression. This hypothesis is based on VRT2’s interactions 532 

with all SQUAMOSA proteins (Figure 11), its ability to compete with other MADS-box for 533 

interactions with SQUAMOSA proteins (Figure 12) and its regulatory effects on the expression 534 

of multiple floral genes (Figure 8). A similar hypothesis may explain the opposite effects of 535 

VRT2 on plant height and SNS in the vrt2 mutant and the strongest transgenic UBI::VRT2 line. 536 

 537 

SVP and SQUAMOSA genes contribute to stem elongation  538 

Both SQUAMOSA- and SVP-genes contribute to stem elongation in wheat. Mutants for all three 539 

SQUAMOSA genes have shorter stems, with the vrn1 ful2 ful3 mutant being shorter than any 540 

other mutant combination (Li et al., 2019). Significant reductions in plant height have also been 541 

reported for the mutants of the SQUAMOSA orthologs in rice (osmads14 and osmads15), 542 

suggesting a conserved function in grasses (Wu et al., 2017). Reduced plant height was also 543 

observed in the vrt2 and svp1 mutants in tetraploid wheat (Figure 3F) and in transgenic rice 544 

plants with reduced transcript levels of OsMADS55 and OsMADS47 (Lee et al., 2008), the rice 545 

orthologs of wheat VRT2 and SVP3.  546 

By contrast, constitutive expression of SVP genes BM1 in barley (~SPV3) (Trevaskis et al., 547 

2007) and OsMADS55 in rice (Lee et al., 2008) has been shown to promote stem elongation. We 548 

also observed a significant increases in stem length associated with the weak UBI::VRT2 549 

transgenic T#8 (Figure 6B). Increased expression of VRT-A2 in the natural mutant T. turgidum 550 

subsp. polonicum was also associated with increased stem elongation (Adamski et al., 2021; Liu 551 
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et al., 2021a). Since both SVP and SQUAMOSA genes promote stem elongation, we speculate 552 

that interactions between them may explain the drastic reduction in stem elongation in the vrt2 553 

vrn1 ful2 mutant. 554 

 555 

Mutations in SVP and SQUAMOSA genes alter inflorescence architecture  556 

An unexpected phenotype of the vrt2 svp1 mutant was the development of axillary spikelets or 557 

spikes in the nodes of the elongating stem (Figure 4E-J and N), which indicates that both VRT2 558 

and SVP1 function redundantly as repressors of axillary meristems in the nodes of the elongating 559 

stem. Axillary spikes were reported before in wheat but the causal genes were not identified. 560 

(Wang et al., 2016). The vrt2 svp1 axillary spikes are located in the same position as the ears in a 561 

maize plant, or the axillary inflorescences or “paracladia” in species from the Bambusoideae, 562 

Panicoideae and Andropogoneae subfamilies (Stapleton, 1997; Vegetti, 1999). Andropogoneae 563 

species can develop large axillary inflorescences or small ones consisting of one or few spikelets 564 

(Vegetti, 1999), a variation similar to the one we observed in the vrt2 svp1 mutant (Figure 4E-J). 565 

It would be interesting to investigate if SVP genes in other grasses can also control the 566 

development of axillary inflorescences.  567 

SVP MADS-box genes also play critical roles in inflorescence development by regulating 568 

meristem transitions in both monocot and eudicot plants. In tomato and pepper SVP genes 569 

JOINTLESS and CaJOINTLESS play important roles in the regulation of inflorescence 570 

architecture and are required to maintain the inflorescence state by suppressing the sympodial 571 

vegetative program (Szymkowiak and Irish, 2006; Cohen et al., 2012). Without JOINTLESS 572 

function, after one or two flowers are formed from the initial tomato inflorescence meristem, 573 

subsequent growth from that apex is vegetative  (Szymkowiak and Irish, 2006).  574 

In wheat, SVP and SQUAMOSA genes showed opposite effects on the regulation of the number 575 

of florets per spikelet but overlapping effects on the regulation of SNS. The number of florets per 576 

spikelet increased in the ful2 UBI::VRT2 plants relative to the individual mutant or transgenic 577 

plants (Figure 9) but decreased in vrt2 Vrn1 ful2 relative to Vrn1 ful2 (Figure 10E-F and I). The 578 

single ful2 mutant also produced a higher number of florets per spikelet than Kronos WT 579 

indicating that this gene negatively regulates the number of florets per spikelet, an effect that was 580 

not observed for vrn1 or ful3 (Li et al., 2019). By contrast, ectopic expression of VRT2 prolongs 581 
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the activity of the SM and promotes the production of additional FM. These results suggest that 582 

dynamic changes in the relative abundance of SQUAMOSA and SVP genes are critical for the 583 

normal progression of floret meristems within spikelets. 584 

In contrast with their antagonistic roles in the regulation of the spikelet meristem activity, 585 

SQUAMOSA and SVP genes showed synergistic roles in promoting the transition of the IM to a 586 

terminal spikelet. Individual SVP mutants (Figure 3E) and SQUAMOSA mutants show a delayed 587 

IM transition resulting in significant increases in SNS relative to the WT (Li et al., 2019). A 588 

synergistic effect of the SQUAMOSA and SVP-clade mutants was also evident in vrt2 Vrn1 ful2 589 

relative to Vrn1 ful2 (Supplemental Figure 11C) and in the wheat vrt2 vrn1 ful2 mutant, where 590 

spikes remained undeveloped and eventually died within the sheaths (Supplemental Figure 9H).  591 

Interactions between SQUAMOSA and SVP homologs have been reported also in Arabidopsis. 592 

Although no obvious changes in inflorescence architecture were observed in the svp agl24 593 

double mutant (Gregis et al., 2006), inflorescences of the Arabidopsis svp agl24 ap1 triple 594 

mutant failed to produce floral meristems and continuously produced IMs (Gregis et al., 2008). 595 

Another MADS-box mutant combination in Arabidopsis including svp agl24 soc1 sep4, resulted 596 

in inflorescences with a striking increase in branching that was not observed in other 597 

combinations of these mutants (Liu et al., 2013). These four genes redundantly control 598 

inflorescence branching in Arabidopsis by repressing the expression of TERMINAL FLOWER-599 

LIKE 1 (TFL1) in the emerging floral meristems, a mechanism that only occurs in the presence 600 

of AP1 activity and that seems to be conserved in rice (Liu et al., 2013).  601 

Interactions between MADS-box and TFL1/CEN homologous genes also control inflorescence 602 

architecture in pea. Wild-type pea plants have compound inflorescences with lateral branches 603 

carrying multiple flowers, but in the veg1 mutant the inflorescence lateral meristems produced 604 

vegetative shoots instead of secondary inflorescences bearing flowers (Berbel et al., 2012). The 605 

mutated gene in veg1 is a homolog of Arabidopsis AGL79, which encodes a SQUAMOSA 606 

MADS-box protein more distantly related to the wheat VRN1/FUL2/FUL3 proteins than 607 

Arabidopsis AP1/CAL/FUL. The pea CEN homolog DET, which is expressed only in the IM in 608 

the WT, was also expressed in the lateral meristems in the veg1 mutant. Interestingly, the det 609 

veg1 double mutant was able to produce flowers, indicating a role of DET in the transformation 610 

of the flowering branches into vegetative shoots in the pea veg1 mutant (Berbel et al., 2012).  611 
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Our results also point to an interaction between SVP, SQUAMOSA and CEN genes in wheat. The 612 

CEN genes showed reduced expression levels in developing spikes of vrt2 Vrn1 ful2 relative to 613 

Vrn1 ful2 and vrt2 svp1 relative to WT (Supplemental Figure 12A and B), which suggests that 614 

VRT2 promotes CEN transcription and provides a molecular link to the CEN up-regulation in the 615 

vrn1 ful2 mutant (Figure 1G). This hypothesis is also supported by similar in situ profiles of 616 

CEN2, VRT2 and SVP1, both in WT Kronos and vrn1 ful2 (Supplemental Figure 7). Similarly, 617 

Arabidopsis AGL24 and SOC1 were shown to bind to TFL1 regulatory regions to induce its 618 

expression in the SAM (Azpeitia et al., 2021). We hypothesize that the ectopic expression of 619 

CEN genes in the developing axillary organs in the spikes of vrn1 ful2 may have contributed to 620 

their vegetative characteristics; and their reduced expression in the spikelets of vrt2 Vrn1 ful2 621 

relative to Vrn1 ful2 to the reduced vegetative characteristic and floret number (Figure 10).  622 

The effect of CEN2 on inflorescence architecture is supported by the positive correlation 623 

reported between CEN-D2 transcript levels and both SNS and floret number in UBI::CEN-D2 624 

transgenic wheat plants (Wang et al., 2017), and by the effect of the cen-H2 mutants on SNS in 625 

barley (Bi et al., 2019). A mechanism for the regulation of inflorescence architecture involving 626 

competition between FT-like (florigen) and CEN/TFL1 (anti-florigen) proteins has been 627 

described in Arabidopsis and rice (Kaneko-Suzuki et al., 2018; Zhu et al., 2020). In rice, 628 

CEN/TFL1 proteins compete with FT-like florigen proteins for binding to 14-3-3 proteins in the 629 

formation of Floral Activation Complexes that regulate SQUAMOSA genes and inflorescence 630 

development (Kaneko-Suzuki et al., 2018). Since vrn1 ful2 mutants have both lower FT1 631 

expression in leaves and higher CENs expression in developing spikes (Li et al., 2019), the 632 

balance between these two groups of proteins in the inflorescence is likely altered. Given the 633 

known interaction of wheat FT1-14-3-3C-FDL2 complex with the VRN1 promoter (Li et al., 634 

2015), a florigen/anti-florigen competition mechanism represents an interesting area for future 635 

research in wheat spike development. 636 

 637 

Ectopic expression of SVP genes results in glumes and florets with leafy characteristics  638 

In spite of large changes in inflorescence architecture, the spikelets and flowers of the wheat vrt2 639 

svp1 mutant looked normal. Similarly, the early flowering svp agl24 double mutant in 640 

Arabidopsis, showed only mild floral defects including reduced number of organs and partial 641 
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homeotic transformation in the first whorl (Gregis et al., 2006). By contrast, ectopic expression 642 

of VRT2 in tetraploid transgenic lines (Figure 6E and F and Figure 7) or in natural mutants such 643 

as T. turgidum subsp. polonicum (Adamski et al., 2021; Liu et al., 2021a) results in glumes and 644 

florets with vegetative characteristics.  Ectopic expression of SVP genes has been associated with 645 

vegetative characteristic also in spikelet organs in barley (Trevaskis et al., 2007), rice (Sentoku et 646 

al., 2005), and maize plants carrying the dominant Tunicate1 (ZMM19, ~SVP1) pod corn 647 

mutation (Han et al., 2012; Wingen et al., 2012).  648 

Ectopic expression of ZMM19, OsMADS22 and OsMADS47 (~SVP2) in Arabidopsis leads to 649 

leaf-like sepals and evergreen flowers similar to those observed in 35S::SVP and 35S::AGL24, 650 

suggesting a conserved function (He et al., 2004; Fornara et al., 2008). Increases in sepal size 651 

have been also observed in transgenic tomato plants with reduced expression of the SQUAMOSA 652 

gene LeMADS-MC (Vrebalov et al., 2002) or with mutations in the SEP gene Ej2 (Soyk et al., 653 

2017). These results suggest that leaf-like sepals in eudicots can be induced by ectopic 654 

expression of SVP-clade genes or by mutations in SQUAMOSA- or SEP-clade genes. This result 655 

parallels the leaf-like glumes observed in wheat plants transformed with UBI::VRT2 and in the 656 

vrn1 ful2 mutant. We also observed strong interactions between SQUAMOSA and SVP genes on 657 

spikelet development in plants combining ful2 and UBI::VRT2 alleles (Figure 9, Supplemental 658 

Table 7).  659 

We currently do not know if the SVP-clade genes actively induce vegetative characteristics or if 660 

they have an effect on the repression of floral organs that leads to the regression to a “default” 661 

vegetative developmental program. We show in this study that constitutive expression of VRT2 662 

results in the down-regulation of MADS-box A-, B-, C- and most E-class genes, a function 663 

conserved in Arabidopsis (Gregis et al., 2009; Liu et al., 2009). Similar results were observed in 664 

the apices of wheat lines with the VRT-2A allele from T. turgidum subsp. polonicum (Liu et al., 665 

2021). Moreover, we showed that higher expression levels of SEP1-2 in vrt2 Vrn1 ful2 relative 666 

to Vrn1 ful2, was associated with more normal glumes and lemmas and a reduced proportion of 667 

spikelets with branches (Supplemental Figure 11). A role of the SEPALLATA genes in the 668 

development of normal glumes and lemmas was also demonstrated in the leaf-like lemmas and 669 

paleas observed in the rice triple mutant osmads1 osmads5 osmads34 (Wu et al., 2018)  Since 670 

continuous expression of VRT2 can compete with the formation of SQUAMOSA-LOFSEP 671 

complexes (Figure 12), we speculate that downregulation of SEP genes or a reduction in their 672 
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activity by protein competition may contribute to the observed vegetative characteristics in 673 

UBI::VRT2 and Vrn1 ful2 plants.  674 

 675 

Dynamic changes in expression of SVP-, SQUAMOSA- and SEPALLATA-genes are 676 

important for normal wheat spike and floral development. 677 

Based on the results from this and a previous study (Li et al., 2019), we propose the following 678 

working model for the roles of SQUAMOSA and SVP genes in the regulation of wheat 679 

reproductive development (Figure 13). Initially, VRT2 and SVP1 contribute to the acceleration of 680 

the transition of the vegetative SAM to an IM, which in wheat is driven mainly by the induction 681 

of VRN1 (Yan et al., 2003; Loukoianov et al., 2005). Then, genes from the SQUAMOSA- and 682 

SVP-clades share a common role in inducing stem elongation and accelerating the transition of 683 

the IM to a terminal spikelet. Since we did not detect expression of SVP-clade genes in the IM at 684 

PDR and TS stages we speculate that this might be an indirect interaction. VRT2 and SVP1 also 685 

repress axillary meristems at the nodes of the elongating stem below the spike contributing to the 686 

formation of a single terminal inflorescence.  687 

In the developing wheat spike, the down-regulation of the SVP-genes promoted by SQUAMOSA 688 

genes at the PDR and subsequent stages is critical for SM specification and normal spikelet 689 

development. A similar mechanism has been reported in Arabidopsis (Yu et al., 2004; Liu et al., 690 

2007), where ChIP experiments have demonstrated that AP1 and SEP3 act as direct repressors of 691 

AGL24 and SVP (Gregis et al., 2008).  692 

MADS-box proteins can form different complexes as the abundance of different MADS-box 693 

proteins changes through development (Theissen et al., 2016). Our Y3H results suggest that the 694 

failure to down-regulate the SVP genes in the vrn1 ful2 mutant may result in competition of the 695 

SVP proteins with the formation of LOFSEP - SQUAMOSA protein complexes required for 696 

normal spikelet and floret development. This potential competition is avoided in the WT by the 697 

timely downregulation of the SVP genes. Through interactions with both the SVP and 698 

SEPALLATA proteins, the SQUAMOSA proteins play a pivotal role in the sequential transition 699 

between MADS-box protein complexes favoring early reproductive development and those 700 

favoring the development of floral organs. A similar function as protein interaction hubs between 701 

the flower induction pathway (e.g. SVP, AGL24, and SOC1) and floral organ identity proteins 702 
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has been proposed in Arabidopsis for the SQUAMOSA proteins AP1 and FUL2 (de Folter et al., 703 

2005).  704 

In summary, this study shows that SVP and SQUAMOSA genes have synergistic effects on the 705 

acceleration of the transitions of the apical meristems (SAM to IM to terminal spikelet) and stem 706 

elongation, but antagonistic effects on the regulation of axillary meristems in spikes and 707 

spikelets, with SQUAMOSA genes promoting the transition to floral organs and SVP genes 708 

having a regressive effect. Our results also show that it is possible to rationally manipulate the 709 

dosage or activity of these MADS complexes to optimize wheat spike architecture. Although 710 

mutations in both SQUAMOSA and SVP genes result in increases in SNS, the reduced pleiotropic 711 

effects of the SVP genes can facilitate their deployment in practical breeding applications. Our 712 

results for the separate vrt2 and svp1 mutants, and their individual homeologs, show that these 713 

effects can be readily fine-tuned in a polyploid species like wheat.  714 

 715 

MATERIALS AND METHODS 716 

Quant-Seq of vrn1 and vrn1 ful2 developing spikes 717 

We collected SAMs from vrn1 and vrn1 ful2 mutants at four developmental stages: vegetative 718 

(VEG), double-ridge (DR), post-double-ridge (PDR) and terminal spikelet (TS) (Figure 1A). 719 

These four stages correspond to W1, W2.5, W3.25 and W3.5 stages in the Waddington Scale of 720 

wheat spike development (Waddington et al., 1983). We performed Quant-Seq analysis using 721 

four biological replicates for each of the four developmental stages, with each replicate including 722 

pools of 6 apices for PDR and TS stages, 9 apices for DR and 12 apices for vegetative apices. 723 

Sequencing of the 32 samples (2 genotypes x 4 developmental stages x 4 biological replicates) 724 

using Hi-seq (100 bp reads not paired) yielded an average of 7,335,215 unique reads per sample 725 

after filtering for duplicates, with an average read length of 74.3 bp (after trimming) and an 726 

average quality of 36.4 (Supplemental Table 2). BioProject numbers are available in the Material 727 

and Methods section. Accession Numbers and plant growth conditions are described in the 728 

section “Growth conditions and phenotyping”.  729 

We processed the raw reads using DOE JGI BBTools (https://sourceforge.net/projects/bbmap/) 730 

program bbduk.sh to remove Illumina adapter contamination and low-quality reads 731 

(forcetrimleft=21 qtrim=r trimq=10). Processed reads were mapped to the IWGSC RefSeq v1.0 732 

https://sourceforge.net/projects/bbmap/
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genome assembly, using the STAR aligner (Dobin et al., 2013). We used parameters --733 

outSAMtype BAM SortedByCoordinate --outSAMunmapped Within --outSAMattributes 734 

Standard --quantMode TranscriptomeSAM GeneCounts to generate Binary Sequence 735 

Alignment/Map (BAM) files for each sample. We used the high confidence gene models from 736 

IWGSC Refseq v1.0 (IWGSC_v1.1_HC_20170706.gff) in combination with the BAM files in 737 

the R program (featureCounts.R) which uses the Rsubread package (Liao et al., 2019) to 738 

calculate the overlap between reads and features. We used the “readExtension5” option that 739 

allows a read to be counted as belonging to a gene when the gene was a defined number of bases 740 

5’ of the read (we used 500 bp).  741 

The raw t-test values between read counts of vrn1 and vrn1 ful2 were corrected for false 742 

discovery rate (FDR) using the R function p.adjust (method = 'BH', aka 'FDR") (Benjamini and 743 

Hochberg, 1995; R Core Team, 2020). Differentially expressed genes (DEGs) between vrn1 and 744 

vrn1 ful2 mutants for each stage were defined as those with a fold change in transcript levels ≥ 2 745 

and FDR ≤ 0.05. We then generated a list of non-redundant down-regulated and up-regulated 746 

DEGs across the four stages and performed a cluster analysis based on their expression profiles 747 

using the MultiExperiment Viewer (MeV) software (www.tm4.org). For this analysis, the 748 

expression levels of each DEG was normalized to the average expression value of each DEG 749 

across genotypes and stages (mean normalized expression), and then clustered using K‐means 750 

with a minimum limit of 10% of total genes per cluster. We then blasted the clustered lists 751 

against a rice gene database available from Phytozome 752 

(Osativa_323_V7.0.cds_primaryTranscriptOnly.fa) to obtain a functional annotation for the 753 

DEGs (Supplemental File 1). Finally, the lists containing the best rice blast hits were used to 754 

perform GO enrichment analysis using AgriGO web tool (http://bioinfo.cau.edu.cn/agriGO/).  755 

 756 

Identification of loss-of-function mutations in VRT2  757 

The sequenced ethyl methane sulphonate (EMS) mutagenized populations of the tetraploid wheat 758 

variety Kronos and hexaploid variety Cadenza (Krasileva et al., 2017) were screened for 759 

mutations using BLASTN with the sequences of VRT2 (TraesCS7A02G175200 and 760 

TraesCS7B02G080300) and SVP1 (TraesCS6A02G313800 and TraesCS6B02G343900) as 761 

queries. For VRT-A2, we detected 46 mutations that generated amino acid changes but we found 762 

http://bioinfo.cau.edu.cn/agriGO/
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no truncation mutations in the Kronos mutant population. Therefore, we screened the mutant 763 

population of the hexaploid wheat Cadenza, where we identified a mutation that generated a 764 

Q125* premature stop codon (mutant line Ca0424), which is predicted to eliminate 47% of the 765 

VRT2 protein, including part of the K-box and C terminal domains (Figure 2A, above gene 766 

model).  767 

The Kronos mutant line K3404 carries a mutation in the donor splice site of the fourth intron of 768 

the VRT-B2 gene, designated hereafter as vrt-B2 (Figure 2A, below gene model). Sequencing of 769 

the RT-PCR products from K3404 revealed three vrt-B2 alternative splice forms, all resulting in 770 

severe truncations (Supplemental Figure 2). The first alternative splicing form showed a five bp 771 

insertion as a result of the utilization of the next available GT splicing site in intron 4. This 772 

resulted in a reading frame shift and a premature stop codon that is predicted to eliminate half of 773 

the protein including 30% of the conserved K domain. The second alternative splicing form had 774 

an insertion of the last 4 bp of intron four between exons four and five, which generated a 775 

reading frame shift and an early stop codon. Similar to the first alternative splice form, this 776 

change is also predicted to eliminate half of the protein and 30% of the K domain. Finally, the 777 

third alternative splicing form was missing exons 3, 4 and 5. Although exons 6, 7 and 8 retained 778 

the correct reading frame, the deletion resulted in the elimination of 80% of the K domain 779 

(Supplemental Figure 2).  780 

Since Kronos x Cadenza crosses result in hybrid necrosis, we crossed Ca0424 to an F2 plant from 781 

the cross between the hexaploid Insignia and the tetraploid Kronos as a bridge cross. We then 782 

intercrossed the F1 with the vrt-B2 mutant K3404 to combine both mutations (Figure 2C). To 783 

reduce the background mutations, we backcrossed the F1 plant from the cross between vrt-A2 784 

and vrt-B2 three times to Kronos, and from the segregating BC2F2 plants we selected a double 785 

homozygous mutant vrt-A2 vrt-B2, which was designated as vrt2.  786 

To test the genetic interaction between vrt2 and members of the MADS-box genes from the 787 

SQUAMOSA-clade (VRN1 and FUL2), we combined vrt2 with loss-of-function mutations at vrn1 788 

ful2 in the same Kronos background (Li et al., 2019). Since the vrn1 ful2 line is sterile, we used a 789 

line heterozygous for VRN-A1 and FUL-B2 for crossing. In the progeny we selected two pairs of 790 

isogenic lines, one with no functional copies of VRN1 (vrt2 vrn1 ful2 / vrn1 ful2) and one 791 

heterozygous for Vrn-A1 and homozygous for all the other truncation mutations (vrt2 Vrn1 / ful2 792 
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Vrn1 ful2). All these mutant lines were developed in a Kronos background with no functional 793 

copies of VRN2 to avoid the extremely late heading of the vrn1 mutant in the presence of VRN2, 794 

which is a strong flowering repressor in wheat (Distelfeld et al., 2009b). We self-pollinated the 795 

F1 plant and from the F2 plants we selected lines homozygous for vrn1 ful2 and either 796 

homozygous for vrt2 or for the WT alleles (Figure 2C). Since the vrt2 vrn1 ful2 mutant failed to 797 

form spikelets, we also selected lines Vrn1 ful2 with and without vrt2 to study its effect on spike 798 

morphology.  799 

 800 

Identification of loss-of-function mutations in SVP1 801 

For SVP-A1, we identified the Kronos line K4488 that carries a mutation in the splice donor-site 802 

in the third intron, designated as svp-A1 (Figure 2B). The sequencing of SVP-A1 RT-PCR 803 

products from K4488 revealed two alternative splicing forms (Supplemental Figure 2). The first 804 

one lacks the third exon, which alters the reading frame and generates a premature stop codon 805 

that eliminates >60% of the SVP-A1 protein. Since this deletion includes the complete K 806 

domain, the resulting protein is likely not functional. The second alternative splice form lacks 807 

both the second and third exons, which results in the loss of 47 amino acids but does not alter the 808 

reading frame. Since this predicted deletion includes the end of the MADS domain and the 809 

beginning of the K domain, the resulting protein is likely not functional.  810 

For SVP-B1, we identified Kronos line K0679 with a mutation that generates a premature stop 811 

codon in the third exon (Q99*), designated as svp-B1 (Figure 2B). We crossed both mutants 812 

separately two times to the parental Kronos to reduce background mutations (BC1) and then 813 

combined them by crossing and selection in BC1F2, to generate the double mutant designated 814 

svp1. Finally, we intercrossed svp1 and vrt2, self-pollinated the F1, and selected F2 plants 815 

homozygous for the four mutations (vrt-A2 vrt-B2 svp-A1 svp-B1) which were designated as vrt2 816 

svp1 (Figure 2C). 817 

  818 

In situ hybridization  819 

We performed in situ RNA hybridization following the protocol described previously (Zhong et 820 

al., 2021). Tissues were obtained from diploid T. monococcum (accession PI 167615), tetraploid 821 
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Kronos WT and Kronos vrn1 ful2 mutant. We amplified DNA fragments of 300-400 bp covering 822 

the end of the coding region and the 3’UTR from T. monococcum with gene-specific primers 823 

appended with T7 or T3 promoter or from Kronos with gene-specific primers, and then inserted 824 

them into pGEM-T easy vectors. The probes were synthesized using T7 or T3 RNA Polymerase 825 

(Promega) and labelled with Digoxigenin-11-UTP (Roche). Images were taken using a Zeiss 826 

AxioImager M2 microscope with an AxioCam512 color camera., or a Zeiss SteREO 827 

Discovery.V20 microscope with an AxioCam506 color camera. Primers used to amplify the 828 

hybridization probes are described in Supplemental Table 4.  829 

 830 

Scanning electron microscopy 831 

Apices from the different genotypes and developmental stages were dissected and fixed for a 832 

minimum of 24 h in FAA (50% ethanol, 5% (v/v) acetic acid, 3.7% (v/v) formaldehyde), and 833 

then dehydrated through a graded ethanol series to absolute ethanol. Samples were critical-point 834 

dried in liquid CO2 (tousimis ® 931 Series critical point drier), mounted on aluminum stubs, 835 

sputter-coated with gold (Bio-Rad SEM Coating System Model E5100), and examined with a 836 

ThermoFisher Quattro ESEM scanning electron-microscope operating at 5KV. Images were 837 

recorded at high definition and saved as TIFF files. 838 

 839 

Transgenic plants and complementation  840 

Transgenic Kronos plants overexpressing VRT2 were generated at the UC Davis Plant 841 

Transformation Facility (http://ucdptf.ucdavis.edu/) using the Japan Tobacco (JT) vector pLC41 842 

(hygromycin resistance) and transformation technology licensed to UC Davis. The coding region 843 

of VRT-Am2 gene from Triticum monococcum accession G3116 (GenBank MW218446) was 844 

cloned downstream of the maize UBIQUITIN promoter with a C-terminal 4×MYC tag 845 

(henceforth UBI::VRT2). Agrobacterium strain EHA105 was used to infect Kronos immature 846 

embryos and all transgenic plants were tested by PCR using primers described in Supplemental 847 

Table 4.  848 

To test complementation of the mutant phenotypes, we crossed UBI::VRT2 plants with the vrt2 849 

mutant. We self-pollinated the F1 plants and used molecular markers to select F2 plants 850 
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homozygous for the vrt-A2 and vrt-B2 mutations with and without the transgene. These sister 851 

lines were evaluated in growth chamber as described in the following section.  852 

 853 

Growth conditions and phenotyping  854 

We grew the plants used for the Quant-Seq experiment and for phenotypic evaluation of mutants 855 

and transgenic plants in PGR15 CONVIRON growth chambers under long-day photoperiod (16 856 

h of light and 8 h dark) and temperatures of 22 °C during the day and 18 °C during the night. The 857 

light intensity of the sodium halide lights was approximately 330 μMm-2s-1. Plants were 858 

germinated in petri dishes at 4 °C for 3 to 5 days. After the first leaf emerged, we transplanted 859 

the seedlings into the soil in one-gallon pots, and recorded days to heading from this day until 860 

emergency of half of the main spike from the flag leaf. Length measurements were taken at 861 

maturity for the complete plants and for each of the internodes and peduncle separately. 862 

We also evaluated the vrt2 mutant in a field experiment sown November 22, 2019 at the UC 863 

Experimental Field Station in Davis, CA (38° 32′ N, 121° 46′ W). We used one-meter rows with 864 

20 plants each as experimental units, organized in a completely randomized design. The 865 

experiment included 20 replications for vrt2 and the WT sister lines, and 10 replications for vrt-866 

A2 and vrt-B2. Plants in the field were evaluated for heading time, SNS and total plant height 867 

(measured from the soil to the top of the main spike excluding awns). 868 

 869 

Statistical analyses 870 

Effects of individual homeologs (A and B genome) or of individual genes (e.g. VRT2 and SVP1) 871 

and their interactions were compared using 2 x 2 factorial ANOVAs with homeologs or genes as 872 

factors and alleles as levels. Simple effects were evaluated using orthogonal contrasts. Means of 873 

the individual genotypes were compared with the WT using Dunnett tests. Homogeneity of 874 

variances was tested with the Levene’s test and normality of residuals with the Shapiro-Wilk 875 

test. When necessary, we transformed data to meet the assumptions of the ANOVA. All 876 

statistical analyses were performed using SAS version 9.4. Distribution of the data within each 877 

genotype are presented with box-plots including individual data points generated with Excel. The 878 

middle line of the box represents the median and the x represents the mean. The bottom line of 879 
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the box represents the first quartile and the top line the third quartile. The whiskers extend from 880 

the ends of the box to the minimum value and maximum value. A data point was considered an 881 

outlier if it exceeded a distance of 1.5 times the inter-quartile range. The number of plants 882 

analyzed is indicated in each graph. 883 

 884 

cDNA Preparation and qRT-PCR Analysis 885 

To quantify transcript levels of different flowering genes in transgenic plants overexpressing 886 

VRT2, we extracted total RNA from pools of 6-8 SAMs at TS stage from four biological 887 

replicates using the Spectrum Plant Total RNA Kit (Sigma-Aldrich). Samples were collected 4-5 888 

hours after the lights were turned on in the morning. The cDNA was synthesized using the High-889 

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 4368814) from 2 μg RNA 890 

treated with RQ1 RNase-free DNase (Promega). The cDNA was then diluted 20 times in water 891 

and 5 μl of the dilution was used for the qRT-PCR analysis. The Quantitative PCR was 892 

performed using the 7500 Fast Real-Time PCR system (Applied Biosystems) with 2×VeriQuest 893 

Fast SYBRGreen qPCRMaster Mix (Affymetrix, 75690). The relative transcript level was 894 

determined for each sample and normalized using ACTIN as an endogenous control. The 895 

normalization was performed as described previously (Livak and Schmittgen, 2001). Melting 896 

curve analyses at the end of the process and “no template controls” were performed to ensure 897 

product-specific amplification without primer-dimer artifacts. Primer sequences are given in 898 

Supplemental Table 4. 899 

 900 

Yeast-Two-Hybrid (Y2H) assay and Bimolecular Fluorescence Complementation (BiFC) 901 

We used the GAL4-based Y2H system to investigate protein interactions. We amplified the full-902 

length cDNAs of the different genes from the SQUAMOSA- (VRN1, FUL2 and FUL3), SVP- 903 

(VRT2, SVP1, SVP3) and SEPALLATA-clades (SEP1-2, SEP1-4, and SEP1-6) and cloned them 904 

into the gateway™ pDONR™/Zeo Vector (Catalog number: 12535035) using primers listed in 905 

Supplemental Table 4. We then cloned these genes into Y2H vectors pGADT7 (activation-906 

domain vector) and pGBKT7 (DNA-binding domain vector) by either restriction enzyme-based 907 

cloning or In-Fusion HD Cloning method (638910In-Fusion® HD Cloning Plus Takara). Primer 908 

sequences used to generate Y2H and Y3H constructs are listed in Supplemental Table 4. Both 909 



 

32 
 

bait and prey vectors were transformed into yeast AH109 Gold strain. The co-transformants were 910 

plated on selective solid Synthetic Dropout agar medium without leucine (L) and tryptophan (W) 911 

(SD-L-W). Positive transformants were re-plated on Synthetic Dropout medium lacking L, W, 912 

histidine (H) and adenine (A) to test for interaction (SD-L-W-H-A). We co-transformed each bait 913 

vector with pGADT7 and each prey vector with pGBKT7 to test autoactivation. 914 

For the bimolecular fluorescence complementation (BiFC or split YFP) assays, we cloned the 915 

same genes into modified Gateway-compatible vectors UBI::NYFP-GW and UBI::CYFP-GW 916 

by recombination reactions (UBI= UBIQUITIN promoter). These vectors generated fusion 917 

proteins with YFP-N-terminal fragment or YFP-C-terminal-fragment at the N-terminus and the 918 

proteins being tested at the C-terminus. Wheat protoplasts were prepared, transfected and 919 

visualized as described in (Shan et al., 2014).   920 

 921 

Yeast Three-Hybrid (Y3H) assays  922 

The pBridge yeast three-hybrid system (Clontech CATALOG No. 630404) was used to test if the 923 

wheat VRT2 protein can interfere with the interactions between SEPALLATA and 924 

SQUAMOSA proteins. This vector can express two proteins, a DNA-binding domain fusion, and 925 

a second protein (Bridge protein) that is controlled by pMET25, an inducible promoter 926 

responsive to methionine levels in the medium. The Bridge protein is only expressed in the 927 

absence of methionine and inhibited by the addition of 1 mM methionine. For each pBridge 928 

vector, one of the LOFSEPs (SEP1-2, SEP1-4 or SEP1-6) genes was fused to the DNA-binding 929 

domain, and the VRT2 gene was inserted downstream of the MET25 promoter. The same prey 930 

vectors generated for VRN1, FUL2 and FUL3 in Y2H assays were used in Y3H assays. Each 931 

pBridge vector was then paired with one prey vector and co-transformed into yeast Gold. 932 

Transformants containing both vectors were selected on SD-L-W medium. Protein interactions 933 

were quantified using quantitative -galactosidase assays as described before (Li et al., 2011). 934 

All constructs used in Y2H and Y3H assays have the GAL4 DNA binding (bait) and activation 935 

domains (prey) at the N-terminus, and the proteins being tested at the C-terminus of the fusion 936 

protein. 937 

 938 

Accession numbers  939 
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The T. monococcum VRT-Am2 sequence used for the constitutive expression construct is 940 

deposited in GenBank under accession number MW218446. The Quant-Seq datasets for the vrn1 941 

and vrn1ful2 mutants have been deposited in GenBank under the following project numbers 942 

(each including four biological replicates): PRJNA681065 (vrn1, vegetative samples), 943 

PRJNA681067 (vrn1, double ridge), PRJNA681097 (vrn1, post double ridge) PRJNA681099 944 

(vrn1, terminal spikelet), PRJNA681036 (vrn1 ful2, vegetative samples), PRJNA680890 (vrn1 945 

ful2. double ridge), PRJNA681027 (vrn1 ful2, post double ridge), PRJNA681032 (vrn1 ful2, 946 

terminal spikelet). 947 

 948 

Supplemental data Files  949 

The Supplemental Information file includes 16 supplemental figures and 8 supplemental tables. 950 

Supplemental data file 1: Differentially expressed genes from Quant-Seq data analysis. 951 
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Figure 1. Differentially expressed genes in developing spikes of vrn1 and vrn1 ful2 
mutants.

See next page for legend.



(A) Representative pictures of vegetative (VEG) and reproductive apices (DR = 
double ridge; PDR = post double ridge; TS = terminal spikelet) from vrn1 (above) 
and vrn1 ful2 (below) collected for Quant-seq analysis. (B) Number of DEGs 
(differentially expressed genes) identified at each stage. (C) Venn diagrams showing 
the non-redundant DEGs in the intersections of the different developmental stages. 
Down-regulated (left) and up-regulated (right). (D-E) Mean normalized expression 
pattern for clusters of non-redundant DEGs in vrn1 and vrn1 ful2 samples. The red 
lines represent the mean of all DEGs in the cluster, while light grey lines show 
individual DEGs. Significantly enriched GO terms were identified only for cluster 
1, 3, 4, 5, 9, 10 and are presented below the curves. (F) Heat map showing mean 
normalized expression of selected genes for clusters 4 and 5. (G) Heat map showing 
the relative expression pattern of selected genes for clusters 7, 8, 9 and 10. Scale 0-2 
indicates mean normalized expression. A full list of DEGs is available as 
Supplemental File 1, and a description of DEGs with known functions in 
inflorescence development are described in Supplemental Table 3.
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Figure 2. Selected VRT2 and SVP1 mutations and crosses with vrn1 and ful2 mutants, 
and transgenic UBI::VRT2 plants. 

(A-B) Location of the selected mutations in the gene structure diagram: exons are 
represented by rectangles, with those in orange encoding for the MADS domain and 
those in green for the conserved K domain. Ca= hexaploid wheat Cadenza and K= 
tetraploid wheat Kronos. GT= mutated splice site. (A) VRT2. (B) SVP1. For both 
genes, the A genome mutants are indicated above the gene structure diagram and the 
B genome mutants below. (C) Reference map of the crosses used to generate vrt2 and 
svp1 loss-of-function mutants and the higher order mutants used in this study: 1.
Interaction between a transgene with constitutive VRT2 expression (UBI::VRT2) with 
the ful2 mutant. 2. Complementation of vrt2 with UBI::VRT2. 3. Generation of a vrt2 
svp1 double mutant. 4. Interactions between vrt2 and vrn1 ful2 mutants generated by 
Li et al. (2019). Vrn1 = heterozygous for Vrn-A1. “/ *N” indicates the number of 
crosses to Kronos recurrent parent performed to reduce background mutations
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Figure 3. Effects of individual and combined vrt2 and svp1 mutants on 
important agronomic traits.

(A) Plants 80 days after planting. (B) Spikes (note the axillary spikelet in the 
first node of vrt2 svp1). (C) Days to heading. (D) Leaf number. (E) Spikelet 
number per spike. (F) Plant height (cm). (C-F) The number of plants analyzed is 
indicated below the genotypes. ns = not significant, * = P < 0.05, *** = P < 
0.001 for differences with WT using Dunnett tests. Box-plot features are 
explained in the Statistical analyses section of Material and Methods.
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Figure 4. Axillary inflorescences in vrt2, svp1, and vrt2 svp1. 

(A) Comparison of internodes in WT and vrt2 svp1 (-1 is the node below the 
peduncle, and -3 is the most basal node). (B-D) Detail of the three nodes in WT. (E-
J) Nodes in vrt2 svp1. (E) Spikelet in node -1. (F) Dissection of the spikelet 
showing glumes and three florets. (G) Dissection of floret one (red star in F) 
showing normal floral organs. (H) Spikelet in node -2. (I) Axillary spike in node -3 
surrounded by a bract. (J) Same axillary spike without the bract showing lateral 
spikelets. (K) Axillary spike in vrt2 surrounded by a bract. (L) Axillary spike in 
svp1 surrounded by a bract. (M) Proportion of plants with axillary spikes or 
spikelets in each of the three nodes below the spike (n = 7). Green = axillary 
meristem absent or not developed (AM), Orange= axillary meristem developed into 
a spike or spikelet. (N) The yellow arrow points to an axillary spike emerging from 
its subtending leaf in vrt2 svp1. Bars in B to L are 2 mm (5 cm in A).



Figure 5. In situ hybridization analysis of VRT2 and SVP1 in developing Kronos 
inflorescences.

(A-H) Wild type Kronos, early spike development stages before terminal spikelet 
formation. (I-L) Kronos vrn1 ful2 mutant inflorescence with lateral vegetative 
meristems. (J) and (L) are amplified regions from I and K, respectively. (A-D and I-J)
VRT2. (E-H and K-L) SVP1. (D and H) are control sense probes for VRT2 and SVP1,
respectively. (A-H) T. monococcum probes. (I-L) Kronos probes. Primers for the 
probes are described in Supplemental Table 4. Bars are 500 μM.
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Figure 6. Phenotypic characterization of Kronos lines constitutively expressing VRT2. 

Three independent UBI::VRT2 events with weak (T#8), intermediate (T#4) and strong 
phenotypes (T#2). (A) Days to heading. (B) Stem length (without spike). (C) Spikelet 
No. per spike. (D) Spikelet density (spikelet number / spikelet length in cm). (E)
Glume 1 length. (F) Lemma 1 length. ns = not significant, * = P < 0.05, ** = P < 0.01, 
*** = P < 0.001 in Dunnett tests versus WT control. Box-plot features are explained in 
the Statistical analyses section of Material and Methods. 
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Figure 7. Spikes and spikelets changes in Kronos lines constitutively expressing 
VRT2. 

Three independent events with weak (T#8), intermediate (T#4) and strong phenotypes 
(T#2). (A) Spike phenotype. (B) Aligned glumes showing difference in length. (C)
Basal “spikelet” from UBI::VRT2 event T#2. (D) Dissection of the basal “spikelet” 
shows a determinate branch with multiple spikelets. (E) Detail of spikelets 1 and 2 in 
panel (D), each with glumes, florets and an elongated rachilla. Bars= 1cm. g = glume, 
fl= floret and sp= spikelet.



Figure 8. Relative expression of wheat flowering genes in developing spikes at the TS 
stage of UBI::VRT2 transgenic lines T#8, T#4 and T#2 and sister lines without the 
transgene (WT). 

(A) VRT2 (transgenic plus endogenous transcripts). (B) A-class MADS-box genes 
VRN1 and FUL2. (C) B-class MADS-box genes PI1 (~OsMADS4) and AP3-1 
(~OsMADS16). (C) C-class MADS-box genes AG1 (~OsMADS58) and AG2
(~OsMADS3). (D) E-class MADS-box genes SEP1-2 (~OsMADS1), SEP1-4 
(~OsMADS5), SEP1-6 (~OsMADS34), SEP3-1 (~OsMADS7) and SEP3-2 
(~OsMADS8). Graphs are based on 4 biological replicates (each replicate is a pool of 
6-8 developing spikes at the TS stage). * = P < 0.05, ** = P < 0.01, *** = P < 0.001 in 
Dunnett tests versus the WT control. Expression was determined by qRT-PCR using 
ACTIN as endogenous controls and normalization relative to the WT (WT= 1). Box-
plot features are explained in the Statistical analyses section of Material and Methods.
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Figure 9. Effect of combined ful2 mutation and UBI::VRT2 T#8 transgenic line on stem elongation and spike / 
spikelet development.

(A) Stem length (without spikes). (B) Spikelet number per spike. (C) Glume length in cm.  (D) Lemma length in 
cm. WT= homozygous Ful2 and not transgenic. T#8: weak constitutive transgenic UBI::VRT2 line T#8. ful2 = loss-
of-function mutant for ful-A2 and ful-B2 and not transgenic. T#8ful2 = homozygous ful2 and T#8 transgenic 
present. N = number of plants analyzed is indicated below the genotypes. ns = not significant, * = P < 0.05, ** = P 
< 0.01, *** = P < 0.001 in Dunnett tests. Box-plot features are explained in the Statistical analyses section of 
Material and Methods. (E) Young spikes of WT Kronos, ful2, UBI::VRT2 T#8, and combined UBI::VRT2 T#8 –
ful2. (F) Combined UBI::VRT2 ful2 basal spikelet transformed into a branch (G) Dissection of the basal spikelet 
converted into a branch showing lateral spikelets (H) Dissection of the spikelet marked with 1 in G. Bars = 1 cm. g 
=  glume, fl= floret and sp= spikelet.
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Figure 10. Effect of combined Vrn1 ful2 and vrt2 mutations on spike and spikelet 
development 

(A, B, E, G-H) Vrn1 ful2. (C, D, F, I) vrt2 Vrn1 ful2. (A and C) Young spikes. (B 
and D) Dissection of basal spikelets. (E-F) Older spikes. (G-I) Dissection of older 
spikelets. (H) Detail of the third “floret” in G (red asterisk) that reverted to a spikelet 
with its own glumes. The inset in (H) shows a floret of this spikelet. (I) Spikelet of 
the same age as in G from vrt2 Vrn1 ful2. g = glume, fl = floret and sp= spikelet. 
Bars = 1 cm.
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Figure 11. Yeast-two-hybrid (Y2H) interactions between wheat SQUAMOSA, 
SVP and SEPALLATA proteins.

Wheat MADS-box proteins of the SQUAMOSA-clade are indicated by yellow 
boxes (VRN1, FUL2 and FUL3), proteins of the SVP-clade by green boxes 
(VRT2, SVP1 and SVP3) and proteins of the LOFSEP-clade by orange boxes 
(SEP1-2, SEP1-4, and SEP1-6). Positive interactions between SQUAMOSA and 
LOFSEP-clade proteins are shown with orange arrows, between SQUAMOSA-
and SVP-clade proteins with green arrows, and between SVP- and LOFSEP-
clade proteins in grey (the weak interaction between SVP3 and SEP1-6 is 
indicated by a dotted line). Black curved arrows indicate positive 
homodimerization. Interactions among SEPALLATA proteins were not analyzed.



Figure 12: Wheat VRT2 competes with LOFSEP proteins for interactions with 
SQUAMOSA proteins in yeast. 

Yeast three-hybrid assays were used to test the effect of VRT2 as a competitor, where (A) 
SEP1-2 (~OsMADS1), (B) SEP1-4 (~OsMADS5), and (C) SEP1-6 (OsMADS34) were 
expressed as DNA-binding domain fusions, and SQUAMOSA proteins VRN1/FUL2/FUL3 
were expressed as activation domain fusions. The α-gal activity of the protein interactions 
in the absence of the competitor is shown in green box-plots and in the presence of the 
competitor in orange box-plots. Relative α-gal activity values for each interaction are the 
average of 12 replicates. ns = not significant, ** = P < 0.01 and *** P < 0.001. The insets 
show the α-gal activity for weaker interactions using different scales. Box-plot features are 
explained in the Statistical analyses section of Material and Methods.
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Figure 13. Working model of the role of SVP (VRT2 and SVP1), SQUAMOSA
(VRN1, FUL2 and FUL3) and SEPALLATA genes on the regulation of wheat plant 
architecture.

Bars on the left represent transcript levels of genes from the three MADS-box clades 
during wheat development. The three plant models represent the architecture of WT, 
vrn1 ful2 ful3 triple and vrt2 svp1 double mutants. Green rectangles represent leaves 
and sheaths, black lines the spike rachis (circle end = determinate, arrow end = 
indeterminate). The green Xs represent repressed bracts in the spike and the red Xs 
repressed buds in the elongating nodes. The lower part of the plants represents 
vegetative growth (SVP genes only), the region between the two blue lines the 
elongation zone (central region, SVP + SQUAMOSA genes) and the region above the 
blue lines the developing spikes (SQUAMOSA + SEPALLATA genes). In vrn1 ful2 
ful3, the lateral spikelet meristems regress to vegetative meristems and the bracts are 
not suppressed. In vrt2 svp1, the axillary buds in the elongation zone are no longer 
repressed and develop into axillary spikes or spikelets. 
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