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Main Figures and Legends 1 

 2 
Fig. 1 HvMADS1 regulates inflorescence plasticity in response to high temperature. a, 3 
Inflorescence phenotypes of wild-type (WT) plants and hvm1 (Hvmads1) mutants in Golden 4 
Promise (GP), Vlamingh (Vla) and WI4330 (WI) backgrounds, under control (15 °C/10 °C, 5 
day/night) and heat stress (28 °C/23 °C, day/night) conditions. Red arrows indicate the ectopic 6 
organs. Bars = 1 cm. b, High temperature conditions induce formation of ectopic spikelets (ES) 7 
and ectopic inflorescences (EI) in hvm1, but not in WT (GP), spikes. CS, central spikelet. LS, 8 
lateral spikelet. Bars = 1 cm. The schematic of hvm1 inflorescence architecture shows ES (blue) 9 
and EI (red). c, Morphology of a central spikelet (CS) and lateral spikelet (LS) in WT and 10 
hvm1, and a CS and LS from ectopic spikelet (ECS and ELS) in hvm1 at 28 °C. gl, glume; ra, 11 
rachilla (red boundary); le, lemma; pa, palea; st, stamen; ca, carpel. Blue cycle indicates the 12 
initiated position of ES and EI. Bars = 0.2 cm. d, Phenotype of an ectopic inflorescence (EI) 13 
and its floret organ from hvm1 at 28 °C. s-EI, secondary EI branch. Bars = 0.2 cm. e, The 14 
average number of ectopic organs (ES and EI) per spike in hvm1 mutants (three genotypic 15 
backgrounds) at three temperatures. Data shown as mean ± s.d. (standard deviation). P values 16 
indicate results from indicated pairwise comparisons of one-way ANOVA tests. f, The 17 
proportion of EI:ES produced in response to high ambient temperatures. P values indicate 18 
results from indicated pairwise comparisons of two-way ANOVA tests. All experiments with 19 
treatment were repeated four times with similar results.   20 



 21 
Fig. 2 High ambient temperatures induce branching events in Hvmads1. a, Temperature 22 
treatment programs. W1 and W7 indicate Waddington stages of spike development 23 
(Waddington et al., 1983). b, Dosage-dependent high ambient temperatures induce ectopic 24 
organs (ES and EI) in hvm1, but not in WT (GP), spikes. Bars = 1 cm. Schematic of hvm1 25 
inflorescence architecture indicate ES (blue) and EI (red). c, Quantification of branching events 26 
of hvm1 spikes (three genetic backgrounds) at high temperature conditions. d, EI branches of 27 
the hvm1 (GP) at high temperatures. Bar = 1 cm. e, Average spikelet number per EI at higher 28 
temperatures. Data shown as mean ± s.d. f,g, Scanning electron microscopy of WT (GP) (f) 29 
and hvm1 (g) spike morphology at 28 °C. cs, central spikelet; ls, lateral spikelet; gl, glume; st, 30 
stamen; pi, pistil; le, lemma; pink shading indicates cs, blue shading indicates ls, green shading 31 
and green asterisks indicate the indeterminate inflorescence meristem possibly converted from 32 
the central spikelet meristems, yellow shading and yellow asterisks indicate the ectopic 33 
initiated meristems or inflorescence/spikelet meristems which may be reverted from rachilla. 34 
EI/ES meristems. Bars = 200 µm. All experiments were repeated three times independently 35 
with similar phenotype.  36 



 37 
Fig. 3 HvMADS1 represses ectopic cell division activity of meristems at high temperature. 38 
a, Cell division activity in WT and hvm1 spikes W3 and W3.5 at 25 °C. EdU, 5-ethynyl-2’-39 
deoxyuridine (green signals); PI, propidium iodide (red signals). White arrows indicate high 40 
levels of cell division activity in ES/EI meristems. Bars = 100 µm. b, In situ hybridisation 41 
showing expression of the cell division gene, HvHistone4, in WT and hvm1 spikes at 15 °C, 42 
25 °C and 28 °C. Bars = 100 µm. c, Relative HvMADS1 mRNA level (qRT-PCR) in different 43 
organs and stages of spike development in WT (GP) compared with control genes HvActin7 44 
and HvEF2. Data shown as mean ± s.d., n = 3 biological replicates. d, In situ hybridisation of 45 
HvMADS1 in longitudinal sections of developing WT spikes at stages W2.5–W4. The sense 46 
probe served as a negative control. Bars = 100 µm. e,f, Accumulation of the HvMADS1 protein 47 
in spikes from W2.25 (triple mound stage) to W3.5 (e), and developing spikelet at W5 (f) in 48 
pro::HvMADS1-eGFP transgenic lines at 15 °C. IM, inflorescence meristem; BF, bright field. 49 
Bars = 100 µm. g, Accumulation of HvMADS1 protein in W3.5 pro::HvMADS1-eGFP 50 
transgenic spikes grown at 15 °C and 25 °C. Bars = 100 µm. The experiments in a–d were 51 
repeated three times independently with similar results. At least 15 samples of each stage in e–52 
g from four independent replicates were observed with similar results.  53 



 54 
Fig. 4 HvMADS1 coordinates thermal transcriptome programming of inflorescence 55 
meristems. a, Principal component analysis (PCA) on the expression-filtered transcriptomes 56 
from W2.5 and W3.5 spikes of WT (GP) and hvm1 plants grown at 15 °C and 25 °C. b, 57 
Correlation analysis showing mis-regulation of thermal transcripts in hvm1 compared with WT 58 
spikes at 25 °C at both W2.5 and W3.5 stages. c, Overlap of 9,434 DEGs (differentially 59 
expressed genes) due to temperature, genotype and developmental phase. Blue shading 60 
indicates genes co-regulated by genotype and temperature. d, Gene ontology (GO) analysis of 61 
DEGs between WT and hvm1 spikes at 15 °C and 25 °C. e,f, Hierarchical clustering analysis 62 
of DEGs that are relevant to cell cycle (e), and plant hormone signalling (f). GH3, Gretchen 63 
Hagen3; IAA, Aux/IAA; ARF, Auxin Response Factor; GA20OX, GA20 oxidases; GA2OX, GA2 64 
oxidases; GID, Gibberellin-insensitive Dwarf; GRAS, GRAS-domain transcription factor; SHI, 65 
Short Internodes; CKX, Cytokinin Oxidase/dehydrogenase; ZOG, CK O-glucosides; ZNG, CK 66 
N-glucosides; AHK, Histidine-kinase receptor; AHP, Histidine Phosphotransfer protein; PRR, 67 
Pseudo-response Regulator. Three biological repeats were performed for transcriptome.   68 



 69 
Fig. 5 HvMADS1 binds to the CArG-box to regulate gene transcription in response to 70 
temperature. a, Artificial CArG-boxes with A-tracts (underlined, CArG-wt, wild-type) or 71 
non-A-tracts (red, CArG-mu, mutant) used to drive luciferase (LUC) gene expression. b, 72 
Normalised luciferase activity (LUC/REN) activated by artificial CArG-box promoters [from 73 
(a)] in the presence of HvMADS1, HvMADS3 (temperature-independent gene activation), or 74 
EV (empty vector, negative control). REN, Renilla luciferase (internal control). Data shown as 75 
mean ± s.d., n = 5 biological replicates. c, qRT-PCR analysis of reporter gene LUC expression 76 
from (a) and (b). Values normalised to REN expression. Data shown as mean ± s.d., n = 3 77 
biological replicates. d, EMSA of HvMADS1 with DNA fragments containing CArG-wt and 78 
CArG-mu boxes [from (a)] at different temperatures. Homodimeric (blue arrows) and 79 
monomeric (orange arrows) HvMADS1 protein–DNA complexes are indicated. Quantification 80 
of band intensity is shown on each gel. e, In vivo co-immunoprecipitation assay showing the 81 
homodimers of HvMADS1. Tobacco leaves extracts that transiently expressed HvMADS1-82 
Flag (tag) with HvMADS1-HA or with empty vector (EV, negative control) were 83 
immunoprecipitated by anti-HA antibody. WB, western blot. IP, immunoprecipitation. f, ChIP-84 
PCR assays of regulatory regions of four selected genes from pro::HvMADS1-eGFP transgenic 85 
plants grown at 15 °C and 25 °C. The promoter or intron regions containing A-tract (blue text) 86 
and non A-tract (black text) CArG-boxes of HvPIF4 (Phytochrome-Interacting Factor), 87 
HvRPK4 (Receptor-like Protein Kinase 4), HvTFL1L (TERMINAL FLOWER 1-like), and 88 
HvTB1L (TEOSINTE BRANCHED 1-like) are indicated. Data shown as mean ± s.d., n = 6 89 
independent experiments. No antibody (No Ab) served as negative control. P values indicate 90 
results from indicated pairwise comparisons of one-way ANOVA tests (b, c, f). All 91 
experiments were repeated independently at least three times with similar results.  92 



 93 
Fig. 6 HvMADS1 integrates cytokinin signalling and temperature response to regulate 94 
barley inflorescence branching. a, RPKM ratio for cytokinin two-component signalling 95 
genes (8 type A RRs and 7 type B RRs) in W3.5 spikes. A ratio > 1 indicates upregulated 96 
expression in the hvm1 mutant, n = 3 biological replicates. b, WT (GP) and hvm1 spikes after 97 
benzylaminopurine (BAP) treatments at 15 °C. Red asterisks indicate EI. Bars = 1 mm. c, 98 
Phenotype of WT (WI) and hvm1 spikes after BAP treatment at 15 °C. Arrows indicate EI. 99 
Bars = 1 mm. d, Phenotype of WT (GP) and hvm1 spikes after BAP treatment at 28 °C. ES 100 
(yellow arrows) attached to the lemma are observed in WT and hvm1 spikes, but EI (red arrows) 101 
attached to the palea are only detected in hvm1 spikes. WT lateral spikelets under mock 102 
treatment have been removed. Bars = 2 mm. e, Average number of EI (upper) and ES (lower) 103 
per spike after BAP treatment. Data shown as mean ± s.d. f, Quantification of endogenous 104 
cytokinin content in W3.5 spikes. iP, isopentenyladenine; iPR, isopentenyladenine riboside; 105 
iP9G, isopentenyladenine 9-N-glucoside; tZ, trans-zeatin; tZR, trans-zeatin riboside; tZ9G, 106 
trans-zeatin 9-N-glucoside; tZOG, trans-zeatin O-glucoside. Data shown as mean ± s.d., n = 3 107 
biological replicates. P values indicate results from indicated pairwise comparisons of one- and 108 
two-way ANOVA tests. g, WT (WI) and hvm1 spikes expressing pTCS::YFP(n) (cytokinin 109 
biosensor, yellow signals). Heat treatment at 28 °C was for 7 days. Green circles indicate 110 
ectopic signals. Bars = 100 µm. All experiments were repeated independently at least three 111 
times with similar results.   112 



 113 
Fig. 7 HvMADS1 directs HvCKX3 to regulate spike determinacy under high 114 
temperatures. a, In vivo binding of HvCKX3 CArG-boxes by HvMADS1 at 15 °C and 25 °C. 115 
Upper, HvCKX3 genomic region containing A-tract (blue) and non-A-tract (black text) CArG-116 
boxes. Lower, seven DNA fragments tested by ChIP-PCR. Data shown as mean ± s.d., n = 6 117 
independent experiments. No antibody (Ab), negative control. P values indicate results from 118 
indicated pairwise comparisons of one-way ANOVA tests. b, EMSA assays of HvMADS1 119 
with HvCKX3 promoter fragments containing A-tract (P4) and non-A-tract (P1) CArG-boxes 120 
at various temperatures. Homodimeric (blue) and monomeric (orange) protein–DNA 121 
complexes are indicated. Quantification of band intensity is shown on each gel. c, Normalised 122 
luciferase activity (LUC/REN) activated by the HvCKX3 promoter in tobacco cells in the 123 
presence of HvMADS1 or empty vector (EV, negative control). Data shown as mean ± s.d., n 124 
= 5 biological replicates. P values indicate results from indicated pairwise comparisons of one-125 
way ANOVA tests. d, HvCKX3 transcript levels in WT (GP) and hvm1 spikes at 15 °C and 126 
25 °C. Data shown as mean ± s.d., n = 3 biological replicates. e, In situ hybridisation of 127 
HvCKX3 in wild-type and Hvmads1 spikes at 15 °C and 25 °C. Bars = 100 µm. Blue arrows 128 
indicate mRNA accumulation at the base of the CSM. f, Creation of the Hvckx3 mutant using 129 
CRISPR/Cas9. Upper, Two targets (T1 and T2) in the first exon of HvCKX3. Lower, DNA 130 
sequences and putative encoded amino acid sequences of three independent T0 transgenics in 131 
WT (GP). g, Phenotype of Hvckx3 spikes at stages W2.5, W6 and W7 in response to high 132 
temperatures. Red circles indicate abnormal differentiation of spikelet meristems. Red arrows 133 
indicate EI. Bars = 200 µm. h, Proposed model of HvMADS1-mediated spike determinacy 134 
maintenance at high temperatures. HvCKX3 expression is activated by HvMADS1 to drive 135 
cytokinin homeostasis that stabilizes meristem determinacy. In hvm1 spikes, lack of HvCKX3 136 
activation causes enhanced cytokinin response and reduced meristem determinacy, triggering 137 
ectopic branching. IM, inflorescence meristem. SM, spikelet meristem. All experiments were 138 
repeated independently at least three times with similar results.   139 



Extended Data Figures and Legends 140 

 141 
Extended Data Fig. 1 Creation of barley sep mutants using CRISPR/Cas9. a, The gene 142 
structure of HvMADS1 and positions of two sgRNA targets (T1 and T2) for CRISPR/Cas9 143 
editing in the MADS-box domain. Blue rectangles indicate exons of HvMADS1. b, DNA 144 
sequences of independent T0 transgenics of Hvmads1 (hvm1) mutants in GP, WI, and Vla 145 
backgrounds, and hvm1/5 and hvm1/34 double mutants in GP, carrying putative HvMADS1 146 
biallelic and homozygous mutations. WT, wild-type. c, The putative amino acid sequences 147 
encoding HvMADS1 of hvm1 single mutant, and hvm1/5 and hvm1/34 double mutants [from 148 



(b)]. Asterisks indicate a stop codon. d,e, Genotypes of three independent lines of two sgRNA 149 
targets of HvMADS5 (d) and HvMADS34 (e) in hvm5 and hvm34 single mutants, and hvm1/5, 150 
hvm1/34 and hvm5/34 double mutants that were used for CRISPR/Cas9 editing, respectively.   151 



 152 
Extended Data Fig. 2 Spike phenotypes of sep single and double mutants under control 153 
and heat stress conditions. Images represent spike architecture of barley WT (GP), hvm1, 154 
hvm5, hvm34 single mutants, and hvm1/5, hvm1/34, hvm5/34 double mutants at 15 °C and 155 
28 °C. Red arrows indicate the ectopic organs. Bars = 2 cm, bars in enlarged regions are 1 cm.  156 



 157 
Extended Data Fig. 3 Spikelet phenotype of Hvmads1 mutant under normal temperature. 158 
a, The awn phenotype of hvm1 central spikelet in GP, Vla and WI backgrounds at 15 °C. 159 
Yellow asterisks indicate awn length. Bars = 1 cm. b, Average awn length in hvm1 and WT 160 
plants. Data shown as mean ± s.d. P values indicate results from indicated pairwise 161 
comparisons of one-way ANOVA tests. c, Floret organ (lemma, palea, stamen and pistil) 162 
phenotype in the WT (GP) and hvm1 plants at 15 °C. CS, central spikelet; LS, lateral spikelet; 163 
le, lemma; pa, palea; gl, glume; st, stamen; ca, carpel; lo, lodicule. Bars = 1 mm.  164 



 165 
Extended Data Fig. 4 High ambient temperature induces the production of ectopic organs 166 
in Hvmads1 inflorescences. a, WT (GP) inflorescence architecture at W9 at 28 °C. Bar = 0.5 167 
cm. b, The developing hvm1 inflorescence from W5–9 at 28 °C. Red arrows indicate ectopic 168 
organs. Bars = 0.5 cm. c, The hvm1 heading spike at 28 °C. Red arrows indicate ectopic organs. 169 
Bar = 0.5 cm. d–f, The ES (ectopic spikelet) (d) and EI (ectopic inflorescence) (e,f) of the hvm1 170 
spike grown at 28 °C. CS, central spikelet. Bars = 0.2 cm. g, The frequency of ES and EI in 171 
hvm1 spike sections (basal, central and apical) at different temperatures. Data shown as mean 172 
± s.d., h, The average ES and EI number per hvm1 spike at five temperature conditions. Data 173 
shown as mean ± s.d. i, Total spikelet numbers, including spikelet from ES/EI, per WT or hvm1 174 



spike at W7 at different temperatures. Data shown as mean ± s.d. P values indicate results from 175 
indicated pairwise comparisons of one-way ANOVA tests. j,k, The ES and EI induced by high 176 
ambient temperatures in hvm1 mutants of Vla (j) and WI (k) backgrounds. Bars = 0.5 cm. l,m, 177 
short (l) and elongated (m) EI branches with different spikelet morphology. s-EI, secondary EI 178 
branch; LS, lateral spikelet; le, lemma; pa, palea; st, stamen; ca, carpel; gl, glume. Bars = 0.5 179 
cm. n, The frequency of short and elongated EI phenotype in hvm1 mutants at different 180 
temperatures. o, Mature spike of hvm1 (GP) mutant after treatment at high temperatures. Red 181 
arrows indicate fertile spikelets from EI or ES. Bar = 1 cm. p, Spikelet fertility rate of EI 182 
induced by high temperatures in hvm1 (GP) spikes. Data shown as mean ± s.d. q, Fertility rate 183 
of ES in hvm1 mutants of three backgrounds at 23 °C and 28 °C. Data shown as mean ± s.d. 184 
All individual biological experiments were repeated at least three times with similar results.  185 



 186 
Extended Data Fig. 5 Loss of Hvmads1 leads to reduced meristem determinacy and 187 
delayed inflorescence development under high temperature. a,b, Scanning electron 188 
microscopy of spike morphology at W2.5, W3.5 and W7 in WT (GP) (a) and hvm1 (b) plants 189 
at 15 °C, showing the short awn in hvm1. c, Morphology of the developing WT spike at 28 °C. 190 
d, Reduced meristem determinacy of hvm1 inflorescences at 28 °C. Green asterisks indicate 191 
the indeterminate inflorescence meristem likely converted from the central spikelet meristems, 192 
yellow asterisks indicate the ectopic initiated meristems or inflorescence/spikelet meristems 193 
possibly reverted from rachilla. e, Effects of ambient high temperatures 20 °C, 23 °C and 25 °C 194 
on morphology of hvm1 spike. Yellow shading indicates EI, blue shading indicates ES. All 195 
bars (a–e) = 100 µm. fm, floral meristem; ls, lateral spikelet; cs, central spikelet; gl, glume; st, 196 
stamen; pi, pistil; le, lemma; esm, ectopic spikelet meristem; eim, ectopic inflorescence 197 
meristem. f, Rate of spike development at different temperatures, showing delay in hvm1 (GP) 198 
at 28 °C, compared with WT, spike development. Bars = 0.5 mm. g, Days to reach different 199 
Waddington stages of spike development at 15 °C and 28 °C in three barley varieties and 200 
related hvm1 mutants. Data shown as mean ± s.d. P < 0.001, two-way ANOVA tests of WT 201 
and hvm1 (three background comparisons) at 28 °C. All experiments with treatment were 202 
repeated independently at least three times with similar results.  203 



 204 
Extended Data Fig. 6 HvMADS1 represses cell division in the spike in response to high 205 
temperature. a, Indicative method of EdU (5-ethynyl-2’-deoxyuridine) tracking in barley 206 
spike. PI, propidium iodide. b,c, EdU tracking of cell division activities in WT (GP) and hvm1 207 
spikes (W2.5 and W3–3.5) grown at 15 °C (b) and 25 °C (c). White arrows indicate ectopic 208 
EdU clusters in non-floret meristem regions of the central spikelet, which shows high levels of 209 
cell division activity in ectopic meristems of hvm1 plants. Numbers of ectopic clusters 210 
represent the average observed additional EdU signal clusters in non-floret meristem regions 211 
per spike (W3–3.5). Also see the Source Data. Bars = 100 µm. The pictures of EdU tracking 212 
assays represent one of three experiments performed independently with similar results.  213 



 214 
Extended Data Fig. 7 Temperature does not alter HvMADS1 mRNA expression or 215 
protein accumulation. a, Accumulation of the HvMADS1 protein in flower organs, including 216 
lemma, palea, anther, and lodicule, in pro::HvMADS1-eGFP transgenic lines at 15 °C. BF, 217 
bright field. Bars = 100 µm. b, qRT-PCR analysis of HvMADS1 expression in W2.5 and W3.5 218 
WT spikes at different temperatures. A temperature-responsive gene (HB, homeobox) served 219 
as the positive control. Data shown as mean ± s.d., n = 3 biological replicates. c, RT-PCR 220 
analysis of HvMADS1 expression in WT spikes (W3.5). HvActin7 served as the control. kb 221 
indicates kilobase. d, Immunoblot analysis of HvMADS1-eGFP protein in W3.5 spikes from 222 
three independent pro::HvMADS1-eGFP transgenic lines in response to temperatures. Tubulin 223 
served as a loading control. All experiments were repeated independently at least three times 224 
with similar results.  225 



 226 
Extended Data Fig. 8 HvMADS1 regulates the transcriptome of barley inflorescence in 227 
response to temperature. a, Correlation analysis of transcripts showing mis-regulation of 228 
spike developmental genes in hvm1 plants at 15 °C (left) and, more obviously, at 25 °C (right). 229 
b, Venn diagram showing the number of DEGs affected by genotype and temperature at two 230 
developmental stages. c, Co-expression clustering of all DEGs in eight transcriptomes (W2.5 231 



and W3.5 of WT and hvm1 spikes at 15 °C and 25 °C). Clustering was performed on the 232 
expression-filtered data set using a Gaussian mixture model. The number of clusters was 233 
assumed to be random and was automatically learned using an empirical Bayes approach 234 
(variational Bayesian inference). d, DEG clusters in response to temperature, developmental 235 
phase and HvMADS1 genotype in inflorescence meristems. Z-score represents variation in gene 236 
expression that is likely to be regulated by the interaction between phase × temperature × 237 
genotype, temperature × genotype, or only HvMADS1 genotype for selected clusters. Three 238 
biological repeats were performed for transcriptome.  239 



 240 
Extended Data Fig. 9 Effects of Hvmads1 mutation on the expression of key regulators in 241 
response to temperature. a, Heat map showing DEGs relevant to spike development (left) 242 
and temperature response (right). b, qRT-PCR analysis of selected genes related to 243 
inflorescence meristem identity in W3.5 WT (GP) and hvm1 spikes at 15 °C and 25 °C. OSH1, 244 
ORYZA SATIVA HOMEOBOX1; AP1, APETALA 1; VRN, VERNALIZATION; TFL1, 245 
TERMINAL FLOWER 1; TB1, TEOSINTE BRANCHED 1; TAW1, TAWAWA1; RPK4, 246 
RECEPTOR-LIKE PROTEIN KINASE 4; IDS1, INDETERMINATE SPIKELET 1. c, qRT-PCR 247 
analysis of selected genes known to regulate barley spike development, spikelet identity and 248 
row-type in W3.5 WT and hvm1 spikes at 15 °C and 25 °C. VRS, SIX-ROWED SPIKE; COM2, 249 
COMPOSITUM 2. d, qRT-PCR analysis of selected genes related to temperature response in 250 



W3.5 WT and hvm1 spikes at 15 °C and 25 °C. PIF4, PHYTOCHROME-INTERACTING 251 
FACTOR 4; ER, ERECTA; TT1, THERMO-TOLERANCE 1. HvActin7 and HvEF2 were used 252 
for normalisation. For (b–d), data shown as mean ± s.d., n = 3 biological replicates. P values 253 
indicate results from indicated pairwise comparisons of one-way ANOVA tests (b–d).  254 



 255 
Extended Data Fig. 10 HvMADS1 promotes the activity of the HvCKX3 promoter in a 256 
temperature-dependent manner. Truncated HvCKX3 promoter fragments containing 0, 1, 2 257 
or 3 CArG-boxes were fused to the LUC reporter gene, and co-transformed with effector 258 
plasmids of EV (empty vector) and 35S::HvMADS1 into tobacco cells. Normalised LUC/REN 259 
activity is shown as mean ± s.d., n = 5 biological replicates. P values indicate results from 260 
indicated pairwise comparisons of one-way ANOVA tests. 261 
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