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 5 

Rice growth and floral induction 6 

Plants of Oryza sativa cv. Nipponbare were grown under LD conditions for 6 weeks in a growth 7 

chamber under a 14.5-hour photoperiod. Batches of plants were shifted to SD conditions (10-8 

hour photoperiod) at time point 0 (i.e., after 6 weeks), and after 4, 8, and 13 days. This design 9 

enabled us to collect shoot apices simultaneously from plants that had been under SD 10 

conditions for varying durations (0, 5, 9, and 13 days). Harvesting began on the 13th day, 11 

starting from Zeitgeber 0 (the moment the lights were switched on). Meristems were hand-12 

dissected under a stereomicroscope. Eight distinct biological replicates were collected and 13 

pooled at every time point, and the collection process of the different time points was 14 

randomized. 15 

Nuclei isolation and sorting 16 

Freshly collected shoots were kept on ice and immediately processed for nuclear extraction. 17 

Nuclei isolation was performed as described in (Lu et al. 2017) with few modifications. SAMs 18 

were homogenized in ice cold 1.5 ml Nuclei Isolation Buffer (NIB; 15 mM Tris-HCl pH = 7.5, 19 

20 mM NaCl, 80 mM KCl, 0.5 mM Spermine, 5 mM 2-Mercaptoethanol, 0.2% Triton X-100) 20 

with a handheld homogenizer (T10 basic ULTRA-TURRAX, IKA, China, Guangzhou): for 21 

every sample, 5 pulses at medium power were used. Homogenates were then filtered two 22 

times in Miracloth (Millipore, Merck, Germany, Darmstadt), layered on the top of 1.5 ml of 23 

Dense Sucrose Buffer (DSB; 20 mM Tris-HCl pH=8, 2 mM MgCl2, 2 mM EDTA, 15 mM 2-24 

Mercaotoethanol, 1.7 M Sucrose, 0.2% Triton X-100) and centrifuged at 3000g for 30 min in 25 

a swinging-bucket centrifuge pre-chilled at 4°C. Next, the nuclei-enriched pellet was 26 

resuspended in 500 μL NIB and filtered in a 30 μm cell strainer (CellTrics, Sysmex, Japan, 27 

Kobe) before sorting. Crude nuclei were stained with 4,6-Diamidino-2-phenylindole (DAPI) 28 

and loaded into a flow cytometer (FACSAria II, BD Bioscienses, Franklin Lake, New Jersey, 29 

USA). The gating strategy used for nuclei sorting is summarized in Fig. S14. In short, nuclei 30 

were separated from debris and background noise by setting a gate in the DAPI fluorescence 31 

channel. The typical multiple peaks (corresponding to the different DNA ploidy) area was 32 

selected on the SSC/DAPI plot as the population to be sorted, checked for consistency on the 33 



DAPI mean fluorescence intensity (MFI) histogram and compared to a no DAPI stained control 34 

do check for impurities. As for FACS settings, the flow rate was constantly adjusted to achieve 35 

no more than 1000 events/s and a 70 μm nozzle was used. A total of 7000 nuclei were sorted 36 

based on their size and strength of DAPI signal and collected in 300 μL of Nuclei 37 

Resuspension Buffer (NRB; 1.8 mM KH2PO4, 10 mM NaH2PO4, KCl 2.7 mM, 137 mM NaCl, 38 

0.2 U/μL RNAse inhibitor (New England Biolabs, Ipswich, United Kingdom), 1% bovine serum 39 

albumin (BSA)).   40 

 41 

Sequencing 42 

Single nuclei libraries were prepared using the 10x Chromium single cell gene expression 43 

workflow RNAseq v3.1, double index. Illumina paired-end library had the following structure: 44 

P5 and P7 (for the Illumina bridge amplification), two sequencing primers annealing region, 45 

16bp 10x barcode for the cell identification, 12bp UMI to count the transcripts, cDNA from the 46 

3’ UTR region of the gene and the sample index to demultiplex the pool of samples loaded on 47 

the sequencer. Amplified libraries were checked on a bioanalyzer 2100 and quantified with 48 

picogreen reagent. Libraries with distinct indexes were multiplexed and after cluster 49 

generation on Flow Cell they were sequenced for 28-10-10-90 bases in the paired-end mode 50 

on a Novaseq 6000 sequencer.  51 

 52 

BIOINFORMATICS ANALYSIS 53 

 54 

Pre-processing and computation of count matrices 55 

Unique molecular identifiers and cell barcoded were extracted from raw FASTQ files by UMI-56 

tools extract (Smith et al. 2017). Reads were aligned to the IRGSP-1.0 assembly of the Oryza 57 

sativa ssp. japonica cv. Nipponbare genome as available from RAPDB (Sakai et al. 2013) 58 

(2004-01 update), by using the STAR aligner (Dobin et al. 2013). Alignments in bam format 59 

were processed by UMI-tools dedup to remove duplicate molecules.  Summarization of reads 60 

counts with respect to reference genome annotation was performed by Featurecounts (Liao 61 

et al. 2014). 62 

 63 

Quality control and clustering 64 

Gene counts matrices were loaded in Seurat V 5.1.0 (Satija et al. 2015). Data was processed 65 

following publicly available code and tutorials 66 

(https://satijalab.org/seurat/articles/pbmc3k_tutorial.html). Nuclei having < 200 genes with a 67 



count >=1, and cells with >10% reads in organellar genes were discarded.  Cell cycle genes 68 

were inferred by cross-referencing the complete collection of A.thaliana cell cycle genes as 69 

reported by Vandepoele et al (Vandepoele et al. 2002) with orthologs in O. sativa as according 70 

to Plaza V5 (Van Bel et al. 2022). These genes were removed from further computations.  71 

Normalization, scaling, and variable feature selection was performed using the vst 72 

transformation with 4000 features. Clusters were inferred using Seurat’s SNN-graph approach 73 

with a resolution of 0.4 and considering the first 20 principal components. Markers genes were 74 

identified by using the Seurat FindAllMarkers() function with the following parameters: only.pos 75 

= FALSE, min.pct = 0.1, logfc.threshold = 0.25.   76 

 77 

Pseudo-time and functional enrichment analyses 78 

Pseudo-time analysis was performed by applying Monocle3 (Trapnell et al. 2014) as 79 

provisioned in the scPlant (Cao et al. 2023) package Developmental trajectories were inferred 80 

using the learn_graph() function, and initial time points were manually annotated by 81 

superimposing the experimental design (time TP1) to the UMAP plot. Gene modules were 82 

determined by using the find_gene_modules() function in Monocle 3, with a resolution of 1e-83 

3. The graph_test() utility was applied to identify differentially expressed genes at different 84 

pseudotime modules. A q-value threshold of 0.05 for statistical significance was applied. 85 

Functional enrichment analyses were performed by running RunGSEA_plant() function from 86 

scPlant on the complete collection of cluster marker genes identified by Seurat.  Topic 87 

modeling on GSEA results was performed by a latent discriminant analysis as implemented 88 

by the runLDA() function in scPlant. The value of k (number of topics) was arbitrarily set to 6. 89 

Bulk RNAseq analysis 90 

Reads from Gòmez-Ariza (Gómez-Ariza et al. 2019) et. al. were downloaded from 91 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE90493 and aligned to the IRGSP-92 

1.0 assembly of the Oryza sativa ssp. japonica cv. Nipponbare genome by means of the STAR 93 

(Dobin et al. 2013) software.  Gene expression levels, with respect to the reference annotation 94 

of the IRGSP-1.0 assembly, were estimated by RSEM (Li et al. 2011). Differential analyses of gene 95 

expression were executed by means of the edgeR (Robinson et al. 2010); the Genewise Negative 96 

Binomial Generalized (glmQLFTest) was applied to test for statistically significant differences. P-97 

values were corrected using the Benjamini Hochberg procedure for the control of the false 98 



discovery rate. Only genes showing a P-value ≤ 0.05 following the FDR adjustment were 99 

considered differentially expressed (DEGs). 100 

 101 

Expression profile of genes associated with SAM/inflorescence identity 102 

A collection of manually curated markers associated with SAM/inflorescence identity was 103 

compiled from the literature and from the bulk-RNA sequencing analysis (Supplementary 104 

Table 5). Two independent lists were evaluated:  the first  contains well characterized genes 105 

whose expression in SAM tissues had been already dissected by detailed expression profiling 106 

(i.e. in situ hybridization). The second list contains genes differentially expressed and up-107 

regulated (log2(FC) > 0 and FDR ≤ 0.05) from bulk-RNA sequencing analysis performed by 108 

Mineri et. Al. at the SAM during floral induction after 12 days of SD exposure (Mineri et al. 2023)  109 

Pseudo-bulk RNA-seq dataset 110 

The expression profiles from snRNA sequencing were aggregated in-silico by time point in a 111 

pseudo-bulk-RNAseq dataset and compared with the corresponding time point from bulk RNA 112 

sequencing (Gómez-Ariza et al. 2019), both expressed as logarithmic transformed counts per 113 

million (log2(CPM+0.5)). To derive the pseudo-bulk RNA-seq dataset, read counts from 114 

snRNA-seq were summed per gene per time point. Subsequently, CPM were calculated for 115 

both bulk and pseudo-bulk data to allow comparisons between the two datasets. 116 

Statistical inference 117 

Correlation coefficients were calculated through the cor.test() function available from the basic 118 

R set of functions (R code team, 2022).  119 

The same collection of functions was used to compare our clusters-specific genes and those 120 

from Zong et Al. through a hypergeometric test performed with the function phyper(). 121 

 122 

Promoter analysis 123 

The complete collection of plant transcription factors binding sites (TFBS), according to the 124 

Jaspar (Rauluseviciute et al. 2024) database was retrieved from: 125 

https://jaspar2020.genereg.net/search?q=&collection=CORE&tax_group=plants.  126 

TFBS enrichment in Seurat’s clusters marker genes, Monocle 3’s pseudotime modules marker 127 

genes, and genes differentially expressed between different time points in the Gómez-Ariza 128 

https://jaspar2020.genereg.net/search?q=&collection=CORE&tax_group=plants


et Al. (Gómez-Ariza et al. 2019) bulk RNA-seq dataset was computed by pscan (Zambelli et 129 

al. 2009). A p-value threshold of 0.05 was applied to delineate statistical significance.   130 

Similarity of TFBS enrichment profiles between gene sets was quantified by computing the 131 

Pearson correlation coefficient of pscan p-values. Modules, clusters and time points were 132 

gathered into groups manually, based on the heatmap of correlation coefficients shown in 133 

figure 1C. 134 

TFBS profiles were aggregated in families/classes of transcription factors (TF) according to 135 

the annotation from Jaspar database available at https://jaspar.elixir.no/ and the total number 136 

of enriched TFBS associated with every family, in every group was counted. A TF family was 137 

considered enriched if TFBS assigned to that family were overrepresented in that group, 138 

compared to the other groups according to a Fisher’s exact test (p-value threshold 0.05) . The 139 

ternary plot was obtained using the TernaryPlot() function from the Ternary package 140 

https://zenodo.org/records/12825289 downloadable on the R programming language. 141 
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SUPPLEMENTARY FIGURES 223 

● Fig. S1 Distribution of reads count per nuclei 224 

● Fig. S2 Distribution of the number of transcripts per nuclei 225 

● Fig. S3 – UMAP of clusters; 226 

● Fig. S4 – Proportion of nuclei in each cluster associated to each time point; 227 

● Fig. S5 – Semantic clustering analysis; 228 

● Fig. S6 – Pseudo time trajectories; 229 

● Fig. S7 – Correspondence clusters and modules; 230 

● Fig. S8 – Expression of modules specific genes; 231 

● Fig. S9A – Expression of SAM genes from in situ experiments across clusters;; 232 

● Fig. S9B - Expression of SAM genes differentially expressed and up-regulated from 233 

bulk-RNAseq experiments by Mineri et Al. across clusters; 234 

● Fig. S10A – Proportion of nuclei expressing SAM genes from in situ experiments per 235 

time point; 236 

● Fig. S10B – Proportion of nuclei expressing SAM genes differentially expressed and 237 

up-regulated from bulk-RNAseq experiments by Mineri et Al. per time point; 238 

● Fig. S11A – Correlation of common genes between pseudo-bulk-RNAseq and bulk-239 

RNAseq from Gómez-Ariza et Al. across the different time points;  240 

● Fig. S11B - Correlation of genes between pseudo-bulk-RNAseq and bulk-RNAseq 241 

from Gómez-Ariza et Al. at different expression levels across the different time points; 242 

● Fig. S12 – Correlation of SAM genes from supplementary Table S5 across the different 243 

time points;  244 

● Fig. S13 – Proportion of shared genes between our clusters with those from Zong et. 245 

al.; 246 

● Fig. S14 - Fluorescence-activated sorting of nuclei. 247 
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SUPPLEMENTARY TABLES 249 

● Supplementary Table S1 – Raw reads quality metrics; 250 



● Supplementary Table S2 –Number of features and cluster assigned per nuclei; 251 

● Supplementary Table S3 – Cluster-specific genes; 252 

● Supplementary Table S4 – Module-specific genes; 253 

● Supplementary Table S5 – SAM associated genes from in situ experiments and/or 254 

differentially expressed and up-regulated from Mineri et Al.; 255 

● Supplementary Table S6 - TF genes with a significant variation of the expression 256 

across the four time points from the pseudo-bulk-RNAseq 257 
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FIGURE S14 443 



 444 

SUPPLEMENTARY FIGURES CAPTIONS 445 



Fig. S1: Distribution of read counts per nuclei 446 

Histogram reporting the distribution of the number of UMI counted per nuclei. The dotted red 447 

line at 200 indicates the threshold used for quality control and filtering.  448 

 449 

Fig. S2: Distribution of the number of transcripts per nuclei 450 

Histogram reporting the distribution of the number of transcripts expressed per nuclei. The 451 

dotted red line at 200 indicates the threshold used for quality control and filtering.  452 

 453 

Fig. S3: UMAP of clusters. 454 

UMAP of single nuclei clusters identified by Seurat.  Color codes are used to indicate different 455 

clusters according to the legend. 456 

 457 

Fig. S4: Proportion of nuclei within each cluster associated with each time point. 458 

Barplot highlighting the number of nuclei assigned to each cluster at every time point. Time 459 

points are indicated according to the color code in the legend (TP1, TP2, TP3 and TP4) while 460 

clusters are visualized on the bottom of the bars. The number of nuclei per time point is 461 

reported on the top of each bar. 462 

 463 

 Fig. S5: Semantic clustering analysis:  464 

A)  Sankey diagram linking clusters (left portion of the plot) to semantic topics (right part of the 465 

plot). B)  network of enriched molecular function GO terms; nodes are coloured according to 466 

the weight of enriched GO terms in the definition of the underlying semantic topic. 467 

 468 

Fig. S6: Pseudo time trajectories across clusters: Pseudo time gene expression 469 

trajectories identified by Monocle 3.0. Brighter colors indicate later pseudo time progression. 470 

Starting point arbitrarily set at cluster 1 and 5. 471 

 472 

Fig. S7: Association between clusters and modules. 473 



Proportion of shared genes between clusters and modules. Proportions are reported in the 474 

form of standardized Z-scores. Clusters are reported on the rows, genes on the columns. 475 

Standardization is performed on the columns (clusters) 476 

 477 

Fig. S8: Expression of module specific genes.  478 

Modules are displayed in numerical order (1-9), top left to bottom right. For every module a 479 

UMAP is represented; for every cell the fraction (0-100%) of expressed module-specific genes 480 

is indicated according to the color gradient on the right. 481 

 482 

Fig. S9: Expression of SAM/inflorescence identity genes across clusters 483 

Expression of a selected list (Supplementary Table S5) of marker genes associated with 484 

SAM/inflorescence identity across each time point (TP1, TP2, TP3 and TP4).  A) markers 485 

established by in situ hybridization/derived from the literature; B) genes differentially 486 

expressed and up-regulated according to Mineri et al 2023. Genes are reported on the rows 487 

and clusters on the columns. Expression levels are reported as the log2(FC) of the average 488 

expression of the gene in a cluster with respect to the average in all other cells. 489 

 490 

Fig. S10: Proportion of nuclei expressing SAM/inflorescence identity genes in the four 491 

time points. 492 

Proportion (%) of nuclei expressing selected marker genes (Supplementary Table S5) at each 493 

time point (TP1, TP2, TP3 and TP4). A) markers established by in situ hybridization/derived 494 

from the literature; B) genes differentially expressed and up-regulated according to Mineri et 495 

al 2023. Gene are indicated on the rows, time points on the columns, the % of cells expressing 496 

a gene is reported in every cell.  497 

 498 

Fig. 11: Correlation of gene expression between pseudo-bulk snRNAseq and bulk 499 

RNAseq 500 

A) Spearman correlation coefficients calculated on 23312 genes expressed by in datasets at 501 

any time point; B) Spearman correlation coefficients at different levels of expression: QT1: 502 

log2(CPM+1) < 2; QT2: 2 <= log2(CPM+1) <3.9; QT3: 3.9<= log2(CPM+1) <5.5; QT4: 503 

log2(CPM+1) >=5.5. Time points are indicated on the bottom of the plot. 504 



 505 

Fig. S12: Scatterplots of gene expression profiles of selected genes between bulk-506 

RNAseq and pseudo-bulk snRNA-seq 507 

A) Time point 1; B) Time point 2; C) Time point 3; D) Time point 4. In all the plots gene 508 

expression levels estimated from the pseudo-bulk snRNA-seq are reported on the X axis, 509 

expression levels estimated from bulk-RNAseq on the Y axis. Correlation coefficients 510 

(Spearman correlation) and p-values for the statistical significance of the correlation are 511 

reported at the top.   512 

 513 

Fig. S13: Intersection of cluster-specific genes with Zong et Al. 514 

The Heatmap displays the proportion of cluster-specific genes identified by our analyses 515 

(rows), shared with meristem specific clusters as defined by Zong et al. 2022 (columns). The 516 

color intensity indicates the significance of the intersection expressed according to the 517 

hypergeometric distribution. P-values were corrected with the Benjamini-Hochberg correction  518 

for the control of the False Discovery Rate. A -log10() scaling was applied following FDR 519 

correction (see bar on the right). 520 

 521 

 Fig. S14: Fluorescence-activated sorting of nuclei.  522 

Nuclei were sorted based on DAPI area (A-D) and DAPI mean fluorescence intensity (E). A-523 

D: Biparametric-flow cytometric analyses of DAPI-stained nuclei (DAPI_A) for each 524 

experimental condition (A: 0 DAS; B: 5 DAS; C: 9 DAS; D: 13 DAS), examining blue 525 

fluorescence, detected using a 450-nm/40-nm band pass filter, versus side scatter (SSC_A, 526 

area filter). The gates (black rectangles) designate the region used as the sort window for 527 

nuclei isolation. E: Uniparametric display of the 450-nm fluorescence emission from DAPI 528 

stained nuclei for each sample (left to right: 0, 5, 9, and 13 DAS). Two sorting windows (vertical 529 

dotted gray lines) were used surrounding the two major peaks.  530 
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