Dong et al. Genome Biology

(2026) 27:143

Genome Biology

https://doi.org/10.1186/513059-026-04033-x

RESEARCH

Dynamic and cell-type specific

Open Access

®

Check for

transcriptional reprogramming underlies
the floral transition in the maize shoot apical

meristem

Liang Dong'?!, Yonghao Sun**", Lu Kang'?, Zichao Li'?, Yameng Liang*, Huangjun Sheng', Feng Tian*,
David Jackson® and Fang Yang'?*

fLiang Dong and Yonghao Sun
contributed equally to this work.

*Correspondence:
yangf389@mail.sysu.edu.cn

! State Key Laboratory

of Biocontrol, Guangdong
Provincial Key Laboratory

of Plant Stress Biology,

School of Agriculture

and Biotechnology, Sun Yat-Sen
University, Shenzhen 518107,
China

2 National Key Laboratory

of Crop Genetic Improvement,

Huazhong Agricultural University,

Wuhan 430070, China

3 Hubei Hongshan Laboratory,
Wuhan 430070, China

4 National Maize Improvement
Center of China, China
Agricultural University,

Beijing 100193, China

® Cold Spring Harbor Laboratory,
Cold Spring Harbor, New

York 11724, USA

B BMC

Abstract

Background: The floral transition in maize represents a pivotal developmental switch
that determines flowering time, environmental adaptation, and yield-related traits.
However, the molecular mechanisms governing shoot apical meristem reprogramming
and cell identity changes during this process remain poorly understood.

Results: By integrating time-course bulk RNA-seq, single-cell transcriptomics, chro-
matin accessibility, and transcription factor binding profiles, we construct a spatiotem-
poral molecular framework of the maize shoot apical meristem floral transition. Our
analyses reveal global transcriptional reprogramming accompanied by pronounced
cell type-specific regulation dynamics. At a global level, our transcriptional-level infer-
ence suggests that pathways associated with chromatin remodeling, environmental
response, and reproductive development are sequentially activated. We further identify
a ZmMADS69-ZmRap2.7-ZMM4 regulatory module that fine-tunes the floral transi-

tion within the shoot apical meristem. At single-cell resolution, we find that the flo-

ral transition is not driven by a uniform transcriptional switch, but instead emerges
from the coordinated action of spatially distinct shoot apical meristem domains.
Through differential expression, trajectory, and co-expression module analyses,

we further identify previously unrecognized roles for the inflorescence regulators
UNBRANCHED?2 and UNBRANCHED3 in promoting the floral transition, suggesting

that they coordinate floral induction with subsequent inflorescence development.

Conclusions: Our study establishes a comprehensive spatiotemporal regulatory
framewaork for the maize floral transition, providing mechanistic insights into shoot api-
cal meristem reprogramming and offering a foundation for identifying new regulators
to improve maize adaptation and yield.

Keywords: Maize, Shoot apical meristem, Floral transition, Flowering, Single-cell RNA
sequencing
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Background

Maize (Zea mays ssp. mays) was domesticated from its wild ancestor, teosinte (Zea mays
ssp. parviglumis), in southwestern Mexico [1, 2]. Following domestication, maize expe-
rienced a rapid and extensive latitudinal expansion, now spanning more than 90 degrees
from its center of origin [3]. This remarkable geographic spread was paralleled by the
emergence of substantial natural variation in flowering time, facilitating adaptation to
a wide range of photoperiodic and ecological conditions [4]. A critical developmental
event underlying this adaptive plasticity is the transition of the shoot apical meristem
(SAM) from the vegetative to the reproductive identity [5]. The timing of this transi-
tion in maize determines two major agronomic traits, leaf number and flowering time,
thereby influencing plant architecture and crop yield.

In angiosperms, floral induction is orchestrated by a systemic mobile signal known as
florigen, which integrates light cues and transmits them from the leaves to the SAMs [6,
7]. In Arabidopsis, FLOWERING LOCUS T (FT) has been identified as the important
florigenic signal. FT is synthesized in leaves under inductive photoperiods, transported
via the phloem, and forms a transcriptional activation complex with the bZIP factor
FD in the SAM to initiate the floral transition [8—12]. In maize, Zea CENTRORADIA-
LIS 8 (ZCNB8) is recognized as the functional ortholog of Arabidopsis FT and exhibits
canonical florigenic properties [13, 14]. ZCN8 is predominantly expressed in phloem
cells in leaves and, when ectopically expressed at the shoot apex, is sufficient to induce
precocious flowering [14]. Upstream regulation of ZCN8 has been studied extensively,
revealing a multilayered transcriptional network that integrates photoperiod signals
[15]. Light signals are perceived by multiple phytochromes, including ZmPHYB1/B2 and
ZmPHYC1/C2, which transmit photoperiodic information to the circadian clock net-
work [16—18]. This clock circuitry is composed of core oscillators and regulators such
as homologs of PSEUDORESPONSE REGULATOR (ZmPRR), LATE ELONGATED
HYPOCOTYL (ZmLHY1/2), CIRCADIAN CLOCK ASSOCIATEDI (ZmCCAI), TIM-
ING OF CAB EXPRESSIONI (ZmTOC]I), and GIGANTEA (Gl1a/1b), collectively shap-
ing daily rhythmic outputs [15, 19, 20]. Acting as key clock-output components, Gl1a/b
relay temporal information to downstream flowering regulators, including homologs of
CONSTANS, CONSTANS-LIKE, TOCI (ZmCCT9/10) and CONSTANS-LIKE (CONZ1)
[21-24], which in turn control the expression of the florigen ZCN8 and thereby regulate
the timing of floral transition in maize [14]. A limited number of downstream targets of
ZCNS8 have been identified. For example, DELAYED FLOWERING 1 (DLF1), the maize
ortholog of FD, interacts with ZCN8 in a conserved manner in the SAM to activate
downstream floral signals [25—33]. Further, DLF1 directly activates the transcription of
ZMM4 and ZmMADS67, promoting the floral transition [34]. In addition to photoperi-
odic regulation, flowering time in maize is also controlled by an age-dependent pathway
mediated by the sequential action of miR156, SPL, miR172, and AP2 repressors. High
levels of miR156 repress SPL gene expression, whereas a gradual decline in miR156 with
age allows the accumulation of SPL factors, thereby promoting the acquisition of repro-
ductive competence [35]. In maize, ZmSPL13 and ZmSPL29 have been identified as key
SPL regulators of the floral transition, functioning in both leaves and the SAM. These
SPLs directly activate ZmMIR172C and the florigen ZCN8 in leaves, and promote the
expression of floral identity genes ZMM3 and ZMM4 in the SAM [28]. miR172 acts
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downstream of SPLs to repress AP2-family transcription factors that function as floral
repressors [35]. In maize, the AP2 homolog GLOSSY15 (GL15) acts as a negative regula-
tor of flowering and directly regulates floral identity genes [36]. However, the broader
transcriptional reprogramming landscape associated with the cell fate switch during
maize floral induction remains largely undefined.

The floral transition in the SAM involves complex spatiotemporal coordination of
gene expression and cellular reprogramming, leading to the specification of new orga-
nogenic domains and meristem identities. These processes rely on precise transcrip-
tional regulation within distinct cell populations, yet conventional bulk transcriptomic
approaches lack the resolution to expose such cellular heterogeneity. Recent advances in
single-cell omics technologies, particularly single-cell RNA sequencing, have revolution-
ized plant developmental biology by revealing the molecular states/dynamics and cell
fate transitions of diverse organs at the single-cell resolution [37-41]. In this study, we
systematically investigated the SAM state dynamics associated with the floral transition
in maize by coupling the transcriptomic features at bulk and single-cell RNA levels. By
delineating molecular trajectories of cell differentiation and reconstructing the underly-
ing regulatory networks, we provide a comprehensive view of the cellular and molecular
changes during a critical developmental transition for flowering which determines maize

adaptation and yield.

Results

The molecular features of the SAM during the floral transition

To dissect the molecular basis of SAM transition from vegetative to floral development,
we profiled SAM transcriptomes at 14, 16, 18, 22, 26, and 28 days after sowing (DAS),
spanning the whole process of floral transition (Fig. la). Principal component analy-
sis (PCA) revealed strong consistency between biological replicates (Additional file 2:
Table S1), and exposed a continuous trajectory which aligned with the developmental
stages of SAM (Fig. 1b). Notably, samples from 26 and 28 DAS were distant from other
time points (Fig. 1b), highlighting a major transcriptional reprogramming at the later
stage of the floral transition. We then investigated the expression dynamics of several
key genes associated with flowering time (DLFI1, ZMM4, ZMM]15, ZAP1, ZmSPL13,
and ZmSPL29) and those associated with inflorescence development (UNBRANCHED?2
[UB2], UNBRANCHED3 [UB3], TASSELSHEATH4 [TSH4], and RAMOSA genes)
(Additional file 1: Fig. S1a, b). The expression patterns of these genes across the tran-
sition stages aligned with their previously reported expression domains and functions
[26-33]. These findings underscore the suitability of our data in delineating the floral
transition.

To elucidate the gene expression dynamics during the floral transition, we performed
k-means clustering on all differentially expressed genes (DEGs) by pairwise compari-
sons between six progressive tissues (Fig. 1c, Additional file 2: Table S2). This analysis
identified seven gene clusters (RC1-RC7), each displaying unique expression patterns
and enriched for distinct biological pathways (Fig. 1c, d). For example, genes in cluster
RC1 showed strong expression at 14 DAS and were primarily associated with leaf mor-
phogenesis, mitochondrial RNA modification, and phospholipid biosynthesis (Fig. 1c,
d). These included the leaf primordia marker DROOPING LEAFI1 (DRLI) and the leaf
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Fig. 1 Molecular dynamics of the maize SAM during the floral transition. a Representative SAM morphology
at sequential developmental stages and overview of the experimental design. b Principal component
analysis (PCA) of bulk RNA-seq data showing high reproducibility among replicates. Developmental trajectory
from 14 to 28 DAS are indicated by an arrow. ¢ Heatmap of differentially expressed genes (DEGs) grouped
into seven RNA clusters (RC1-RC7) by k-means clustering across developmental stages. Line plots on the right
depict the mean expression profiles of genes within each cluster, with representative regulators highlighted.
d Heatmap showing top representative gene ontology (GO) terms enriched in each cluster

primordia-derived peptide gene ZmFON2-LIKE CLE PROTEIN1 (ZmFCPI) which
maintains meristem development [42, 43]. The high expression of flowering repressor

AP2 gene ZmRap2.7 indicated that 14 DAS is in vegetative phase with active leaf forma-

tion. Genes in cluster RC2 displayed peak expression levels at 16 DAS and were enriched

in processes related to chromatin remodelling as well as histone and DNA modifica-

tions (Fig. 1c, d), suggesting that epigenetic reprogramming plays a significant role in the

maize SAM floral transition. This is in line with the epigenetic control of the flowering
suppressor gene FLOWERING LOCUS C (FLC), whose repression mediated by strong
histone modifications promotes the floral transition in Arabidopsis [44]. Meanwhile, the

marked reduction in the flowering suppressor ZmRap2.7 from 14 to 16 DAS (Additional
file 1: Fig. Sla) indicated that the SAM at 16 DAS is likely undergoing the early floral
transition. Subsequently, genes enriched at 18 DAS (RC3) were specifically associated

with responses to environmental stimuli, such as light and temperature (Fig. 1d), sug-

gesting that these genes may mediate environmental responses of SAM to induce the
floral transition. At this stage (18 DAS) with the visible elongation of the SAM (Fig. 1a),
the flowering-promoting factor DLFI reached peak expression (Additional file 1: Fig.
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Sla, ¢), indicating that DLFI might accelerate the floral transition. By 22 DAS, genes
(RC4) involved in reproductive shoot development were enriched, indicating that the
floral transition was almost complete at this stage. In the subsequent stages, a large set
of genes (RC5 and RC6) were robustly upregulated at 26 and 28 DAS (Fig. 1c). These
genes were strongly associated with reproductive shoot development, nucleotide metab-
olism, and responses to both biotic and abiotic stimuli (Fig. 1d). Many key inflorescence
regulators, such as RAMOSA2 (RA2), VANISHING TASSEL2 (VT2), and UB3 (Fig. 1c,
Additional file 1: Fig. S1b) [30, 31, 45], were included, highlighting their potential roles
in early inflorescence meristem establishment. Taken together, these findings delineate
the molecular dynamics of the maize SAM during the floral transition. On the basis of
these molecular signatures, we propose that the SAM can be broadly divided into three
developmental phases: a vegetative phase before 14 DAS, a transitional phase spanning
approximately 16—-22 DAS, and a post-transition phase commencing on or before 26
DAS.

Dynamic transcription factor regulation uncovers a floral transition module

Transcription factors (TFs), such as ZmRap2.7, DLF1 and ZmMADS69 play critical roles
during the floral transition in maize [14, 26, 46, 47]. To expose the potential TF classes
related to the distinct expression patterns during the floral transition, we first captured
genome-wide open chromatin regions (OCRs) by performing ATAC-seq on SAM sam-
ples at 14, 22, and 26 DAS, which represent the three major developmental phases of
the SAM (Additional file 2: Table S1 and S3). All three time points yielded high-quality
data (Additional file 1: Fig. S2a-d). To provide a comprehensive catalogue of accessible
chromatin regions, we merged OCRs from the three stages and used this unified set to
perform TF motif enrichment analyses on OCRs located in the promoters of genes from
different expression clusters (RC1-RC7). This analysis focused on identifying cluster-
associated regulatory motifs underlying distinct RNA expression programs, rather than
stage-specific chromatin accessibility dynamics, as time-resolved ATAC-seq data across
additional stages were limited. The binding motifs of six TF families, TCP, SBP, ERF,
ARF, MYB-related, and C2H2, were enriched across nearly all gene clusters (Fig. 2a),
suggesting that these families likely act as general regulators of DEGs during the floral
transition. Notably, some TF binding motifs also exhibited preferential or even spe-
cific enrichment in certain gene clusters. For example, AP2 and ARR-B binding motifs
were exclusively enriched in RC1, which was active at the early phase (Fig. 2a). Consist-
ent with this motif enrichment, 11 AP2 genes and two ARR genes were preferentially
expressed at this early stage (Additional file 1: Fig. S3a, b, Additional file 2: Table S4).
Importantly, several members of these families, including the AP2 genes ZmRap2.7 and
GL1S5, as well as the ARR gene ARR11, function as repressors of flowering [48]. These
observations suggest that AP2- and ARR-mediated transcriptional programs may con-
tribute to maintaining a repressive state during the early phase of floral transition. The
motifs of LBD, DOF, and G2-like TFs were specifically enriched in RC2, RC3, or RC4
(Fig. 2a), which correspond to the ongoing floral transition during 16—-22 DAS, implying
potential for these TF families in floral transition. Consistent with this motif enrichment,
two LBD, four DOF, and seven G2-like genes were preferentially expressed during this
period (Additional file 1: Fig. S3c-e, Additional file 2: Table S4). Notably, a substantial
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Fig. 2 Dynamic transcription factor regulation uncovers a floral transition module. a HOMER DNA-motif
enrichment in OCRs located in promoters of genes from different expression clusters (RC1-RC7). Asterisks
indicate significant enrichment (p < 1e-5). b ZmMADS69 binding sites detected in OCRs of ZmRap2.7. ¢ EMSA
revealed that recombinant MBP-ZmMADS69 could directly bind to the P1 and P2 regions of ZmRap2.7, which
are located within the ZmMADS69 binding peak. The EMSA assays were performed with two independent
biological replicates. d Dual-luciferase reporter assay showing that ZmMADS69 represses ZmRap2.7
expression. e RT-qPCR showing reduced ZmRap2.7 expression in the Zmmads69 mutant relative to WT. f, g
Representative images of SAMs from WT, Zmmads69 (f), and Zmrap2.7 (g) at V5 stages. Black lines indicate
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the ZmRap2.7 binding peak of ZMM4. The EMSA assays were performed with two independent biological
replicates. I Dual-luciferase reporter assay showing that ZmRap2.7 represses ZMM4 expression. m, n RT-qgPCR
showing increased ZMM4 expression in Zmrap2.7 mutant (I) and reduced expression in Zmmads69 mutant
(m). All statistical analyses were performed using two-tailed t-tests

number of genes from these TF families were further enriched at later stages (26 and 28
DAS) (Additional file 1: Fig. S3c-e, Additional file 2: Table S4), suggesting that they may
also contribute to the transition at subsequent developmental stages. At later stages, the
gene cluster RC6, which shows peak expression at~28 DAS, was enriched for MADS-
box motifs (Fig. 2a). Consistent with this enrichment, 19 MADS-box genes were highly
expressed at these later stages, including several well-established flowering promoters
such as ZMM4, ZmMADS67, ZmMADS69, ZMM3, and ZAP1 (Additional file 1: Fig.
S3f, Additional file 2: Table S4). This pattern is consistent with the activation of floral
identity and organ identity programs during the late phase of floral transition. Together,
these motif enrichment results highlight the stage-specific TF families that coordinate
the transcriptional regulation of SAM during the floral transition.

These stage-resolved motif and expression patterns suggested that distinct TF fami-
lies are deployed in a temporally ordered manner during the floral transition, raising the
possibility of direct regulatory interactions between early- and late-acting factors. As a
representative example, the AP2 flowering repressor ZmRap?2.7 reached peak expression
at 14 DAS [46], consistent with AP2 motif enrichment in RC1 (Fig. S1a, Fig. 2a), whereas
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the MADS-box flowering promoters ZmMADS69 and ZMM4 were preferentially
expressed at 22—28 DAS [27, 47], when MADS-box motifs were enriched. The largely
opposing expression trajectories between ZmRap2.7 and ZmMADS69/ZMM4 (Fig.
Sla) prompted us to investigate whether these TFs form a regulatory module control-
ling floral transition. We first performed tsCUT&Tag sequencing and identified 3,647
and 7,083 binding peaks for ZmMADS69 and ZmRap2.7, respectively (Additional file 2:
Table S5 and S6). Both TFs showed strong TSS enrichment and high FRiP scores (frac-
tion of reads in peaks), with highly correlated biological replicates (Additional file 1: Fig.
S4a-c, Additional file 2: Table S1), indicating the high quality of the data. More than half
(66%, and 60%, respectively) of the peaks were located in the promoter regions (Addi-
tional file 1: Fig. S4d) and thousands of target genes (3,118 and 5,539, respectively) were
identified. Notably, 2,330 genes (75% or 42%, respectively) were co-bound by both TFs,
suggesting that they may antagonistically regulate a shared set of downstream genes
(Additional file 1: Fig. S4e). Interestingly, we found a ZmMADS69 binding peak in the
ZmRap2.7 promoter (Fig. 2b). We used electrophoretic mobility shift (EMSA) and dual-
luciferase reporter assays to show that ZmMADS69 directly binds the “CArG” sites
within the peak and represses ZmRap2.7 expression (Fig. 2¢, d, Additional file 1: Fig.
S5a). Mutant analysis supported these molecular interactions. For example, ZmRap2.7
was upregulated in the SAM of Zmmads69 mutant (Fig. 2e) and V5 stage SAMs were
significantly shorter in Zmmads69 mutants and a significantly taller in Zmrap2.7
mutants (Fig. 2f-i), demonstrating their antagonistic roles in the SAM floral transition.
Furthermore, we also found a ZmRap2.7 binding peak in the promoter of another floral
activator, ZMM4 (Fig. 2j). EMSA, dual-luciferase reporter, and mutant expression assays
demonstrated that ZmRap2.7 directly binds the “GCC-box” sites within this peak, and
represses ZMM4 expression in the SAM (Fig. 2k-n, Additional file 1: Fig. S5b). Collec-
tively, these results support a regulatory module in which ZmMADS69 directly represses
ZmRap2.7, which subsequently directly represses ZMM4, thereby coordinating the flo-

ral transition in maize.

Single-cell RNA sequencing uncovers cell types associated with the floral transition

To further investigate the cell fate transition and the underlying molecular changes dur-
ing the floral transition, we performed scRNA-seq analysis on SAMs containing the two
youngest leaf primordia (SAM +P1 and P2) at 14, 22, and 26 DAS, representing three
distinct developmental phases of the SAM transition (Fig. 1a). After quality control and
batch-effect correction, we obtained 5,746-5,988 cells per sample, with median unique
molecular identifier (UMI) counts of 6,343—8,538 and median expressed genes of 3,521—
4,344 (Additional file 1: Fig. S6, Additional file 2: Table S1). In total, 17,563 merged cells
were classified into 18 cell clusters using Seurat [49], which were further grouped into 8
major cell populations based on marker gene expression (Fig. 3a, Additional file 2: Table.
S7). The vascular cell (VC) population, comprising clusters 1, 11, 17, and 18, was char-
acterized by the general vascular markers UMCI1283 and C2C2-DOF TRANSCRIPTION
FACTOR 11 (DOF11), the phloem marker ALTERED PHLOEM DEVELOPMENTI
(ZmAPLI), and the xylem marker TARGET OF MONOPTEROSS (ZmTMOS) (Fig. 3b,
¢, Additional file 1: Fig. S7a). The epidermal cell (EC) population (clusters 8, 10, 12, and
16) showed strong expression of epidermal markers LIPID TRANSFER PROTEIN 2
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Fig. 3 scRNA-seq defines SAM cell-type identities and reveals cellular heterogeneity during the floral
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(LTP2) and Zm00001d4000506 (Fig. 3b, c, Additional file 1: Fig. S7a). The leaf primor-
dia cell (LPC) population (cluster 2) was identified by expression of leaf primordium
markers DROOPING LEAF 1 (DRLI) and INDETERMINATE DOMAIN7 (IDD?7), while
the boundary cell (BC) population (cluster 15) expressed boundary-specific markers
including CUP-SHAPED COTYLEDON 3 (ZmCUC3) and ZmGLUTATHIONE TRANS-

FERASE 41 (ZmGST41) (Fig. 3b, ¢, Additional file 1: Fig. S7a).

We next focused on the meristem-associated cell types. The meristem marker KNOT-
TEDI (KNI) was broadly expressed throughout the SAM corpus excluding from the
epidermis and lateral domains, and was enriched in clusters 3, 4, 6, and 9 (Fig. 3b, c,

Page 8 of 26
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Additional file 1: Fig. S7b). Among these clusters, clusters 6 and 9 also showed enrich-
ment of UUB3 and ROUGH SHEATHI (RSI), two genes expressed at the SAM base
(Fig. 3b, c, Additional file 1: Fig. S7a, b) [30, 50], and were thus designated as rib zone
cells (RZC). NAC67 was enriched in clusters 3 and 4 but not in clusters 6 and 9 (Fig. 3b,
Additional file 1: Fig. S7b), and RNA in situ hybridization showed that NAC67 marked
the upper SAM (Fig. 3c). Accordingly, clusters 3 and 4 represented the upper region of
the SAM and were defined as central meristem cells (CMC) (Fig. 3a). By contrast, cluster
7, enriched for UB3 and NAC67 but lacking KN1 expression (Fig. 3b), was identified as
lateral meristem cells (LMC), consistent with RNA in situ hybridization results showing
that /B3 and NAC67 also mark the SAM lateral zone (Fig. 3c). The accuracy of our cell
identity annotations was validated through marker-based module scoring using estab-
lished maize shoot apex markers (Additional file 1: Fig. S8) [39].

Our preliminary analysis of cell proportions across developmental stages revealed
stage-enriched clusters 3, 4, 6, and 7 attracting our attention (Fig. 3d). In the CMC popu-
lation, cluster 3 was predominantly derived from vegetative SAM at 14 DAS, whereas
cluster 4 mainly was originated from SAM undergoing floral induction at 22 and 26 DAS
(Fig. 3d). This indicates that central meristem undergoes significant changes at the tran-
scription state during the transition. Cluster 7 (LMC) was largely composed of cells from
the induced SAM (Fig. 3d), suggesting that lateral meristems emerge during the early
floral transition. The presence of another induced-SAM enriched cluster 6 (RZ) after 22
DAS was in line with the rapid expansion of rib zone during transition. As supports,
some known flowering repressors (ZmPRR37a, ZmLHY1, CONSTANS-like 3 [ZmCOL3],
ZmCCAI, GA20x1I) were enriched in the early-stage cluster 3, whereas some flowering
promoters (ZmSPL13, ZmMADS67, ZMM4, ZmGlla, ZmGlIb, UB2, UB3) were prefer-
entially expressed in clusters 4, 6, and 7 (Additional file 1: Fig. S9). Together, the stage-
enriched expression patterns imply that central meristem, lateral meristem and rib zone
are closely related to the floral induction process.

To be honest, changes in cell proportions across developmental stages and differences
in transcriptional activity for each cell population should be considered with the absence
of independent biological replicates. To mitigate this limitation, we performed cross-val-
idation analyses using pseudobulk comparisons with independent bulk RNA-seq data-
sets and also with published maize single-cell datasets [39, 41, 51-60], which showed
high concordance (Additional file 1: Fig. S10 and S11). Nevertheless, future studies
incorporating biological replication and spatial transcriptomic approaches will be useful
to validate the molecular dynamics observed in this study.

Spatiotemporal transcriptional dynamics across distinct meristem domains

during the floral transition

To investigate the molecular changes associated with cell fate determination during the
floral transition, we identified DEGs between adjacent developmental stages for each
cell type. We focused on clusters CMC, LMC, RZ, LPC, and VC, which represent core
cell populations sustaining the floral transition. Across these comparisons, we detected
distinct transcriptional signatures ranging from 32 to 967 DEGs per comparison (Addi-
tional file 1: Fig. S12a, Additional file 2: Table S8 and S9), identifying a total of 1,817
and 1,815 DEGs during the early and late transition stages, respectively. Gene ontology
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analysis revealed that temperature response pathway was strongly enriched in DEGs
across most cell types (CMC, RZC, LPC, and VC) (Fig. 4a, c), implying that temperature
plays a critical role in the maize floral transition. Concurrently, we observed significant
enrichment for pathways involving organic, inorganic and metabolic substances (such as
hormones, ROS). Notably, genes associated with chromatin organization processes were
highly enriched in the CMC, RZC, and VC clusters, which had the most striking tran-
scriptional dynamics (Fig. 4a), implying that the epigenetic states in these cells might

undergo significant changes and be associated with the transcriptional changes.

Most of the DEGs were largely cell-type specific (Additional file 1: Fig. S12b), suggest-
ing that the maize SAM responds to induction signals through spatially distinct gene
sets in distinct cell domains. For example, DLFI, a key mediator of florigen signalling
[26, 34], was specifically upregulated in LPC and RZC (Fig. 4a, e), suggesting these
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domains serve as recognition sites for systemic florigen signals. In contrast, meristem
maintenance genes KNI and RS1, as well as the gibberellin catabolic gene GA20x1, were
downregulated in CMC (Fig. 4b). This could create a permissive high-GA, low-KNOX
environment for the reproductive transition.

Meanwhile, some DEGs exhibited broader cell type responses (Fig. 4¢). For example, dur-
ing the early floral transition (22 vs 14 DAS), we observed upregulation of the age-depend-
ent miR156-targets, SBP-box transcription factors UB2, UB3, and ZmSPL29 [28, 30], and
downregulation of the circadian clock repressors ZmLHY and ZmCCA1I [19, 20] across
most of cell types (Fig. 4b). These observations suggest that the age-dependent acquisition
of floral competency and resetting of the circadian oscillator occur ubiquitously rather than
in specific cell types. Further, the floral integrator ZmMADS1 (SOCI homolog) [61] showed
a broad activation pattern in the RZC, LPC, CMC, and VC (Fig. 4b), in line with its role as
an integrator merging the diverse floral induction signals in Arabidopsis [61]. Strikingly, the
LMC had only 10 DEGs during the transition (Additional file 1: Fig. S12a), although its cell
numbers increased dramatically, suggesting the LMC was likely not involved in the floral
transition.

As the SAM progressed to reproductive stages (26 vs 22 DAS), the transcriptional pro-
gram shifted from floral transition to the establishment of inflorescence identity. This
phase was defined by the dramatic activation of the flower identity MADS-box genes
ZMM4 and ZmMADS67 [27, 34] across all cell types, along with the universal down-
regulation of the early inductive factor ZmMADSI (Fig. 4d, e) [61]. Strikingly, the
CMC, VC, and RZC were transcriptionally reprogrammed to express genes enriched
in response and metabolic processes (Fig. 4c), presumably to support the energetic
demands of rapid growth. The LMC displayed pronounced transcriptional changes
(117 up-regulated DEGs) (Additional file 1: Fig. S12a) and enriched for stress responses
and maintenance of meristem identity (Fig. 4d). This activation was associated with the
floral identity gene ZFL2 (LEAFY homolog) and the transcriptional corepressor REL2
(Fig. 4d), representing the establishment of spikelet meristem indeterminacy and iden-
tity [62, 63]. In contrast, the LPCs showed fewer transcriptional changes (only 35 up-
regulated DEGs) (Fig. 4d, Additional file 1: Fig. S12a), in line with the termination of leaf
primordia formation after the floral transition. Collectively, these data characterize the
maize floral transition as a highly coordinated process, where spatiotemporal compart-
mentalization allows for the organized integration of floral signals and the sequential
execution of distinct transcriptional programs.

Distinct gene modules underpin meristem differentiation trajectories during the floral
transition

In light of the continuous cell fate differentiation during the floral transition, we sub-
sequently analyzed the differentiation trajectories among meristem-related cells (CMC,
LMC, and RZC) using Monocle2 [64] to identify potential molecular signals in this pro-
cess. This analysis resolved nine distinct cell states along a continuous developmental
trajectory (Fig. 5a). State 8 was considered to be at the start of a trajectory, given that
it was predominantly composed of cluster 3 (Fig. 5a, b), which contained high pro-
portion (43%) of vegetative cells from 14 DAS (Fig. 3d). Following state 8, the trajec-
tory bifurcated into two distinct branches. One branch composing state 7 exhibited a
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progressive enrichment of rib zone cells (cluster 6, 9), while the other was characterized
by an increased proportion of lateral meristem cells (cluster 7) and transition central
meristem cells from DAS 22 and 26 (cluster 4) (Fig. 5a, b). This trajectory was validated
by the unsupervised Palantir method (Additional file 1: Fig. S13a). Consistently, Palantir
[65] pseudotime inference identified two major developmental branches, one corre-
sponding to the RZC and the other to the LMC, with the root cell inferred automatically
by the algorithm (Additional file 1: Fig. S13b). We next identified 3,688 highly variable
genes along the trajectory and grouped them into five distinct gene modules (M1-M5)
(Fig. 5¢). Genes in module M5, predominantly expressed at the early phase of the trajec-
tory, were enriched in responses to abiotic, temperature, and hormone stimuli, includ-
ing heat shock protein genes heat shock proteinl (HSP1) and heat shock protein2 (HSP2)
(Fig. 5¢). At the distal end of the left trajectory branch, M1 and M2 genes were enriched
in responses to diverse stimuli and DNA activities, respectively (Fig. 5¢), likely associated
with rib zone cell differentiation during floral induction. M4 genes were enriched at the
middle of the right branch and associated with responses to hormones, especially jas-
monic acid, ethylene, and cytokinin (Fig. 5c). Notably, M3 genes were highly expressed
at the terminal end of the right branch and were enriched for processes of reproductive
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development, as well as peptide biosynthesis and RNA modification (Fig. 5¢). This mod-
ule included several key floral transition genes ZmSPL13/29, ZMM4, and DLFI [26—
28], and inflorescence meristem regulators GRF-interacting Factorl (GIFI), UB2, UB3,
TSH4, and BARREN INFLORESCENCEI (BIF1) (Fig. 5¢) [29, 30, 63, 66]. This result sug-
gests that M3 genes represent potential regulators of the end of the floral transition and
early inflorescence development. Together, the cell-differentiation trajectories revealed
molecular features that are likely responsible for the differentiation of meristem-related
cells during the floral transition, as well as inflorescence meristem establishment.

Identification of core floral transition regulators through co-expression network analysis
To uncover key regulators involved in the floral transition, we constructed a gene co-
expression network (GCN) using the 5,856 genes with high variability across all cell
types using hdWGCNA [67]. These genes were grouped into 18 distinct co-expression
modules (M1-M18), and each comprised of 59 (M7) to 1,315 (M4) co-expressed genes
(Additional file 1: Fig. S144, b). These modules displayed distinct spatial expression pat-
terns on the UMAP, often spanning multiple cell domains (Fig. 6a). For instance, module
5 was enriched in the central and lateral meristem regions, whereas module 4 showed
relative enrichment in the rib meristem and leaf primordia (Fig. 6a). Such patterns sug-
gest coordinated regulation across functionally distinct cell populations during the flo-
ral transition. To identify candidate regulators within each module, we calculated the
intramodular connectivity and identified the top 10 hub genes for each module (Addi-
tional file 1: Fig. S14c), which were highlighted in the reconstructed GCN networks
(Fig. 6b, ¢, Additional file 1: Fig. S15). Notably, the hub genes in module 3 included four
benzoxazinoid (BX) biosynthesis genes and SnRKII7, both involved in abiotic stress
responses and signal transduction [68, 69], indicating a potential role for this module
in stress adaptation. Known floral transition-promoting genes ZmSPL29, ZMM4, and
ZMM15 27, 28] were identified as hub genes in module 7 (Fig. 6b). Consistent with this,
genes in module 7 were enriched in GO terms related to reproduction and shoot system
development (Additional file 1: Fig. S16a), supporting their functional relevance to flo-
ral induction. Conversely, module 2 harbored ZmLHY1 and ZmCCA 1, which are central
components of the circadian clock and act as repressors of flowering (Fig. 6¢) [20, 70].
Genes in this module were highly enriched in primary metabolic processes (Additional
file 1: Fig. S16b), suggesting metabolic processes mediate the effects of circadian clock
on floral induction in maize.

To further examine the dynamic activity of these modules, we conducted differential
module analysis across developmental stages. Module 7 showed the strongest upregula-
tion from 14 to 22 DAS and also from 22 to 26 DAS, while module 2 exhibited a marked
downregulation over the same periods (Fig. 6d, Additional file 1: Fig. S16c). These
opposing trends mirror the functional distinction of the two modules and reinforce their
potential positive and negative roles in the floral transition, respectively. Consistently,
mutations in ZmCCAI and ZmLHY1I in the negative module 2 lead to late flowering
[20, 70]. For the positive module 7, we selected two hub genes, U/B2 and UB3 previously
implicated in inflorescence development [30], to investigate their roles in the floral tran-
sition. Both genes displayed progressively increased expression from 14 to 26 DAS in
bulk RNA-seq and single-cell RNA-seq (Additional file 1: Fig. Sla, Fig. 4a). Our analysis
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Fig. 6 Co-expression network analyses identify core floral transition regulators. a UMAP expression
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showing the top 10 hub genes in modules 7 (b) and 2 (c). d Comparison of effect size of cross-stage module
differentials by DME testing. e Representative images of SAMs from WT, ub3, and ub2;ub3 at V5 and V6 stages.
Black lines indicate SAM regions for length and diameter measurements. Scale bars, 50 pm. f, g Quantification
of SAM length (f) and diameter (g) in WT, ub3, and ub2;ub3 plants at V5 and V6 stages. Statistical analyses
were performed using two-tailed t-tests

of SAM size revealed that ub2;ub3 double mutants had significant shorter SAMs at both
V5 and V6 stages, however SAM width was not significantly altered (Fig. 6e-g). How-
ever, ub3 single mutants showed no obvious change, presumably due to redundancy.
Our results suggest that /B2 and UB3 promote the floral transition.

Discussion

The floral transition represents one of the most pivotal developmental switches in plants,
where the shoot apical meristem (SAM) shifts from vegetative growth to reproductive
identity. In maize, this transition not only determines flowering time and adaptation
range but also fundamentally impacts yield-related traits [4, 5]. Despite the identification
of major floral transition genes in maize (e.g., ZCN8, DLF1, ZmRap2.7) [13, 14, 26, 27,
46], the molecular basis of how SAM cells fine-control their identities during the transi-
tion has remained poorly understood. In this study, we constructed a high-resolution
spatiotemporal transcriptome atlas of the maize SAM across the floral transition, and
revealed that the transition is not a uniform event but a highly cell type coordinated and
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phased orchestration involving the hierarchical transcriptional reprogramming and the
precise execution of cell-type-specific regulatory modules.

Hierarchical transcriptional reprogramming and conserved modules underlie the maize
floral transition

Our bulk transcriptome analysis across 14—28 DAS uncovered a continuous transcriptional
trajectory, partitioning SAM development into three major phases: vegetative (<14 DAS),
transitional (16—-22 DAS), and post-transition (>26 DAS or early) in the B73 background.
This phasing was marked by distinct gene clusters enriched in different biological processes,
representing the hierarchical transcriptional reprogramming during the floral transition
(Fig. 1). Notably, maize displays an early association with epigenetic remodeling at the
onset of transition, reminiscent of the epigenetic repression of FLC which is required for
flowering in Arabidopsis [44, 71]. Following epigenetic remodeling, the SAM activates the
molecular modules enriched with environmental response genes, reflecting the integration
of internal and external cues to trigger floral induction. This is associated with maize’s broad
adaptation to variable growth conditions under different photoperiods and temperatures
[18, 21, 72]. The later stage (26—28 DAS) is characterized by robust induction of reproduc-
tive regulators (RA2, VT2, and UB3) [30, 31, 45], marking the commitment to inflorescence
identity. The spatiotemporal transcriptome atlas of the maize SAM across the floral transi-
tion has been extensively characterized here.

Furthermore, our analysis uncovered a core regulatory module centered on
ZmMADS69-ZmRap?2.7, revealing how MADS- and AP2-family factors cooperate to
gate floral transition outputs. ZmMADS69 has been reported to promote flowering by
repressing the flowering suppressor ZmRap2.7 and concomitantly activating the flo-
rigen ZCN8, however it remains unclear whether the regulation is direct or indirect [47].
Here, we provide direct binding evidence for the ZmMADS69-ZmRap2.7 interaction,
further validated by the mutant analysis (Fig. 2). Meanwhile, we have revealed that the
floral identity gene ZMM4 is a direct repression target of ZmRap2.7, suggesting a hier-
archical regulatory module mediating the floral transition. ZmMADS69, with maximal
expression in mature leaf, functions through the ZmRap2.7-ZCNS8 regulatory module in
the leaf [47]. Notably, our data suggests that the ZmMADS69-ZmRap2.7 axis functions
not only in leaf to promote florigen output, but also locally in the SAM to gate floral
commitment. The dual roles of AP2-type flowering factors in both leaves and SAM have
been reported in maize and Arabidopsis [36, 73]. In maize, the AP2 gene GL15 closely
related to ZmRap2.7, directly binds and represses ZMAM4 in the SAM to induce flower-
ing [36]. GLI5 could also directly reduce GA levels and delay flowering in leaves as well
as in the SAM. In parallel, Arabidopsis AP2 repression by the flowering integrator SOC1
(ortholog of ZmMADS1), together with the reciprocal repression of SOCI by AP2, con-
tributes to synchronizing changes in meristem state, resulting in the floral transition
[74]. Although this reciprocal repression between ZmRap2.7 and ZmMADS69 was not
detected in our study, these studies have exposed the parallel functions of MADS-AP2
modules in monocots and dicots.

Together, we have provided a full view of transcriptional features and dynamics of
the maize SAM across the floral transition. Our mechanistic findings supported by the
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genetic evidence greatly expand our understanding of the molecular control of the con-
served regulation of this pivotal developmental process.

Spatially distinct regulatory domains integrate multiple signals to drive floral transition
Our scRNA-seq data analysis indicates that the maize floral transition is not driven by
a uniform transcriptional switch, but instead emerges from the coordinated actions
of spatially distinct cellular domains with highly specialized transcriptional programs.
This spatial deployment is supported by domain-specific molecular changes, including
the progressive downregulation of the meristem maintenance gene KNI in the central
meristem (Fig. 4b, d), which may weaken the meristematic cells fate of the SAM [75];
reduced expression of the GA catabolic gene GA20xI in the central meristem and rib
zone (Fig. 4b, d), potentially elevating bioactive GA levels to promote meristem enlarge-
ment and rachis elongation [75-77]; and the selective activation of ZFL2, TSH4, and
REL2 in lateral meristem (Fig. 4b, d), consistent with their roles in floral identity, bract
suppression, and meristem determinacy [29, 62, 78]. The rib zone and leaf primordia
in maize likely act as primary sites for florigen signal perception, as indicated by strong
activation of the florigen mediator DLFI (Fig. 4b, e) [34]. These locally perceived signals
are likely subsequently integrated and propagated throughout the SAM by the flowering
integrator ZmMADS]1 [61], which is broadly induced across all SAM domains (Fig. 4b,
e). As development proceeds, the initially broad activation of ZmMADS]1 is followed by
its universal downregulation, coinciding with the strong induction of the floral transi-
tion genes ZMM4 and ZmMADS67 (Fig. 4d, e). This dynamic parallel the SOCI-AP1
transcriptional handoff in Arabidopsis, in which SOCI is transiently induced and subse-
quently repressed upon API activation [79]. In parallel, enrichment of chromatin organ-
ization processes in the CMC and RZC suggests that epigenetic remodeling contributes
to the acquisition of reproductive competence in these domains, echoing the observa-
tions in Arabidopsis that chromatin-based reprogramming accompanies the vegetative-
to-reproductive transition [80].

Although the floral transition is governed by a conserved core regulatory logic across
angiosperms, its temporal dynamics and spatial organization probably varies among spe-
cies. In Arabidopsis, this process is temporally compressed and executed within a rela-
tively small SAM [6]. In rice, the transition unfolds over a longer developmental window,
involving intermediate stages such as panicle meristem formation [81, 82]. Our data
indicates that maize undergoes a markedly prolonged (16—22 DAS or longer) and spa-
tially structured floral transition, in which regulatory signals are deployed across distinct
domains with divergent functions. In addition, GO analysis suggests that temperature
acts as a dominant environmental signal to trigger the floral transition. In Arabidopsis
and rice, meristem transitions are sensitive to light signals, which may limit the adaption
area of different rice varieties. In contrast, maize can be planted in broader regions with
large day-length differences, and without striking effects on flowering time. The sugges-
tion that maize flowering is more sensitive to temperature could inform strategies to
manipulate the flowering time of maize. We recognize that our current three-stage sam-
pling for scRNA-seq may miss transient molecular events; however, this approach was
necessary to ensure sufficient biological material for high-quality library preparation,
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and it provides a foundational framework for future studies with even finer temporal

resolution.

Dual roles of UB2/UB3 in coordinating floral transition and inflorescence architecture

Our single-cell transcriptomic analysis found that the SBP-box transcription factors
UB2 and UB3 are activated at an early stage of floral induction (Fig. 4b). Functional
analyses further support their promotive roles in facilitating SAM elongation during
the transition phase (Fig. 6e-g). These findings extend the reported roles of UB2/UB3
in inflorescence architecture by promoting lateral meristem formation while constrain-
ing inflorescence meristem (IM) activity [30]. Together, our results indicate that UB2/
UB3 possess dual functions, coordinating both floral induction and subsequent inflo-
rescence development. Consistent with this view, co-expression network analysis places
UB2/UB3 within a regulatory module that includes key genes for floral transition and
IM identity, such as ZMM4, ZmMADS67, ZmSPL13, and ZmSPL29 (Fig. 6b). Notably,
ZmSPL13 and ZmSPL29 directly activate miR172 and ZCNS8 in leaves, as well as ZMM3
and ZMM4 in the SAM, thereby linking age-dependent signaling to both systemic flo-
rigen production and local floral identity establishment [28]. These functions parallel
the conserved miR156-SPL-miR172 cascade described in Arabidopsis and rice [83—85].
For example, OsSPL14/IPAI, regulated by miR156, simultaneously influences flower-
ing time, tiller number, and panicle branching, illustrating how SPL activity integrates
reproductive timing with inflorescence patterning in grasses [84, 85]. Taken together,
these observations suggest that L/B2/UB3 regulate both floral transition and subsequent
inflorescence development likely through a conserved miR156-SPL-miR172 regulatory
mechanism, which needs further validation.

Conclusions

We generated a high-resolution spatiotemporal transcriptome atlas of the maize
shoot apical meristem during the floral transition, revealing a hierarchical and multi-
domain coordinated regulatory framework underlying this process. We identified a
ZmMADS69-ZmRap2.7-ZMM4 negative feed-forward loop that fine-tunes the timing
of floral transition, together with a UB2-UB3-centered module that links floral induc-
tion with subsequent inflorescence development. Collectively, these findings provide
mechanistic insights into how regulatory signals are spatially and temporally integrated

to orchestrate floral transition in maize.

Methods

Plant materials and growth conditions

All sequencing experiments were conducted using the maize inbred line B73. Plants
were grown in pots under greenhouse conditions for SAM collection. For bulk RNA-
seq, SAMs were harvested at 14, 16, 18, 22, 26, and 28 days after sowing (DAS), corre-
sponding to the V3-V7 developmental stages. For ATAC-seq, SAMs were collected at 14,
22, and 26 DAS. For scRNA-seq, SAMs with the two youngest leaf primordia attached
were collected at 14, 22, and 26 DAS. For tsCUT&Tag, B73 plants were grown in an
indoor plant incubator under continuous dark conditions to obtain etiolated leaves for
protoplast extraction. The scRNA-seq experiment was performed with one biological
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replicate, each consisting of approximately~300 pooled SAMs, whereas all other
sequencing assays were carried out with two biological replicates, each comprising ~ 25
SAMs. For mutant analyses, a Mu transposon insertion mutant of ZmMADS69 in the
W22 background and a CRISPR/Cas9 knockout mutant of ZmRap2.7 in the B73 back-
ground were obtained from the National Maize Improvement Center of China, both of
which have previously been reported to affect maize flowering time [47]. Mu transposon
insertion mutants ub2-muml and ub3-mum3 were obtained from the Maize Genetics
Cooperation Stock Center and backcrossed to B73 for three times; both mutants have
been reported to affect inflorescence development [30]. For phenotyping, segregating
seeds from all mutant lines were grown either in the field or in pots under greenhouse
conditions, and SAM size was measured at the V5 and V6 stages.

Bulk RNA-seq library preparation

SAM samples at 14, 16, 18, 22, 26, and 28 DAS were flash-frozen with liquid nitrogen
immediately after collection. Total RNA was extracted using the Direct-zol RNA Micro-
prep Kit (Zymo Research). Sequencing libraries were constructed with the MGIEasy
RNA Library Prep Kit according to the manufacturer’s instructions.

ATAC-seq library preparation

ATAC-seq libraries were constructed following previously established protocol [86] with
some modifications to accommodate the small size of maize SAMs. For each replicate,
approximately 25 freshly dissected SAMs were digested in 15 pl protoplast lysis buffer
[39] at the bottom of 1.5 ml tube for 2 h at room temperature in the dark with gen-
tle shaking. Nuclei were released by adding 1 ml release buffer (1 x PBS, 1 x protease
inhibitor, 0.3% Triton X-100) and gentle pipetting. Nuclei were then collected by cen-
trifugation and resuspended in 20 pl 1 x TTBL buffer (Vazyme, TD501). Nuclei integ-
rity and concentration were assessed by DAPI staining. Approximately 5,000 nuclei were
subjected to Tn5 transposition (Vazyme, TD501) in the presence of 0.3% Triton X-100
at 37 °C for 30 min. Transposed DNA was immediately purified using Qiagen MinElute
kits and amplified for 10-13 PCR cycles according to the manufacturer’s instructions
(VAHTS, TD501). Amplified DNA was size-selected using KAPA DNA Clean Beads
(150-650 bp) to generate the final library, which was sequenced on an Illumina HiSeq X
Ten platform (paired-end, 2 x 150 bp).

tsCUT&Tag libraries preparation

We conducted tsCUT&Tag assays following the reported protocol [87, 88]. In brief, full-
length coding sequences of ZmMADS69 and ZmRap2.7 were cloned into the PM999-
GFP vector, and plasmids were purified to transfection grade. Protoplasts were prepared
from etiolated B73 seedlings grown in the dark and transfected with the GFP-tagged
constructs using PEG-mediated transformation. After overnight incubation, protoplasts
were processed using the Hyperactive In-Situ ChIP Library Prep Kit (Vazyme, Nan-
jing, China) according to the manufacturer’s instructions. Chromatin was immunopre-
cipitated with anti-GFP antibody (1:100 dilution), and tagmented DNA fragments were
PCR-amplified and size-selected to generate sequencing libraries. Libraries were sub-
jected to paired-end sequencing (2 x 150 bp) on an Illumina NovaSeq 6000 platform.
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scRNA-seq library preparation

scRNA-seq protoplasts were prepared as previously described [39, 41] with minor
modifications. For each sample, approximately ~300 SAMs with two youngest leaf
primordia were dissected and enzymatically digested in 50 pl protoplast lysis buffer at
the bottom of 2 ml tube for 2 h at room temperature in the dark with gentle shaking to
release protoplasts. After digestion, the reaction was stopped by dilution using 1.5 ml
protoplast washing buffer (lysis buffer without enzyme) and filtered through 30-pm
strainers to remove debris and large aggregates. The filtrate was then centrifuged at
300 g for 3 min at room temperature to collect protoplasts. Pellets were gently resus-
pended and washed twice with protoplast washing buffer under the same centrifuga-
tion conditions. After washing, a final filtration step was performed to remove cell
aggregates and obtained a suspension of single, dissociated cells. Cell concentration
and viability were assessed by fluorescein diacetate (FDA) staining using a hemo-
cytometer. Only samples with >75% viable cells were used. Approximately 15,000
protoplasts were loaded into the BD Rhapsody"" Single-Cell Capture system (BD Bio-
sciences) for scRNA-seq library construction according to the manufacturer’s proto-
col. Libraries were sequenced on an Illumina NovaSeq 6000 platform with paired-end
150 bp reads.

Electrophoretic mobility shift assay

EMSA was performed using the EMSA Kit (LightShift Chemiluminescent EMSA Kit,
Thermo Scientific) according to the user manual. Single-stranded DNA probes (40 to
50 bp) containing the “CArG” and “GCC-box” motifs within the 5’ promoter of two
potential targets, ZmRap2.7 and ZMM4, were synthesized with or without 5 biotin
labeling and dissolved to a final concentration of 10 puM. Annealing of forward and
reverse probes into double-stranded DNA probes was carried out by heating at 95 °C
for 5 min. For the binding reactions, approximately 1 pg of purified recombinant pro-
teins (MBP, MBP-ZmMADS69, or MBP-ZmRap2.7) was incubated with the probes at
room temperature for 20 min. The resulting protein-DNA complexes and free probes
were separated by electrophoresis and detected via chemiluminescence. The specific
sequences of all probes are provided in Additional file 2: Table S10.

Dual-luciferase reporter assay

The full-length coding sequences of ZmMADS69 and ZmRap2.7 were cloned into
the pGreenll 62-SK vectors to generate effector constructs. 2-kb promoter fragments
of ZmRap2.7 and ZMM4 were inserted into pGreenll-0080-LUC vectors, respec-
tively, to create reporter constructs. Two effector-reporter combinations were tested:
ZmMADS69 effector with ZmRap2.7 reporter, and ZmRap2.7 effector with ZMM4
reporter. The effector and reporter plasmids were co-transformed into protoplasts iso-
lated from etiolated leaves of maize inbred line B73 following previous description [89].
After incubation, luciferase activity was quantified using the Promega Dual-Luciferase®
Reporter Assay System (Madison, WI, USA) according to the manufacturer’s instruc-
tions. Each assay was performed with at least three biological replicates.
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qPCR analysis

Total RNA was extracted from SAM tissues of WT and mutant plants at V5 stage using
Genstone Biotech RNA extraction kit (TR150). The RNA was reverse-transcribed with
the Vazyme HiScript II One Step RT-PCR Kit (P611) to generate cDNA templates for
qPCR. Quantitative PCR was conducted using Vazyme SYBR Green Mix (Q711) on a
Bio-Rad CFX Connect real-time PCR system, and fluorescence signals were analyzed
with Bio-Rad CFX Maestro software. ACTIN was used as the internal reference gene
for normalization. Each assay included three biological replicates and experiment was
repeated at least three times, yielding consistent results. Primer sequences for qPCR
were documented in Additional file 2: Table S11.

RNA in situ hybridization

Shoot apices from different stage B73 plants were subjected to RNA in situ hybridization
following established protocols [50]. For scRNA-seq marker gene probe preparation,
T7 promoter sequence (5-CATTAATACGACTCACTATAGGG-3’) was incorporated
into reverse primers to amplify gene-specific fragments from cDNA templates. Primer
sequences are listed in Additional file 2: Table S12. Digoxigenin-labeled antisense probes
were generated by in vitro transcription using a Roche transcription kit according to the
manufacturer’s instructions. Hybridization signals were imaged with a Nikon ECLIPSE

DIC microscope.

SAM size measurement

Shoot apices at the V5 and V6 stages were dissected and longitudinally bisected through
the shoot apex to generate thin sections. They were fixed overnight in ice-cold FAA solu-
tion (10% formaldehyde, 45% ethanol, and 5% acetic acid) and subsequently dehydrated
through an ethanol series and cleared in 50% followed 100% methyl salicylate. Cleared
shoot apices were imaged using a Nikon ECLIPSE DIC microscope. SAM measurement
method was according to previous description [90]. Statistical analyses were performed
in GraphPad Prism 8 software, and p values were calculated by two-tailed paired Stu-
dent’s ¢-tests.

Bulk RNA-seq analysis

Raw sequencing data quality was assessed using Trimmomatic (v.0.33) [91] with param-
eters “LEADING:20 TRAILING:20 SLIDINGWINDOW:4:15 MINLEN:20" Clean reads
underwent alignment to the B73 AGPv4 reference genome via HISAT2 [92] under
default settings. Uniquely mapped reads were extracted using SAMtools (v.1.9) [93] with
filtering criteria “rmdup and mapq> 10" Transcript abundance quantification was per-

«

formed through featureCounts (v.1.6.3) [94] using parameter “-p”. Spatiotemporal clus-
tering employed the LRT function in DESeq2 (v.1.26) [95], with subsequent sorting by
k-means method. Principal component analysis visualization utilized DESeq2’s “Plot-

PCA” function. Functional enrichment analysis was conducted via TBtools (v.1.120) [96].

tsCUT&Tag and ATAC-seq data analysis
Raw sequencing data quality control was performed using Trimmomatic [91] with
parameters “LEADING:20 TRAILING:20 SLIDINGWINDOW:4:15 MINLEN:20". Clean
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tsCUT&Tag and ATAC-seq reads were mapped to the maize genome (B73 AGPv4)
via bowtie2 [97]. Post-alignment processing involved removing PCR duplicates and
low-quality reads (mapping quality <10) using samtools [93], followed by peak calling
with MACS2 [98] under assay-specific parameters (tsCUT&Tag: used -s 150 -B —p5:
ATAC-seq: —shift — 100 —extsize 200 —nomodel -B -SPMR). Replicate-concordant peaks
were identified through the IDR statistical framework [99] at 5% IDR threshold. BED-
tools [100] assigned OCRs to genes based on genomic proximity, defining regulatory
regions as=+3 kb from transcription start/termination sites. Transcription factor motif
enrichment in accessible regions was analyzed using HOMER’s “findMotifs.pl” function
(v.4.10) [101] across differentially expressed gene sets. Genome browser tracks were vis-
ualized with pyGenomeTracks (v.3.6) [102].

scRNA-seq analysis, quality control and clustering

Clean UMI data were aligned to the maize genome using STAR mapping [103] with
customized parameters to derive UMI counts per sample. All scRNA-seq preprocess-
ing was executed in Seurat (v.4.3.0) [49]. Cellular metrics including detected total genes
(nFeature_RNA), molecules (nCount_RNA), and mitochondrial/chloroplast genome
mapping percentages (percent.mt/percent.pt) were quantified per sample. Quality con-
trol applied sequential filters: cells retaining 1,800—10,000 expressed genes and 2,800—
50,000 UMIs; genes detected in at least 3 cells; exclusion of cells with percent. mt or
percent.pt>10%; and doublet removal via DoubletFinder (v.2.0.3) [104]. Subsequently,
scRNA-seq datasets from the three developmental time points were integrated using the
Harmony algorithm to minimize batch effects. To further refine the data, we performed
covariate regression during the “ScaleData” step, specifically regressing out technical
and biological noise associated with protoplasting-induced genes and cell-cycle-related
variation based on previously published marker sets [39, 40]. Cluster analysis entailed
dimensionality reduction with “RunPCA’; utilizing top 15 principal components for
“FindNeighbors” and UMARP visualization. Cell clusters were defined by “FindClusters”
(resolution=1.0), with cluster-specific marker genes detected using “FindAllMarkers”
(thresholds: p adj <0.05, 1og2FC > 0.5, min.pct=0.25). Stage-comparative DEGs in shoot
apex cell types were computed via “FindMarkers’, and functional enrichment analysis
performed in TBtools [96].

Trajectory inference and pseudotime analysis

Pseudotime trajectories during the SAM floral transition were constructed with Mono-
cle2 (v.2.18.0) [64]. Raw counts from clusters 3, 4, 6, 7, and 9 served as input. Genes
meeting criteria (mean expression > 0.1; dispersion empirical > dispersion fit value) were
classified as high-variant genes (HVGs). Cell ordering along pseudotime was executed
using HVGs and visualized in reduced dimensions via the DDRTree algorithm. Mono-
cle’s BEAM function identified branch-dependent genes (g value < 1e-4) andwere visu-
alized by the “plot_genes_branched_heatmap” function. Gene clusters derived from
heatmaps received functional annotation and GO term enrichment analysis using
TBtools [96]. To assess the robustness of the developmental pathways identified by
Monocle2 [64], we performed an independent trajectory analysis using Palantir [65].
First, a diffusion map was constructed from PCA projections (n_components =5) using
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the “palantir.utils.run_diffusion_maps” function. The developmental root cell was auto-
matically designated using the “palantir.utils.early_cell” function. We then calculated the
pseudotime and branching probabilities for the cells of clusters 3, 4, 6, 7 and 9, which
were visualized using the “palantir.plot.plot_trajectories” function.

scRNA-seq co-expression analysis

To reveal the co-expression correlations between genes, a weighted gene co-expression
network (WGCN) was created by the hdWGCNA (0.3.1) R package [67] using all cells.
After setting up Seurat object for WGCNA, metacells were constructed with the follow-
ing parameters: k=25, assay="RNA’, max_shared =10, min_cells=100, slot="data”.
Only cells within the same cell type in the same sample were pooled for metacell con-
struction. “ConstructNetwork” function was used to construct co-expression network
with a soft-power threshold of 5. We computed MEs for these modules using the hdW-
GCNA function “ModuleEigengenes’, applying a “Harmony” correction to the Mes
based on the sequencing batch. Next, we computed eigengene-based connectivity (kME)
for each gene using the hdWGCNA function “ModuleConnectivity”. Further, we iden-
tified differentially co-expression modules across the three stages through the hdW-
GCNA function “FindDMEs”. ALL co-expression networks were visualized using the
hdWGCNA function “ModuleNetworkPlot”.
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