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Abstract

A comprehensive understanding of inflorescence development is crucial for crop genetic improvement, as
inflorescence meristems give rise to reproductive organs and determine grain yield. However, dissecting
inflorescence development at the cellular level has been challenging due to the lack of distinct marker
genes to distinguish each cell types, particularly the various types of meristems that are vital for organ
formation. In this study, we used spatial enhanced resolution omics-sequencing (Stereo-seq) to construct a
precise spatial transcriptome map of developing maize ear primordia, identifying twelve cell types,
including the four newly cell types that mainly distributed on inflorescence merisetm. Through integrating
single-cell RNA transcriptomes, we identified a series of spatially-specific networks and hub genes, which
may provide new insights on understanding the formation of different tissues. Furthermore, by extracting
the meristem components for detailed clustering, we identified three subtypes of meristem, and validated
two MADS-box genes specifically expressed at the apex of determinate meristems, involved in stem cell
determinacy. In summary, this study provides a valuable resource for cereal inflorescence development
studies, offering new clues for yield improvement.

Introduction

Plant meristems harbor a population of pluripotent stem cells and their descendants organized in distinct
functional domains with specific functions. In flowering plants, meristems establish inflorescence
architecture, and in crop species, contribute to the determination of grain yield (Tanaka et al., 2013). The
inflorescence starts when a vegetative shoot apical meristem transitions into the inflorescence meristem
(Bergen et al.). In maize, the inflorescence meristem (IM) then proliferates and produces lateral meristems
called spikelet pair meristems (SPMs), which develop into spikelet meristems (SMs) then floral meristems
(FMs) (Irish, 1997). Forward and reverse genetic approaches have identified over 150 genes that regulate
inflorescence architecture in maize, such as KNOTTED1(KNT) (Jackson et al., 1994), BARREN STALKT
(BAT) (Gallavotti et al., 2004), RAMOSAT (RAT) (Vollbrecht et al., 2005), RAMOSA3 (RA3) (Satoh-Nagasawa
et al., 2006), BRANCHED SILKLESS1 (BD1) (Chuck et al., 2002), ZmACO2 (Ning et al., 2021), and Y/GET (Luo
et al., 2022) etc. However, genetic pleiotropy and redundancy still limit the insights into inflorescence gene
regulatory networks (Lloyd and Meinke, 2012).

Conventional transcriptomics profiles whole plant organs or tissues, and ignores the heterogeneity of cells,
making it difficult to address many biological problems (Goldman et al., 2019). With the rapid development
of cell capture technology, single-cell transcriptome sequencing (scRNA-seq) has been widely used in plant
developmental biology (Zhang et al., 2021a; Zhang et al., 2021b). Such studies provide insights into the
roles of cell types in development and their regulatory networks. Single-cell transcriptomes of maize shoot
apical meristems, developing ears and roots have produced high-resolution maps of organ development
and cell differentiation trajectories (Ortiz-Ramirez et al., 2021; Satterlee et al., 2020; Xu et al., 2021). In these
studies, intact tissues were first digested into protoplasts that were subjected to single-cell transcriptome
sequencing. However, the original spatial information of cells is lost, resulting in several disadvantages: i)
not all cell type can be assigned to spatial locations by marker genes; ii) the same cell type could have
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different spatial locations and could differentiate into different tissues; iii) the prediction of developmental
trajectories based on single-cell sequencing remains challenging. These challenges are especially apparent
in inflorescence primordia, which have sequential development of related meristem types.

Spatial heterogeneity is a key feature of tissue function and cell fate regulation. Therefore, recording
transcriptional status with and spatial coordinates is necessary. The DNA nanoball (DNB)-based spatial
transcriptome technology (Spatial Enhanced Resolution Omics-sequencing, Stereo-seq), can analyze
centimeter-scale samples with subcellular resolution, and can compensate for the shortcomings of single-
cell sequencing (Chen et al., 2022). Stereo-seq has been used for in situ capture of transcriptomic spatial
information in animal models, such as the study of recovery in the salamander telencephalon following
injury (Wei et al., 2022) and reconstructing the developmental trajectories of cell-fate transitions and
molecular changes during zebrafish embryogenesis (Liu et al., 2022). However, unlike animal cells, most
plant cells have a vacuole that occupies most of the cell volume, resulting in ice crystals and fragmentation
when tissues are cryo-embedded, significantly limiting the application of spatial transcriptomics. Hence
Stereo-seq of plant tissues has been used successfully only in Arabidopsis leaves (Xia et al., 2022).

This study aims to construct a high-resolution spatial transcriptional atlas of developing maize ears by
utilizing Stereo-seq. This approach provides a crucial data resource for investigating gene expression, cell
type organization, and regulatory networks, ultimately enhancing our understanding of the mechanisms
underlying maize ear development and expediting yield improvement efforts.

Results

In situ RNA sequencing of developing maize ears by Stereo-seq

The architecture of the maize ear is determined during early development (~ 5-10 mm stage), when
meristem initiation, maintenance and determinacy decisions star to form specific organs (Vollbrecht and
Schmidt, 2009; Vollbrecht et al., 2005). To generate a spatial transcriptome map of this critical
developmental stage, we harvested ~ 6 mm stage ear primorida of the B73 inbred line, containing most
meristem types (Fig. 1A). Ears were directly fixed in FAA for 10 minutes and then quick-frozen in optimal
cutting temperature (OCT) resin, which can effectively ensure the integrity of the cell and decrease ice
crystals that damage the cells (details see Method). Following a Stereo-seq protocol for plant tissues,
10pm thick frozen sections were attached to three 1 cm? chips to capture mRNAs. We next used nucleic
acid staining of cryosections to highlight the nuclei and check their integrity (Fig. 1B). Intact sections were
used to conduct Stereo-seq based on DNA nanoball (DNB) sequencing technology (Chen et al., 2022). The
DNB is precast to contain coordinate identities (CID), and unique molecular identifiers (UMI) (Fig. 1B). We
ultimately obtained high-quality spatial transcriptomes from four independent developing ear sections, with
no transcript signal diffusion according to UMI distribution (Supplemental Fig. 1).

Each DNB spot on the chip is 220 nm in diameter and the center-to-center distance of two adjacent spots is
500 nm. After merging the high-resolution stained images and sequencing data in the Stereomics
visualization system (https://www.stomics.tech/sap/), we compared the spatial clustering with different

Page 4/25



bin sizes, including bin20 (~ 10pm, 20x20 DNB), bin50 (~ 25um, 50x50 DNB), and bin100 (~ 50um,
100x100 DNB). We found that using bin50 as bin size produce a better spatial clustering result, with
increased cluster numbers and higher accuracy (Supplemental Fig. 2). Therefore, bin50 (~ 25um) was
chosen to represent each spot and construct the spatial transcriptome of developing ears. After filtering
low-quality bins (gene number < 150), we totally obtained 34,559 bin50s from four sections, with an
average of 8,639 bin50s and 28,530 expressed genes per section (UMI counts greater than 1; Supplemental
Table 1). The four sections shared similar gene and UMI numbers in each bin50, supporting the
reproducibility of Stereo-seq (Supplemental Fig. 3). In summary, we generated the high-quality in situ
single-cell RNA sequencing datasets of developing maize ears by using Stereo-seq.

Spatial clustering and validation of cluster identities

We then pooled bin50s of two adjacent sections, #1 and #2 (from a single ear), for unsupervised clustering
analysis after imputation (details see Methods). A uniform manifold approximation and projection (UMAP)
plot displayed twelve clusters (Fig. 1C), whose physical distribution on the ear was consistent with the
previously published results. More importantly, the clustering of Stereo-seq showed more typical
anatomical characteristics in some regions, especially in the inflorescence meristems. (Fig. 1D;
Supplemental Figs. 4 and 5).

To verify reliability of Stereo-seq, we next identified the distribution of different cell types in two additional
ear sections, #3 and #4. UMAP plots showed that bin50s from the two sections were classified into 11 and
13 clusters, respectively (Supplemental Fig. 6). Using the spatial information of bin50s, we identified the
physical location of each cluster (Supplemental Figs. 7 and 8). After comparing the four sections, we found
that ten cell types (represented by bin50 clustering) could be repeatedly detected (in at least three sections).
Next, we identified a series of cluster-enriched genes and cluster-specific marker genes by analyzing
differentially expressed genes among these clusters. More than 70% of marker genes showed the same
spatial expression in at least three sections (Supplemental Table 2). To further validate the sensitivity and
accuracy of the Stereo-seq, we randomly selected 33 marker genes, identified by using Stereo-seq, and
conducted mRNA /n situ hybridization experiments. This approach could validate the spatial expression
patterns of 90% of the genes (30 / 33, Supplemental Data 1). For example, in the Stereo-seq, kcs15
(Zm00001eb047970) and ZmZNF30 (Zm00001eb205550) were observed expressed specifically in
meristem epidermis and vasculature respectively, which were confirmed by mRNA /n situ hybridization
(Fig. 1E and 1F). Ultimately, except cortex and pitch, all other common cell types were verified in mRNA in
situ hybridization. Importantly, we identified and validated four cell/domain types that have not been
reported in previous studies (Xu et al., 2021), including those located in critical domain, such as meristem
internal (MI), corresponding to the cells of the meristem center, inflorescence meristem tip (IMT), which
represents cells in the top ~ 4-5 layers of the inflorescence meristem, and inflorescence meristem cells
(IM). These results indicate that Stereo-seq could accurately portray the physical distribution of cell type
and unveil specific expression pattern of genes, enabling the discovery of previously unidentified cell types
that are not typically detected using traditional scRNA-seq techniques.

Two major trajectories in developing maize ears
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With the precise position of cell types, we constructed a developmental trajectory of the developing ear
based on anatomical structure. Our pseudotime analysis using Monocle2 (Qiu et al., 2017), and found
seven states in the "branched" trajectory. (Fig. 2A and 2B). Bin50s at state 4, 5 and 6 were mainly located in
pitch, cortex and vasculature, while the bin50s at state 1, 2 and 7 were mainly located in inflorescence
meristem, inflorescence meristem tip, meristem epidermis and meristem internal (Fig. 2C). We then
performed RNA velocity analysis to confirm the trajectory of cell differentiation. Two major trajectories
along the pseudotime path were observed (Fig. 2D and Supplemental Fig. 9): (i) bin50s in meristem
epidermis were distributed at the early stage of the trajectory, and then transitioned into the meristem base.
(i) bin50s distributed in the upper layer of vasculature differentiated towards the base of the primordia.
These results demonstrated at least two developmental trajectories in the maize ear. One is vertical
differentiation, and the other is lateral differentiation.

Construction of spatial regulatory networks of developing maize ears by integrated analysis of scRNA-seq
and Stereo-seq

Despite the effectiveness of spatial transcriptome in identifying the physical distribution of a cell type, it
operates at a non-single-cell level. On the other hand, scRNA-seq enables the capture of more cells and
abundant gene expression information, thereby better identifying cell types within tissues. However, the
enzymatic hydrolysis of tissues during the process of obtaining cell suspensions leads to the loss of
spatial information. Therefore, a combined analysis of scRNA-seq and spatial transcriptome is crucial to
improve the resolution of cell types, and unravel their functional characteristics. To explore the
spatiotemporal regulatory networks of developing maize ears, we further performed scRNA-seq with ear
primordia at the same developmental time point as in the Stereo-seq profilling (at approximately 6-8mm
stage). Protoplast suspensions from two independent replicates were made into libraries and sequenced,
with comparable UMI and detected genes numbers (see Method, Supplemental Fig. 10, Supplemental
Fig. 11A, and Supplemental Table 1). After removing protoplasting-induced genes (Xu et al., 2021) and
filtering low-quality cells with more than 5% mitochondrial transcripts or less than 1500 expressed genes,
we detected 14,243 cells and 28,627 expressed genes (with count > 1).

Before performing unsupervised analysis, batch effects between the two replicates were removed by the
Harmony algorithm (Supplemental Fig. 11B) (Korsunsky et al., 2019). We then visualized clustering using a
UMAP plot, where cells were grouped into thirteen clusters (Fig. 3A). To introduce spatial information to the
cell clusters of scRNA-seq, we integrated the scRNA-seq and Stereo-seq data by applying STRIDE (Sun et
al.,, 2022) to calculated the proportion of cells (from scRNA-seq) in each spots (bin50s). STRIDE predicted
results revealed that cells of single cell cluster (Sc-Cluster) 0, 3, and 4 were distributed on inflorescence
meristem, while cells of Sc-Clusters 1, 12 and 11 were mainly on the vasculature, meristem epidermis and
meristem internal, respectively (Fig. 3B; Supplemental Fig. 12). The same conclusions could be drawn
using bin50s from #3 and #4 sections (Supplemental Figs. 13 and 14). To further verify the accuracy of the
integration results, we identified 2,864 genes as cluster-specific markers in scRNA-seq (Supplemental

Table 3; min.pct = 0.3, log2fc.threshold = 0.25, padj < 0.01) using the Seurat FindAlIMarkers function, and
verified their expression pattern in Stereo-seq data (Fig. 3C). With the exception of Sc-Cluster11, at least five
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genes provide support for the prediction of the spatial information for each Sc-cluster (Supplemental
Fig. 15-17), demonstrating the reliability of STRIDE in integrating scRNA-seq and Stereo-seq data.

To understand gene regulation in developing ears, we next built co-expression networks using scRNAseq
datasets through WGCNA (Langfelder and Horvath, 2008). We identified 12 gene modules containing genes
that were expressed in a highly coordinated manner (Supplemental Fig. 18A and Supplemental Table 4).
For example, 40.2% of genes in module 3 exhibit the highest expression level in vasculature (Sc-Cluster1).
Module 3 genes involved in phenylpropanoid metabolic process (G0:0009699; Supplemental Fig. 19A) and
phenylpropanoid biosynthesis pathway (KEGG:00940), which serves as the initial step for lignin
biosynthesis (Douglas, 1996; Saha et al., 2021). The vasculature, such as xylem tissues comprise several
lignified cell types: vessels elements that transport water, and tracheid fibers. Furthermore, 76.9% of genes
in module 5 demonstrated the highest expression levels in inflorescence meristem cells (Sc-Cluster4). GO
enrichment revealed that module 5 genes were enriched in carbon metabolism pathway, such as organic
acid catabolic process activity (G0O:0016054; Supplemental Fig. 21B). Moreover, 86.7% of the genes in
module? displayed the highest expression level in meristem epidermis cells (Sc-Cluster12). These genes
were significantly enriched in processes related to fatty acid metabolism (G0:0006633) and the
biosynthesis of cutin and wax (G0:0010025; Supplemental Fig. 19C). The plant cuticle, composed of a
lipophilic layer formed by cutin and cuticular waxes, covers the surface of the epidermis, This layer plays a
crucial role in limiting non-stomatal water loss, facilitating gas exchange, and providing mechanical
strength and viscoelastic properties (Suh et al.,, 2005). These results suggest that genes within the same
modaule likely function in same cell types, and are associated with region-specific biological functions of
cells.

To explore the core regulatory genes in each of these cell types, gene modules were exported to Cytoscape
(Shannon et al., 2003) to construct a co-expression network. The connectivity of each gene was calculated
by summing the connection strengths with other genes. Some nodes were considered hub genes, since
their expression pattern correlated with numerous genes. The biological function of these hub genes also
showed that they likely contributed to the development of the organs in which they were expressed. For
example, OUTER CELL LAYER (OCL) genes function in cuticle biosynthesis in Arabidopsis and maize
(Javelle et al., 2010; Luo et al., 2007; Panikashvili et al., 2007). Within module7, we identified OCL5
(Zm00007eb171720) as a hub gene with a highest connection to multiple 3-ketoacyl-CoA synthase (kcs),
and GLOSSY genes (Fig. 3D), which are known to participate in wax and cutin biosynthesis (Sturaro et al.,
2005; Todd et al., 1999). Furthermore, Stereo-seq data indicated that OCL 5 is specifically expressed in
meristem epidermis (Fig. 3G). consistent with the idea that cuticle synthesis process regulated by OCL, 3-
ketoacyl-CoA synthase, and GLOSSY genes occurs in these cells.

We also found multiple /accase genes enriched in module3 [/lac9 (Zm00001eb149240), lac7
(Zm00001eb147860), lac14 (Zm00001eb127360), lac11 (Zm00001eb012250) and lac2
(Zm00001eb289630)). laccase genes are implicated in lignin biosynthesis in Arabidopsis (Wang et al.,
2015; Zhao et al., 2013), suggesting they act similarly to promote vessels development in maize.
peroxidase19 (Zm000071eb131000) and peroxidase5 (Zm00001eb282430) had the highest connectivity to

laccase genes (Fig. 3E), and Stereo-seq data indicated that peroxidasel9 was specifically expressed in the
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vessels (Fig. 3G). Peroxidase enzymes transfer monolignols to lignin, therefore, we assume that peroxidase
and /accase genes can simultaneously regulate lignin composition.

Trehalose-6-phosphate is a key signal in plant development, and over-expression of a trehalose-6-
phosphate phosphatase (TPP) in maize ears increased kernel set and harvest index under drought stress
(Kataya et al., 2020; Nuccio et al., 2015). Here, we identified module5 as abundant in genes related to
trehalose synthesis, including two trehalose-6-phosphate phosphatases (TPP) and five trehalose-6-
phosphate synthase (TPS) genes. A NAC transcript factor (Zm00007eb405590, also annotated as
nactf25), served as a hub gene and showed high connection to the TPP and TPS gene cluster (Fig. 3F).
Meanwhile, spatial visualization showed that nactf25 was strongly expressed in the inflorescence
meristem (Fig. 3G). Although nactf25 has not been reported to contribute to maize ear development, NAC-
transcription factors directly regulate the expression of TPP genes and influence yield in rice (Li et al.,
2022). Therefore, we assume that nactf25 might affect inflorescence meristem growth by regulating
multiple TPP and TPS genes.

To further investigated whether hub genes within the expression network might contributed to maize yield,
we estimated narrow-sense heritability (h%) of ear morphology traits related to yield (Yang et al., 2011, Yang
et al., 2014). We queried a phenotyped association mapping panel of 507 maize lines phenotype) for hub
genes that highly expressed in vasculature (module3), inflorescence meristem (module5) and meristem
epidermis (module7), compared to a distribution of h? estimates from random subsets of genes. Using
SNPs within 2 kb of genes (Gui et al., 2022), we found that hub genes highly expressed in vasculature
(module3) and inflorescence meristem (module5) had greater SNP heritability than the 95th percentile of
random genes for cob diameter, kernel row number and ear length. Hub genes highly expressed in meristem
epidermis (module?7) had greater SNP heritability than the 95th percentile of random genes for kernel
number per row (Supplemental Fig. 20, and Supplemental Table 5). In summary, these findings
demonstrate the importance of integrating single-cell and spatial transcriptome data, suggesting a novel
approach for identifying candidate genes associated with maize yield.

Two MADS-box gene contribute to stem cell differentiation
identified through Stereo-seq dataset

We next ask if the Stereo-seq dataset could facilitate us in understanding how stem cells determinacy
shifts from the indeterminate inflorescence meristem to more determinate spikelet and floral meristems.
Since these different stem/meristem cells are highly similar, traditional scRNA-seq strategies (Xu et al.,
2021) cannot distinguish their spatial positions and expression profiles. Fortunately, our spatial
transcriptome map could distinguish various cell types by segmenting their physical location. Therefore,
based on their spatial information, we extracted the bin50s in indeterminate and determinate meristems
from inflorescence meristem, spikelet meristem and floral meristem. A total of 1,182 bin50s from section
#1 [determinate meristem epidermis (ME, n = 837); inflorescence meristem tip (IMT, n = 345)] and 1,394
bin50s from section #2 [ME = 970); IMT = 424)] were obtained and re-clustered. This generated three sub-
clusters (Fig. 4A and Supplemental Fig. 21A). These sub-clusters were clearly distributed in distinct
developing domains, including the indeterminate inflorescence meristem tip (IMT), determinate
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spikelet/floral meristem periphery (DMP), and determinate spikelet/floral meristem tip (DMT). These results
indicate that our re-clustering could separate highly-similar stem cell type based on their expression
profiles, giving an opportunity to investigate changes in gene expression that govern stem cell fate during
ear development.

We then conducted a comparative analysis to mine the possible regulators that control stem cell
determinacy. A series of differentially expressed genes among the three sub-clusters were detected using
the Seurat FindAllIMarkers function (Supplemental Table 6; min.pct = 0.3, fold change > 2, padj<0.01)
(Satija et al., 2015). These included two MADS-box genes, ZmMADS8 and its paralogous ZmMADS14

(Fig. 4B and Supplemental Fig. 21B), with specific expression in determinate spikelet/floral meristem tips in
Stereo-seq, and their expression pattern were validated by mRNA in situ hybridization. (Fig. 4C and 4D,
Supplemental Fig. 22). A previous study suggested that misexpressing ZmMADS8 and DROOPING LEAF2
in the meristem could activate a leaf program, changing meristem identity to make a branch (Du et al.,
2022; Kim et al., 2022), implying its function in stem cell determinacy. We therefore generated double
knock-out mutants of ZmMADS8 and 74 by CRISPR/Cas9 genome editing (Supplemental Fig. 23). The
single mutants developmed normally, producing normal spikelets and fertile florets. In the CR-Zmmads8/14
double mutants, plant morphology was not significantly different from wild type (Supplemental Fig. 24),
the inflorescence and spikelet meristems developed normally. However, the floral meristems were converted
to indeterminate ear branches. This indicates that ZmMADS8 and 74 are key regulators that impose floret
identity from stem cells (Fig. 4E-4P). In summary, our results indicate that ZmMADS8 and ZmMADS14
redundantly play a critical function in programming the differentiation of pluripotent stem cells into
determinate floral meristems during maize ear development. The spatial transcriptome generated by
Stereo-seq provided new insights into crop inflorensence development and facillated the identification of
key regulators underlying fine developing processes.

Discussion

The maize ear is an excellent model for study of development biology and optimizing morphology to
achieve high grain yield (Li et al., 2018; Liu et al., 2021; Wu et al., 2018). Many spatiotemporally expressed
genes acting early in development determine the size and kernel number of maize ears, requiring us to
understand gene expression at the spatial and single-cell levels. A previous study generated a single-cell
resolution map of maize developing ear primordia by scRNA-seq from protoplasts, and showed that scRNA-
seq data could facilitate genetic studies (Xu et al., 2021). However, limited by the number of marker genes,
the molecular definition and spatial information of cell types are largely incomplete and difficult to identify
in plant. The recently developed DNA nanoball-based spatial transcriptome technology, Stereo-seq, has
been applied in animal models (Chen et al., 2022; Liu et al., 2022; Wei et al., 2022) and Arabidopsis leaves
(Xia et al., 2022), it also allowed us to generate a precise spatial transcriptome profile and to clearly
distinguish twelve cell types (#1 and #2 sections). Ultimately, Eight of the twelve cell types were consistent
with previously scRNA-seq study, and four newly defined cell types were also supported by mRNA /n situ
hybridization evidence, including inflorescence meristem, inflorescence meristem periphery, inflorescence
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meristem tip and meristem internal. These novel findings will substantially enhance our understanding of
maize developing ear cell types and their respective biological function.

By employing a deconvolution algorithm to evaluate the similarity between scRNA-seq and spatial
transcriptome data, we inferred the identities of six clusters and validated three spatially resolved gene
modules in scRNA-seq. Furthermore, we found that the hub genes and the core co-expression networks
were closely related to the biological function of their cell types/tissue. Modifying such hub genes could
offer a new solution to avoid gene redundancy in breeding strategies. For example, the hub gene nactf25
was co-expressed with a TPP and TPS gene cluster, which affect the synthesis of trehalose-6-phosphate
and regulate maize ear development (Claeys et al., 2019). nactf25 may be used to overcome the
redundancy of the TPP gene in future breeding strategies, which needs further verification. These results
suggest that Stereo-seq has a significant advantage for constructing a comprehensive and precise spatial
transcriptome map of maize ear. In addition, it can also be successfully used to infer the cell type identity
of scRNA-seq. In the near future, as Stereo-seq continues to evolve and enhance its capacity for in situ
mRNA capture, the integration of spatial transcriptome and single cell transcriptome will also be more
precise and efficient.

Based on our high-resolution Stereo-seq data, we find two major trajectories initiated from meristem cells. A
related major question in maize biology is how the IM differentiates into SM and FM. Due to their similarity,
these meristems cell could not be resolved in scRNAseq analysis (Xu et al., 2021). Taking advantage of our
spatial transcriptome, we extracted and re-clustered indeterminate and determinate meristem components
from IM, SM and FM, and found two genes, ZmMADS8 and ZmMADS14, expressed specifically in the
determinate spikelet/floral meristem tips, and control floral stem cell determinacy. Therefore, the Stereo-seq
spatial transcriptome provides new insights into maize inflorescence development and facilitated the
identification of key regulators underlying specific developmental processes that could inform crop yield
improvement.

In summary, the implementation of Stereo-seq technology in our study has proven to be a powerful tool for
obtaining a comprehensive spatial transcriptome map of the maize ear. The data generated through this
approach not only serves as a valuable genetic resource, but also provides detailed insights into the
development of the maize ear at a higher resolution. The knowledge gained here can be used to inform the
maize yield improvement process, and deep our understanding of inflorescence meristem development.
Additionally, our exploration of the application of Stereo-seq methodology in this context contributes
valuable experience to the field of plant spatial transcriptomics, paving the way for future advancements in
this area.
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Method and materials

Plant growth conditions and tissue fixation

Maize B73 inbred plants were grown in the field (April - July) at Huazhong Agricultural University in Wuhan,
Hubei, or in a greenhouse with 12 hours of daylight, at temperatures ranging from 26—28°C during the day
and 22-24°C at night. Developing ears (~ 6mm) were collected at eleven or twelve leaf stages and
immediately fixed in a 50% formalin-acetic acid-alcohol (FAA) solution (50% absolute ethanol, 10%
formaldehyde, 5%acetic acid, v/v/v ) for 10 minutes. The tissues were then treated with 2% sucrose
solution (50% 1 x PBS buffer, pH = 7.4, 2% sugar, v/m) and evacuated twice on ice for 15 minutes each,
with the liquid being changed once in the middle. The tissues were then embedded in pre-chilled OCT
(Sakura), snap-frozen in liquid nitrogen pre-chilled isopentane for 10 seconds, and stored at -80°C until
processed.

The maize double mutant CR-Zmmads8/14 transgenic lines were generated in the KN5855 genetic
background. The mutant sitee were detected by PCR with primers (list in Supplemental Table 7). The CR-
Zmmads8/14 double mutant was crossed with wild-type and then self-crossed to segregate the CR-
Zmmads8 and CR-Zmmads14 single mutants, which were evaluated in the field in two environments:
summer 2020 in Wuhan (30°N, 114°E) and spring 2021 in Sanya (18.34°N, 109.62°E), China. The SEM
observations of ears were conducted at the 7—-8 leaf stage.

SEM Observation

Immature ears (~ 5-6 mm) of B73, KN5585, CR-Zmmads8, CR-Zmmads14, and CR-Zmmads8/14 were
collected from plants grown in the field at Huazhong Agricultural University in Wuhan, Hubei, or in a
greenhouse maintained at 26—28°C during the day and 22-24°C at night with a 12-hour light-dark cycle.
The ears quickly removed the bractsand then observed using a Jeol JSM-7900F SEM, as previously
described (Chuck et al., 2010).

In situ hybridization

Immature maize B73 ears, measuring 5—6 mm in length, were fixed in a 4% PFAsolution (4g of
paraformaldehyde (Sigma-Aldrich) dissolved in 100 mL of 1x PBS, pH 6.5-7). The ears weredehydrated
using a series of ethanol concentration (30%, 50% and 70%) and embedded in paraplast plus (Sigma

P3683) and sectioned to a thickness of 8um. To generate sense and antisense RNA probes, probe
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fragments were amplified by PCR using primers listed in Supplemental Table 7. A sequence
(CATTAATACGACTCACTATAGGG) was incorporated in the 5" and 3' primers for sense and antisense RNA
probes. The probes were then transcribed in vitro using T7 RNA polymerase (Roche) and labeled with
digoxigenin-UTP (Roche). Finally, RNA hybridization, immunologic detection, and signal capture of the
hybridized probes were performed as previously described (Jackson et al., 1994).

Stereo-seq library preparation and sequencing

The experimental method is based on the previously reported Stereo-seq standard protocol V1.1 with some
modifications (Chen et al., 2022). The embedded developing ear tissues were longitudinally sectioned at 10
um thickness (Leika, CM1950). Tissue sections were adhered to the Stereo-seq chip surface and incubated
at 37°C for 2 minutes. Tissues were fixed in methanol and incubated at -20°C for 40 minutes, followed by
nucleic acid dye staining (Thermo fisher, Q10212) for 5 mins. The same sections were also used for bright-
field imaging, both images were taken with Motic PA53 Scanner. Tissue sections were de-crosslinked in TE
buffer (10 uM Tris, 1 uM EDTA, PH = 8) at 55°C for 1 hour. Tissue sections were permeabilized at 37°C for
12 minutes, and incubated overnight at 42°C for reverse transcription and cDNA synthesis. Afterward,
tissue was digested at 37°C for 30 minutes, and treated with Exonuclease | (NEB, M0293L) for 1 hour at
37°C. The cDNA products were purified using the Ampure XP Beads (Vazyme, N411-03) (0.6x and 0.15x),
used for DNB generation and finally sequenced (paired-end 50 bp or paired-end 100 bp) on a MGI DNBSEQ-
Tx sequencer.

Raw Stereo-seq data processing and quality control

Stereo-seq raw reads were generated from a MGl DNBSEQ-T5 sequencer. Read 1contained CID and UMI
sequences (CID: 1-25bp, UMI: 26-35bp), while read 2 contained the cDNA sequence. Retained reads were
then aligned to the reference genome B73 (Hufford et al., 2021) via STAR (Dobin et al., 2013). and mapped
reads with MAPQ 10 were counted and annotated to their corresponding genes using an in-house script
(available at https://github.com/BGIResearch/handleBam) and generated a gene-location expression
matrix containing location information.

Binning data of spatial Stereo-seq

After obtaining raw spatial data, transcripts captured by 50x50 DNBs were merged into one bin50. We
treated the bin50 as the fundamental analysis unit, and bin IDs were composed of X and Y coordinates on
the capture chip. The threshold for filtering low-quality bins was set to no more than 150 or higher than
5000 gene counts. After filtering, the remaining bin50s (details can be found in Supplementary Table 1)
were included in the downstream analysis.

Recovering missing value and Unsupervised clustering of Stereo-seq data

We performed normalization in the origin dataset (LogNormalize, scaling factor 10,000) using the R
package Seurat (4.1.1) (Satija et al., 2015). We scaled the data using the ScaleData function and identified
2,000 highly variable features using the FindNeighbors function. Finally, we used the FindClusters function
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to identify all cell clusters. However, many genes were only expressed in a subset of bin50s. We therefore
used the Seurat Wrapper function RunALRA (Butler et al., 2018; Stuart et al., 2019) to impute missing
expression values, increasing the non-zero ratio of expressed genes from 3.0-66.4% in #1 and #2 sections,
from 3.8—-62.9% in section #3 and from 3.1-72.6% in section #4 (Supplemental Fig. 25). The physical
distribution of cell types before and after imputation is consistent (Supplemental Fig. 26). More
importantly, the clustering of imputed datasets showed more typical anatomical characteristics in some
regions, especially in the meristems and vasculature (Fig. 1D; Supplemental Figs. 4 and 5).

Identifying marker genes of clusters in Stereo-seq and scRNA-seq data

The cluster-enriched genes were computed with FindMarkers function of Seurat R package (Satija et al.,
2015), with parameter “ log2fc.threshold = 0.25, p_val_adj < 0.01". The following threshold were applied to
identify cluster-specific marker genes: the log2 fold change of genes was >0.25 and the proportion of
marker genes expressed in cells among corresponding clusters was > 30%.

Monocle 2 analysis

The pseudotime trajectories were reconstructed using Monocle2 (2.22.0) (Qiu et al., 2017). The count
matrix was first converted to a CellDataSet object. Then, differentially expressed genes were identified
using the FindAllMarkers function in the Seurat R package (min.pct = 0.5, log2fc.threshold = 1), and filtered
by p_val_adj<0.01. Dimensional reduction clustering and pseudotime trajectory inference were performed
using the reduceDimension function and the orderCells function with default parameters, respectively.

RNA velocity analysis

We divided the gene status into three types - unspliced, spliced, and ambiguous - using the CIGAR
alignment information in the BAM file, as previously described (La Manno et al., 2018). To further
preprocess the data, we scaled the spatial position of the sections on the chips and removed invalid reads
and alignment results located on the section's periphery. The preprocessed BAM file was then used to
generate a sparse matrix, which was subsequently converted to an adata format using the R package
anndata (Wolf et al., 2018) (https://github.com/theislab/anndata). The entire process can also be
performed using a local script (https://github.com/wjwei-handsome/bam?2adata).

We performed data normalization and clustering using default parameters in scanpy (Wolf et al., 2018) and
scvelo (Bergen et al., 2020) packages. High variable genes were selected as feature genes, and dimension
reduction was performed via UMAP. Subsequently, kinetic parameters and gene-wise RNA velocity vectors
were estimated on the normalized matrix and projected onto the visualized spatial plot to retain spatial
information. We used streamlines to visualize the velocity vector flows on the maize 6mm ear section.

Protoplast preparation

Protoplast preparation was conducted as previously described (Tu et al., 2020; Yoo et al., 2007). In brief,

approximately 30 6 mm developing ears were dissected with sharp razors into 0.5-1 mm slices in 0.4 M

mannitol. After discarding the mannitol, the slices were immediately transferred into a 35-mm Petri dish
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containing 4 ml of enzyme solution, consisting of 0.6 M D-mannitol, 1% (w/v) Cellulase Onozuka R-10
(Research Products International [RPI]), 0.2% (w/v) Macerozyme R-10 (RPI), 20 mM 2-(N-Morpholino)
ethanesulfonic acid (MES)(pH = 5.7), T mM MgCl,, T mM CaCl,, T mM 2-mercaptoethanol, and 0.1% (w/v)

bovine serum albumin (BSA) (Sigma-Aldrich).

(Notes: Before the addition of CaCl,, 2-mercaptoethanol and BSA, the solution was heated to 55°C for 10
minutes to inactivate proteases and facilitate enzyme solubility. Once the solution cooled to room
temperature, CaCl,, 2-mercaptoethanol and BSA were added. Finally, sterile Milli-Q water was added to
reach a final volume of 4 ml. The resulting enzyme solution was filtered through a 0.45 pm syringe filter
into a 35-mm Petri dish).

Tissues were kept under vacuum (30 kPa) for 30 min in the dark at room temperature. Tissue digestion
was carried out with gentle shaking (40 rpm on a platform shaker) in the dark at 28°C for 2 hours.
Following digestion, an equal volume of W5 solution (2 mM MES adjusted to pH 5.7 with KOH, 154 mM
NaCl, 125 mM CaCl,, and 5 mM KCI) was added. The mixture was gently pipetted several times with a
Pasteur pipette. Protoplasts that passed through a 40 pm cell strainer (Falcon) and a 30 um cell strainer
(pluriStrainer) were filtered into a 14 ml round-bottom Falcon tube (Falcon), and collected by centrifugation
at 100 x g for 6 minutes at 4°C with slow acceleration/braking. The supernatant was gently removed
without disturbing the pellet, then resuspended gently with 6 ml of cold W5 solution and washed twice
using the same centrifugation conditions. The cells were resuspended in 3 ml of cold W5 solution. The tube
was placed on ice for 30 minutes to facilitate the sedimentation of intact cells. The supernatant containing
dead cells or debris was removed as much as possible using a Pasteur pipette. The pellet was resuspended
with 500 pl of cold W5 solution and transferred to a 2 ml microcentrifuge tube. The protoplasts were
stained with 10 pg/mL of fluorescein diacetate (FDA) to check cell concentration and viability with a
hemocytometer under a fluorescent microscope. More than 20, 000 high quality protoplasts with viability =
80% were immediately loaded onto the SCOPE-chip (Singleron) to collect single cells. Library preparation
was followed the manufactures instructions of the GEXSCOPE single cell RNA library kits (Singleron).

Single cell RNA-seq analysis

The sequencing reads from two biological replicates of 6mm B73 ear were aligned to the maize v5
reference genome using the CeleScope bioinformatics analysis pipeline (version 1.6.1) available at
https://github.com/singleron-RD/CeleScope. Probable doublets were removed using DoubletFinder
(McGinnis et al., 2019). After obtaining the single-cell raw expression matrix, we filtered out low-quality cells
based on the number of genes detected (< 1500 or > 10000), excluded cells with a high percentage of
mitochondrial genes (> 5%) to avoid cytoplasmic RNA leakage. Additionally, we excluded protoplasting-
responsive genes identified in a previous study (Xu et al., 2021) to avoid potential confounding effects.
Finally, we retained 19,584 single cells and 28,587 genes for downstream analysis.

Downstream analyses were mainly performed using the Seurat package (version 4.1.1) (Satija et al., 2015).
Normalized data were generated using the NormalizeData function (LogNormalize, scaling factor 10,000)
and variable genes were detected using the FindVariableGenes function (vst method, 2000 features). The
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scaled data were then subjected to PCA analysis using the RunPCA function. In order to integrate multiple
samples, we used the RunHarmony function to correct batch effects. Subsequently, a SNN graph was
constructed, and cells were clustered based on Louvain (using the FindNeighbors and FindClusters
functions). Finally, the data was visualized using non-linear dimensional reduction algorithms (using the
RunUMAP function).

Integrating scRNA-seq and Stereo-seq data.

The proportion of cells from different Sc-clusters in the spots were estimated using the STRIDE deconvolve
function (Sun et al., 2022). The proportion of cells from different Sc-clusters in the bin50s of section #1
and #2 were list in Supplemental Table 8, the proportion of cells from different Sc-clusters in the bin50s of
section #3 were list in Supplemental Table 9, the proportion of cells from different Sc-clusters in the bin50s
of section #4 were list in Supplemental Table 10.

Constructing co-expression network, GO and KEGG enrichment analysis

The gene co-expression network was constructed using the WGCNA package (version 1.71) (Langfelder
and Horvath, 2008). We calculated the average expression level of genes in each scRNA-seq cluster and
used it as the input file of WGCNA. After obtaining the gene modules and weight of connection degrees
between each gene based on their expression patterns, we performed gene set enrichment analysis using
the gprofiler web tool (https://biit.cs.ut.ee/gprofiler/gost). The network diagram was generated using
Cytoscape (version 3.7.1) (Shannon et al., 2003).

SNP Heritability analysis

We used the LDAK software v5.2 (Speed et al., 2012) to estimate narrow-sense heritability (#%) from
subsets of hub gene SNPs located 2 kb upstream and downstream. To test if the heritability for a given
trait was greater than expected by chance, we estimated the heritability for 1000 permutations using a
random subset of maize genes. For each permutation, genes with at least one SNP within the genic region
were randomly selected to create a subset with a size within = 5 of the target set. A target set was
considered significant for a given trait if its heritability exceeded the top 5% of permuted values.
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A spatial transcriptomic atlas of the maize developing ear.
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(A) Left, a scanning electron microscope image of a maize developing ear (scale bar=0.5mm). Right, close-
ups of inflorescence meristem (IM), spikelet pair meristems (SPM), spikelet meristems (SM), and floral

meristems (FM). Scale barin 1, 2, 3 on the right (scale bar=0.1Tmm)
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(B) Nucleic-acid dye staining of a maize 6mm developing ear section attached on a 1-cm? chip (left).Scale
bar=0.5mm. Stereo-seq process diagram (right): the enlarged image shows the size of each spot and the
distance between 2 adjacent spots.

(C) Twelve clusters are displayed by an integrated uniform manifold approximation and projection (UMAP)
plot in two dimensions. Each dot representing a bin50 from section #1 and #2.

(D) Spatial distribution of cell types that identified in sections #1 and #2. IMP, inflorescence meristem
periphery; IM, inflorescence meristem; Vas, Vasculature (xylem, phloem, bundle sheath); MB, meristem base;
AMP, adaxial meristem periphery; DLO, determinate lateral organs; ME, meristem epidermis; MI, meristem
internal; IMT, inflorescence meristem tip. Scale bar=0.5mm.

(E) mRNA in situ hybridization of kcs15 (3-ketoacyl-CoA synthase15) validates the Stereo-seq cluster9,
meristem epidermis.

(F) mRNA in situ hybridization of ZmZNF30 (Zinc Finger Protein 30) validates the Stereo-seq clusters5,
vasculature. ZmZNF30 was also validated as marker gene for phleom (Xu et al., 2021).
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Figure 2

Developmental trajectories of maize 6mm ear

(A) Pseudotime analysis using bin50s of #1 and #2 sections.

(B) Pseudotime stages of bin50s of #1 and #2 sections.

(C) Distribution of bin50s that are mainly located in cob and floret on the pseudotime trajectory branches.

(D) RNA velocity analysis showing the predicted trajectory of maize 6mm ear. Bin50s are colored by the
vector field-based pseudotime score. and positioned in the same coordinates as in Figure 1D. Scale
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Figure 3

Constructing spatial co-expression networks by integrating scRNA-seq and Stereo-seq.

(A) Thirteen clusters visualized by an integrated uniform manifold approximation and projection (UMAP)
plot in, with each dot representing a cell.
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(B) The proportion of cells from different Sc-clusters in the spots. Scale bar=1Tmm.

(C) Top, UMAP plots of marker genes, the numbers in the figures indicate that the gene is the marker gene
of the corresponding Sc-cluster, with color scale indicating normalized expression level in scRNA-seq.
Bottom, UMAP plots of the same genes, the numbers in the figures indicate that the gene is the marker
gene of the corresponding cluster, with color scale indicating normalized expression level in Stereo-seq of
#1 and #2 sections.

(D-F) Co-expression network of gene module3 (D), 5 (E) and 7 (F). The network is visualized by Cytoscape.
Node size represents the relative connectivity, The shade of the line color represents the weight of the edge
between two nodes.

(G) Spatial visualization of three hub genes of module3, 5 and 7 on #1 and #2 section, with color scale
indicating normalized expression level in Stereo-seq. Scale bar=1Tmm.
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Figure 4

ZmMADS8 and ZmMADS14 contribute to stem cell differentiation were identified through Stereo-seq data.

(A) Left, Stereo-seq enables the extraction of bin50s distributed in the meristem epidermis and the
inflorescence meristem tip. UMAP plot displayed there 3 sub-clusters. Right, physical distribution of bin50s
of 3 sub-cluster on #1 sections. Scale bar=0.1Tmm.
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(B) Heatmap shows the mean expression level of the 14 genes involved in maize ear development and is
highly expressed in determinate meristem tip. ZmMADS8and ZmMADST14 are highlighted by red color. IMT,
inflorescence meristem tip; DMT, determinate meristem tip; DMP, determinate meristem periphery.

(C-D) mRNA in situ hybridization with antisense probes of ZmMADS8 (C) and ZmMADS14(D). Arrows point
out the DMT and DMP respectively. Scale bar = 0.1Tmm.

(E-H) The ear phenotypes of wild-type (E), CR-Zmmads8 (F), CR-Zmmads14 (J) and CR-Zmmads8/14(H).
Scale bar =2cm.

(HL) The female flower phenotypes of wild-type (), CR-Zmmads8 (J), CR-Zmmads14(K) and CR-
Zmmads8/14 (L). SK, silk; N, nucellus. Scale bar = 0.5cm.

(M-P) Scanning electron microscope images of the Floret meristem in wild-type(M), CR-Zmmads8(N), CR-
Zmmads14(0) and CR-Zmmads8/14(P). Scale bar = 0.2mm.
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