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Summary

Compared to the Cz plant rice, veins in the leaves of the C4 plant maize are
more densely arranged, but the regulatory mechanisms controlling their
initiation and differentiation remain unclear. This study systematically
investigated the developmental patterning of vein formation in leaf primordia of
maize and rice, capturing the stages of vascular initiation and extension through
transcriptome analyses. The single-nucleus transcriptomic atlas of maize
primordia revealed high cellular heterogeneity, with distinct middle ground
tissue and procambium cell populations identified and a role for auxin in vein
initiation inferred. Pseudo-time developmental trajectory analysis further
facilitated the identification of marker genes in ground tissue and procambial
cell types including ETHYLENE-RESPONSIVE ELEMENT BINDING 114
(ZmEREB114), AUXIN IMPORT CARRIER 3 (ZmAIC3), ZmEREB161, and
AUXIN AMIDO SYNTHETASE 2 (ZmAAS2). To test the role of auxin in grass
leaf vein formation, an experimental system was established in which the
interplay between auxin and the expression of SHORTROOT1 (ZmSHR1) was
used to suppress or restore vein formation in rice leaf primordia. Notably,
expression of the rice genes OsGH3.8 (homologous to ZmAAS2) and OsAUX1
(homologous to ZmAIC3) was suppressed by ZmSHR1 but promoted by auxin,
conditions in which vein formation was repectively suppressed or rescued
within the primordium. Collectively these results provide single-cell resolved
resources for early stages of grass leaf development, an experimental system
for manipulating vein initation in rice, and a model to explain how the interplay
between SHR function and auxin response dynamics regulates vein patterning

in maize and rice leaves.

Introduction
The vascular tissue in plants provides mechanical support and functions to

transport water, nutrients, hormones, and other signalling molecules throughout

the plant (Canny, 1998; Hoad, 1995; Lucas et al., 2013). In leaves, the veins
2
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play a crucial role in transporting sugars out of photosynthesizing (source)
tissues into non-photosynthesizing (sink) tissues and organs. In flowering
plants, distinct patterns of veins are seen in eudicotyledon versus
monocotyledon leaves, with eudicot leaves displaying reticulate leaf vein
patterning and monocot leaves exhibiting parallel leaf venation (Nelson and
Dengler, 1997; Perico et al., 2022). To date, investigations of leaf venation
patterning have been primarily focused on the development of reticulate
networks in the model eudicot Arabidopsis thaliana (Scarpella et al., 2006;
Sawchuk et al., 2007; Donner et al., 2009; Biedron and Banasiak, 2018), and
as such our knowledge of how vein formation is regulated in the leaves of major

monocot crop plants such as maize and rice is limited.

Maize and rice are both grasses and as such, some aspects of leaf
development are shared between the two species. In the context of vein
formation for example, the midvein develops first, extending from the base of
the primordium to the tip, the major rank veins develop next, again from the
base to the tip, and finally the minor rank veins develop from the tip of the
primordium to the base (Sharman, 1942; Nelson and Dengler, 1997;
Sedelnikova et al.,, 2018). Other aspects differ between the two species,
however, one of which is the density at which veins form. This difference is
associated with the fact that rice photosynthesizes using the ancestral and
more common C3 pathway whereas maize utilizes the C4 pathway, a pathway
that has evolved independently over 60 times (Sage et al., 2012). Closely
spaced leaf veins have been identified as a critical pre-adaptive trait for Cs4
evolution across diverse phylogenetic contexts (Christin et al., 2013), and the
leaves of C4 plants are characterized by the formation of a greater number of
minor veins between each pair of major veins. Understanding the determinants
of closely spaced vein patterning in C4 plants would not only facilitate efforts to

introduce C4 traits into Cs plants but could also contribute to the optimization of
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traits in C3 plants (Sedelnikova et al., 2018; Kumar and Kellogg, 2019; Perico
et al., 2022).

Our previous study comparing transcriptional profiles of maize foliar and husk
leaf primordia (with and without close vein spacing) identified potential
regulators of vein spacing that included the SHORTROOT (SHR) /
SCARECROW (SCR) regulatory module (Wang et al., 2013; Fouracre et al.,
2014). Cell type-specific transcriptomes of early maize leaf development further
identified genes encoding auxin transporters (e.g. PINFORMED (PIN)1a,
PIN1d, and LIKE AUXIN RESISTANT2 (LAX2)) as well as AINTEGUMENTA

(ANT) family transcription factors (ZmANT1, ZmANT2, ZmANT3, ZmANT3-1)

(Liu et al., 2022; Perico et al., 2024). In terms of gene function, recent work
indicated that a SHR-INDETERMINATE DOMAIN (IDD) regulatory circuit
mediates auxin transport by negatively regulating PIN expression to modulate
minor vein patterning in leaves of both Cz and C4 grasses (Liu et al., 2023);
while the combined action of SCR and NAKED ENDOSPERM (NKD) IDD
controls the number of mesophyll cells specified between veins in the leaves of
Cs but not Cs grasses (Hughes et al., 2023). Furthermore, in the C4
plant Setaria viridis, loss-of-function mutations in the ANT7 gene lead to
reduced leaf size and abnormal internal anatomy (Liu et al., 2020).
Transcription factors such as ANT, SCR, and SHR, along with the auxin
pathway thus play crucial roles in leaf vein development in grasses but the
specific mechanisms of action and interactions between components of the

regulatory network remain to be elucidated.

Here, we have investigated the early stages of leaf development in maize and
rice at tissue and/or single cell levels. We first identified and separated the
regions of leaf primordia in which veins are being initiated, and then performed

comparative transcriptomic analysis with corresponding rice tissues. We then
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used single-nucleus RNA sequencing (snRNA-seq) to investigate the critical
developmental period within maize leaf primordia. These approaches together
identified the gene expression signatures of both the ground meristem layer
and the procambial initial cells that arise from it to form veins, and enabled the
construction of a co-expression network of factors that may regulate procambial
specification and vein initation. Through the development of an experimental
system to manipulate vein formation in rice, we further demonstrated that the
combined activity of SHR and auxin influences whether these candidate
regulatory factors are expressed, providing crtitical insight into how C4 venation

patterns might be engineered in rice.

Results

Analysis of venation patterns in maize and rice leaf primordia and
spatiotemporal quantification of vein numbers

Vein formation in maize leaves initiates early during the development of leaf
primordia from the shoot apical meristem (SAM) (Sharman, 1942; Johnston et
al., 2015). The time interval between the formation of successive primordia from
the SAM is referred to as a plastochron (P), and the stage P1 primordium is the
youngest/closest to the SAM. Stages P3 to P5 represent a phase of active
proliferation of leaf veins (Robil and McSteen, 2023). We focused on these
stages of leaf development and utilized maize pZmPIN1a::ZmPIN1a:YFP and
rice DR5::VENUS fluorescent reporter lines to visualize the distribution of veins
across the medio-lateral and proximo-distal leaf axes (Figure 1A, B;
Supplemental Figure 1). In combination with serial transverse sections from
paraffin-embedded samples which show cellular arrangements in the adaxial
(upper)-abaxial (lower) leaf axis, we first quantified the number of leaf veins. In
2-mm-long maize leaf primordia, the maximum number of veins across the
medio-lateral leaf axis reaches 20 at the widest point (Figure 1A), whereas in

similarly sized rice leaf primordia, the maximum count is 13 (Figure 1B). At the
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tip of maize leaf primordia an initial ‘Kranz’-like arrangement is observed,
whereby veins (V) are surrounded by a ring of bundle sheath (BS) cells which
are themselves surrounded by a layer of mesophyll (M) cells (Brown et al., 1975;
Fouracre et al., 2014) (Figure 1C). By contrast, sections from the middle of the
proximo-distal leaf axis display very few intermediate veins between lateral
veins, indicative of an active vein formation stage (Figure 1D), and sections
from the basal region have yet to develop any intermediate veins between
lateral veins (Figure 1E). Serial sections of rice leaf primordia demonstrate a
similar arrangement of midvein, lateral and intermediate veins along the
proximo-distal leaf axis but the developing intermediate veins are visble closer
to the leaf base than in maize (Figure 1F—H). This comparison indicates a more

prolonged period of vein formation in maize compared to rice.

To examine changes in vein number as the leaf primordium elongates and
widens, maize leaves were sampled from the primordium to expanded leaf
stage (Figure 11). The number of veins increased from approximately 27 in a
1.5-mm-long primordium (with a similar width of about 1.5 mm) to around 213
in an unfolded leaf blade with a width of approximately 2 cm. The growth curve
in Figure 1J indicates that the number of veins increases most rapidly when
the leaf primordium reaches 3-5 mm in length, corresponding to the active
phase of intermediate vein development. In contrast, changes in vein numbers
in rice are less prominent (Figure 1F). As such, maize leaf primordia exhibit a
higher frequency of procambium initiation and a more pronounced gradient of
change than rice leaf primordia, and thus maize provides a more accessible
system for capturing the dynamic processes of procambial cell initiation and

differentiation.

Transcriptomic profiling of segmented leaf primordia reveals differentially

enriched pathways between maize and rice
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To identify gene expression changes associated with the initiation and
development of leaf veins, we performed sub-tissue segmentation of leaf
primordia and transcriptomic analysis. Micro-dissected 5 mm long maize and
rice leaf primordia were divided into upper (tip), middle (middle) and lower (base)
segments (Figure 2A,B). The differentially expressed genes between tip,
middle, and basal segments of maize leaf primordia were classified into eight
co-expression modules (Figure 2C). Modules C1, C6, and C8 comprised genes
that were highly expressed specifically in the tip region. GO enrichment analysis
indicated that these modules were significantly associated with photosynthesis
and chlorophyll biosynthesis. Module C3 genes showed higher expression in
both the tip and middle segments compared to the base and were enriched for
processes including epidermal cell development, cell differentiation, and
gibberellin response. By contrast, genes in module C2 were relatively highly
expressed in the base and enriched in terms such as cis-regulatory region
sequence-specific DNA binding and nucleobase transmembrane transporter
activity. Module C5 genes exhibited high expression in both the base and
middle segments and were primarily enriched in the auxin-activated signaling
pathway and cellular response to auxin stimulus. This module included
representative  transcription factors and auxin-related genes, such
as ZmEREBs, ZmlAAs, ZmPINs, ZmARF35, ZmC2H2-46,and ZmDOF43.
Differentially expressed genes between the tip, middle, and basal segments of
5-mm rice leaf primordia were also grouped into eight co-expression modules
(Figure 2D). A notable difference between the maize and rice leaf modules was
that no significant enrichment of auxin-related genes was observed in the
middle segment of rice leaf primordia. There is thus a correlation between the
expression of auxin-related genes and the extent of procambium initiation, with

higher levels of both observed in maize than rice.

Construction of a single-nucleus transcriptome atlas of maize leaf
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primordia

Given that procambium initiation occurs in individual cells of the middle ground
meristem layer in the adaxial-abaxial leaf axis, we investigated the
transcriptional features of this process at single-cell resolution. To this end, we
performed single-nucleus RNA sequencing on 3—4 mm leaf primordia, a stage
characterized by active procambium initiation. The cellular anatomy of leaf
primordia at this stage is such that five cell layers are identifiable across the
adaxial-abaxial leaf axis: the upper and lower epidermis and three internal cell
layers. The veins, bundle sheath cells and mesophyll cells between veins all
differentiate from the middle ground meristem (mGM) (Esau, 1943; Langdale et
al., 1989; Bosabalidis et al., 1994), which locates among the middle layer cells
(Figure 3A). Cells adjacent to the upper and lower epidermis resemble palisade
mesophyll precursors, while parenchyma cells with typical characteristics are
present surrounding the midvein in the basal region of the leaf primordium
(Figure 3A). We obtained 7,476 effective cells with an average of 2,312 genes
expressed in each nucleus. Principal component analysis and unsupervised
clustering categorized 14 distinct cell clusters. Dimensionality reduction was
performed using the Uniform Manifold Approximation and Projection (UMAP)
algorithm (Figure 3B). By analysing DEGs between the clusters, we identified
a series of cluster-enriched or cluster-specific genes. Dot plots of the top 10
marker genes from each of the different cell clusters were generated

(Supplemental Figure 2) and a subset is shown in Figure 3C.

Using previously reported marker genes, cell clusters 0 and 6 were identified
as epidermal cells, Cluster 11 as primary phloem, Cluster 12 as primary xylem,
and Cluster 13 as undefined vascular cells (Figure 3C, D; Supplemental
Figure 3). Cluster 8 was identified as parenchyma and/or middle layer
mesophyll cells, and Cluster 10 was as palisade mesophyll cells. These

annotations were verified by selecting the enriched marker genes for in situ
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hybridization (Figure 3C, D; Supplemental Figure 4). ZmWIP1 (encoding a
Bowman-Birk type wound-induced proteinase inhibitor) (Rohrmeier and Lehle,
1993) which was enriched in Cluster 8 (also present in Cluster 0) was
distributed in the swollen parenchyma cells (also detected in epidermal cells)

close to the midrib and in the adaxial epidermis (Supplemental Figure 4).

GLU3 which was enriched in Cluster 10 and encodes a 3-glucosidase (Gomez-

Anduro et al., 2011), was specifically expressed in mesophyll cells adjacent to
the abaxial epidermis, or in mesophyll cells both adaxially and abaxially close

to the lateral veins (Figure 3C, D; Figure 4A, B).

Both Clusters 1 and 5 showed enrichment of the auxin transporter gene
ZmAIC3 (auxin import carrier 3), and in situ hybridization revealed transcript
localization in middle layer cells (Figure 3C, D). Because cells in Clusters 1 and
10 were enriched with ZmDEF4 (defensin-like protein 4), and ZmDEF4
transcripts were detected in mesophyll cells surrounding the veins (consisting
of the middle layer and palisade mesophyll cells) (Figure 3C, D; Figure 4A, B),
Cluster 1 was preliminarily annotated as middle ground tissue. The vascular
and procambium marker gene ZmPIN1 was enriched in Clusters 5 and 12
(Figure 3C), and both ZmYAB3 and ZmGLK6, which were enriched in Clusters
5 and 13, were verified via in situ hybridization to be expressed in procambium.
As such, Cluster 5 was annotated as procambial cells (Figure 3C, D;
Supplemental Figure 5). Cluster 9, remains to be further characterized but
may contain a group of cells at the developmental junction between mGM and
mesophyll/parenchymal cells. Cluster 4 cannot be annotated but is enriched
with ribosomal protein-related genes. In situ hybridization of selected genes
from Cluster 4 detected transcripts in veins, in cells around veins, and in the
epidermis (Supplemental Figure 6). For the remaining clusters, the presence
of cell division markers suggested that Cluster 3 was likely to represent

proliferative cells in S phase, and Clusters 2 and 7 proliferating cells in G2/M

9
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phase (Figure 3C; Supplemental Figure 6).

Molecular signatures of the three inner cell layers in maize leaf primordia
Due to the pronounced developmental gradient along the proximo-distal axis of
maize leaf primordia cells are more differentiated at the leaf tip than at the base.
To identify markers of cells in the different leaf layers of the adaxial-abaxial axis,
we examined transcript accumulation patterns at two points along this proximo-
distal gradient in P4 primordia. Analysis of ZmGLU3 expression patterns via in
situ hybridization revealed that the gene was expressed in abaxial mesophyll
precursors in the mid-to-lower regions of the leaf but in more differentiated
regions expression was detected in both abaxial and adaxial cells around
developing veins (Figure 4A, left). ZmGLU3 is thus a marker of cells in two of
the three internal leaf layers. By contrast, ZmDEF4 transcripts were detected in
a ring of mesophyll cells surrounding the veins that included all three (adaxial,
abaxial and middle) layers of mesophyll cell precursors (Figure 4A, central). Of
particular  interest ~was  expression of the maize homolog
of Arabidopsis SCPL46 (serine carboxypeptidase-like 46). In the lower middle
region of the leaf primordium, transcripts were detected in the middle layer of
cells between veins but also weakly in adaxial mesophyll precursors. Towards
the tip, however, where the number of intervening cells between veins narrows
to two, the expression of the AtSCPL46 homolog was restricted to these
intervening cells (Figure 4A, right). Together, therefore, the combined
accumulation patterns of ZmGLU3, ZmDEF4, and the homolog
of AtSCPL46 distinguish the abaxial and adaxial cell layers around veins
(ZmGLUS3, ZmDEF4) from the middle layer between veins (ZmDEF4, homolog
of AtSCPL46) and from the ground meristem cells that give rise to procambial

initials (homolog of AtSCPL46) (Figure 4B).

Having identified markers of all three internal leaf layers, we next sought to

10
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identify expression patterns in the middle leaf layer that were associated with
the initiation of procambium. Enrichment in Clusters 1 and 5 of the AtANT
homologs ZmEREB114and ZmEREB161, the previously reported vein
development-related gene TOO MANY LATERALS (ZmTMLT) (Vlad et al.,
2024), the auxin transporter ZmPIN1 and the GRAS transcription factor
ZmSHR1 were consistent with roles for these genes in vein development.
UMAP analyses (Figure 4C, D) further showed the relative distribution of these
genes and the AtSCPL46 homolog across Clusters 1 and 5. Notably
ZmEREB114 and ZmEREB161 were enriched in Clusters 1 and 5, and also in
Cluster 3, suggesting a possible role in general cell proliferation in developing
veins. In contrast, ZmPIN1 and ZmTML1 were preferentially localized in Cluster
5 suggesting a role in early procambium specification whereas ZmSHR1 was
localized in procambium but also in phloem and xylem, suggesting a role in

vascular tissue differentiation.

Expression of ZmEREBs and ZmSHR1 in the middle cell layer of the leaf
during procambium initiation

To characterize patterns of gene expression in the middle leaf layer during the
initiation of procambium, in situ hybridization was carried out with ZmEREB114,
ZmEREB161 and ZmSHR1. Whereas
ZmEREB114 and ZmEREB161 transcripts were localized to developing veins
towards the tip of the primordium, both were detected more uniformly in the
lower middle region. ZmEREB114 expression was not only detected in
procambial cells (white triangle indicated), but also observed in the three or
four-contiguous cells (orange triangle indicated) between existing procambial
centres (Supplemental Figure 7A-E; Figure 5A, B). ZmEREB161 exhibited a
more restricted distribution within the middle layer compared to ZmEREB114.
In addition to its expression in procambial cells, it was also detected in individual

or pairs of adjacent cells within the middle layer (Figure 5A, C-F). This
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expression pattern aligned with the observation that ZmEREB114 was
distributed across both Clusters 1 and 5, whereas ZmEREB161 showed a
stronger enrichment in Cluster 5 (Figures 3C and 4D). In contrast to
both, ZmSHR1 was consistently detected in procambium cells in both the upper

middle and lower middle primordium regions (Figure 5A).

Using ZmSHR1 as a comparitor, we next examined the expression of
ZmEREB161 in the context of cell division and arrangement patterns. In situ
hybridization showed that ZmEREB161 transcripts accumulated not only at
different stages of procambium development (white triangle indicated), but also
in mGM cells that had yet to undergo the periclinal divisions required for
specification of procambial initials (orange triangle indicated, may be equivalent
to one of the three-contiguous cells, at 3C stage, in Liu et al., 2022) (Figure
5C-F,K). The periclinally divided cell in the middle of the three adjacent mGM
cells produced two cells, with one of them expressing the ZmSHR1 gene
(Figure 5G,L). With the second periclinal division, ZmSHR1 gene expression
was detected in the middle of the three progeny cells (Figure 5H,L). During
subsequent cell division and differentiation, ZmSHR1 was confined to
procambial cells within veins (Figure 51,J,L). Therefore, the spatiotemporally
staggered expression of ZMEREB114, ZmEREB161, and ZmSHR1 reflected

the highly dynamic state of proliferation and differentiation in middle layer cells.

Pseudo-time analysis reveals dynamic differentiation stages during
procambium initiation in the middle cell layer of the primordium

Not all cells within the middle layer are actively differentiating middle ground
meristem (MGM) cells. Due to their poorly distinct differentiation states, these
cells may not be fully separable by single-cell clustering alone. Therefore, we
utilized pseudo-temporal developmental trajectory analysis to further resolve

the heterogeneous states among middle layer cells. First, we extracted cells
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from the middle ground tissue (Cluster 1 in Figure 3B)
expressing ZmEREB114 (with expression level > 2.8) and the homolog
of AtSCPL46 (expression level > 3), along with procambium and vascular cells
(specifically clusters 5, 11, 12, and 13), for sub-clustering analysis. By
leveraging previously reported marker genes and in situ hybridization-validated
genes from this study, we annotated the subclustered cell populations as
follows: sub-clusters 0 and 1 as procambium, sub-cluster 3 as “middle ground

*7

tissue™ (*indicated a subset of cells obtained from the middle ground tissue as
described above), sub-cluster 2 as xylem, sub-cluster 4 as phloem, and sub-

cluster 5 as vascular bundle cells (Figure 6A).

The sub-clustered cells were subjected to unsupervised pseudo-temporal
trajectory analysis using Monocle2 and Monocle3 (Figure 6B; Supplemental
Figure 8). The trajectory constructed by Monocle2 revealed a branch point
(Branch Point 1) where cell fates diverged toward vascular tissue and
procambium cells. At Branch Point 2, vascular bundle cells further differentiated
into phloem and xylem lineages. Along the pseudo-temporal axis, all cells could
be categorized into five distinct differentiation states. mGM cells should be
predominantly concentrated in the early pseudo-time (State |). Procambium
cells spanned almost the entire pseudo-temporal trajectory (Figure 6B, C).
There was also a special differentiation state composed of some of the
procambial cells corresponding to State V, named as “procambium (State V)’

(Figure 6D).

Based on the pseudo-temporal trajectory, the dynamic expression patterns of
key genes were inferred. At Branch Point 2, xylem-related genes
including ZmTMAAT, ZmbHLH143 and ZmWAT1 initially exhibited low
expression but gradually increased along the xylem differentiation branch.

Similarly, phloem marker genes such as ZmSMXL3, the homolog of AINENS,

13



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

and ZmZNF30 showed low initial expression that elevated along the phloem
branch over pseudo-time (Supplemental Figure 9A). These expression
patterns supported the biological validity of our pseudo-time developmental
trajectory. Whereas ZmEREB114 was highly expressed from the initial stage
and maintained a comparable level along the “procambium (State V)
branch, ZmEREB161 started at a relatively lower expression level and showed
a continuous increase (Figure 6E). The expression pattern of ZmAAS2 (auxin
amido synthetase 2), which was identified in State V, differed notably: it began
at low levels, increased and stabilized, then increased again specifically along
the “procambium (State V)” branch (Figure 6F). In situ hybridization results
showed that ZmAASZ2 signals were detected in individual cells, pairs of adjacent
cells, and derivatives of periclinal divisions of procambial initial cells (Figure
6G). As expected, ZmPIN1 expression began at very low levels and gradually

increased along both branched pseudo-temporal trajectories (Figure 6F).

We proposed that cells in State V may represent a developmental status close
to mGM, and that genes enriched in State V cells warrant further investigation
(Supplemental Figure 9B). Branch Expression Analysis Modeling (BEAM)
identified 335 genes with significantly differential expression between the
pseudo-temporal branches. These genes were clustered based on their
expression patterns, and those similar to ZmEREB161 and ZmAAS2 were
selected for comparative analysis with cell type-enriched genes from the study
by laser capture microdissection (LCM)(Liu et al., 2022) on maize leaf primordia.
Most of these genes were expressed in mGM and 3C cells as described by Liu
et al.. Notably, Zm00001d049399 was expressed in bundle sheath cells and
veins (BS + V), whereas Zm00001d034126 was detected in middle layer
mesophyll cells (M and 2M) (Supplemental Figure 10A, B). The “2M” samples
of the LCM data further enabled us to determine different types of mesophyll

cells for the single-cell clusters (Supplemental Figure 10C-F). Accordingly, our
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Cluster 8 was identified to be related with middle layer mesophyll in addition to

parenchyma cells (Figure 3B).

Co-expression regulatory network of middle leaf layer associated genes

To explore the gene regulatory networks involved in the transition from middle
ground tissue to procambium initial cells, we conducted a co-expression
correlation analysis of transcription factors (21), protein kinases (11), and auxin-

*7

related genes (10) enriched among the “middle ground tissue*” and
procambium cells. The top four transcription factors with the highest gene co-
expression connectivity (number of correlated genes) were ZmEREB114,
ZmEREB41, AUXIN RESPONSE FACTOR TF25 (ZmARFTF25), and INDOLE-
3-ACETIC ACID 23 (ZmIAA23). These genes were all expressed during the
early pseudo-time stage (Figure 6H, 1). ZmEREB114 exhibited the highest
connectivity with other genes (indicated by brown connecting lines), which
might be related to its broad and early expression range in the middle layer
cells. In contrast, ZmMEREB161 showed relatively lower connectivity with other
genes (indicated by cyan connecting lines). It was associated with genes such
as ZmEREB41, ZmEREB114, ZmEREB184, ZmAIC3, and ZmAAS2, and was
expressed during the late pseudo-time stage, coinciding with the progression
toward procambium formation. These findings suggested that ZmEREB114,
ZmEREB41, ZmEREB161, and ZmEREB184 might spatiotemporally co-

regulate the initiation of procambium in maize alongside auxin-related genes

such as ZmARFTF25, ZmIAA23, ZmAIC3, and ZmAAS2.

ZmEREB114 and ZmEREB161 play a general role in leaf development
rather than a specific role in vein patterning

To test the function of genes expressed in the middle cell layer of the leaf, we
first characterized mutant lines for ZmEREB114 and ZmEREB161. Two

translation-termination mutant lines, zmereb114-16 and zmereb114-1c, were
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obtained and homozygous mutant seeds were successfully generated
for zmereb114-1c. Compared to B73, both zmereb114-16 and zmereb114-
1c exhibited a significant reduction in plant height (Supplemental Figure 11A,
B). Whereas no significant change in leaf width was observed in zmereb114-
16, zmereb114-1c showed a noticeable decrease in leaf width (Supplemental
Figure 11B). No noticeable changes in cellular organization were observed in
either zmereb114-16 or zmereb114-1c mutants and vein density did not differ
significantly from that of B73 (Supplemental Figure 11B, C), although both
lines exhibited a reduction in leaf vein number. Similarly, although
the zmereb161 mutant influenced vein number in association with altered leaf
width, there was no significant effect on vein patterning (Supplemental Figure
11D-l). Collectively these results suggested that ZmEREB114 and
ZmEREB161 play a general role in leaf development rather than a specific role
in vein patterning, a suggestion supported by the observation that constitutive
expression of ZmMEREB161 or ZmEREB114 in rice resulted in perturbations to
growth (dwarfing and narrow leaves respectively) rather than vein patterning

(Supplemental Figure 12).

SHR suppresses procambium initiation by regulating auxin-related
processes in the middle cell layer of the leaf

Although significant enrichment of auxin-related genes was observed both in
Cluster 5 (procambium cells) of our single-cell clustering atlas and in
transcriptome data from the middle segment (with active vein formation) of
maize leaf primordia (Figures 2B and 3A), exogenous auxin application during
rice seedling development did not induce a noticeable increase in vein
formation (Figure 7A, B). Previous reports noted that overexpression
of ZmSHR1 in rice leads to an increased number of mesophyll cells between
veins (Liu et al., 2023; Dong et al., 2023) and that rice seedlings undergoing

induced expression of 36S.ZmSHR1-GR are sensitised to exogenous
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application of the auxin analog 2,4-D (Dong et al., 2023). The regulatory role of
auxin in vein development and cellular patterning in rice seedlings may thus be
more pronounced under conditions where leaf anatomy is disrupted, such as
when SHR is overexpressed. To investigate whether the expression of middle
layer and procambium-associated genes contributes to the conditional
rearrangement of rice leaf anatomy after auxin treatment, we generated rice
lines in which the expression of ZmSHR1 could be induced by dexamethasone
(ZmUBI:ZmSHR1-GR). Unlike previous reports that initiated induction prior to
seed germination (Dong et al., 2023), we began induction of ZmSHR1 (alone
or in combination with 2,4-D application) in one- to two-week-old rice seedlings.
In the absence of 2,4-D, vein formation was consistently suppressed such that
leaves sampled three weeks after treatment initiation exhibited wider vein
spacing (Figure 7A, B). However, in the presence of of 2,4-D, suppression by
SHR1 was not manifest. Because exogenous application of the auxin analog
2,4-D may have a different effect from that of endogenous auxin, we also
used ZmYUCCAQ9, a key gene in the auxin biosynthesis pathway, to generate
a transgenic line containing a dual-inducible system
combining ZmUBI:ZmSHR1-GR with ZmUBI:XVE:ZmYUCCAQ. Following dual
induction with dexamethasone and estradiol, we observed that endogenous
auxin was similarly able to rescue the suppressed vein phenotype caused by
SHR induction (Figure 7C-7E). To further analyse when this SHR/auxin
coordinated rearrangement of vein patterning occurs, we dissected and
sectioned rice P3 leaf primordia following ZmSHR1 induction (alone or in
combination with auxin application). Treatments started at germination when
the SAM was surrounded by the P1-P3 primordia that were initated during
embryogenesis (leaves 1-3), and lasted for 2-3 weeks by which time the
expanded blade of leaves 1 (P7) to 4 (P4) were visible and leaves 5 (P3) to 7
(P1) had been initiated. The results confirmed that the SHR-induced phenotype

of increased interveinal cell counts and reduced vein number was present at

17



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

the P3 stage, and that this phenotype could be partially counteracted by auxin
treatment (Figure 7F). The critical stage at which ectopic SHR activity is

suppressing vein formation is thus between PO and P3.

To identify genes that might be moderating SHR/auxin effects on vein formation,
we performed transcriptome analysis on rice leaf primordia subjected to the
SHR/auxin induction and treatment conditions. Analysis of auxin-related gene
expression profiles revealed a cohort that were: i) upregulated to varying
degrees in response to auxin treatment alone, ii) significantly downregulated
following ZmSHR1 induction and iii) less downregulated when auxin was
applied simultaneously with ZmSHR1 induction (Figure 8A). These expression
patterns correlate with the observed changes in vein number. We next
examined the differential expression of rice genes homologous to those in
clusters associated with vein formation and vascular tissues in maize. Maize
cell Clusters 5, 11, and 12 (procambium, xylem, and phloem) corresponded to
a substantial number of rice homologs that were markedly upregulated by auxin
treatment but downregulated upon ZmSHR1 induction (Figure 8C). Although it
is unclear whether the rice middle leaf layer is equivalent to the maize middle
leaf layer, these results confirmed that the procambium and vascular tissues
located in the middle layer serve as the primary sites for the conditional
rearrangement of leaf anatomy in response to coordinated SHR and auxin
action. Therefore, these tissues represent important sources for identifying

relevant regulatory genes.

Further analysis of the rice homologs of middle ground tissue-associated genes
revealed that GRETCHEN HAGEN 3.8 (OsGH3.8, homolog of ZmAAS2)
and AUXIN RESISTANT 1 (OsAUX1, homolog of ZmAIC3) expression patterns
were suppressed by ZmSHR1 induction and promoted by auxin treatment. In

contrast, the expression of ANT homologs (not promoted by auxin treatment)

18



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548
549
550

551

552

553

554

555

556

557

558

559

560

and PIN family genes (promoted by auxin but not suppressed by
ZmSHR1 induction) did not conform to this pattern (Figure 8D; Supplemental
Figure 13). To further investigate the the role of GH3 and AUX genes, we
conducted a 6-hour transient induction of ZmUBI:ZmSHR1-GR lines and
collected samples for gRT-PCR,
targeting OsGH3.8, OsAUX1, OsAUX2 and OsAUX4. Results showed that
these genes were significantly suppressed by ZmSHR1 even within this short
timeframe. Similarly, we performed gRT-PCR assays on the dual-
inducible ZmUBI:ZmSHR1-GR x ZmUBI:XVE:ZmYUCCAQ9 lines and showed
that the expression trends of OsGH3.8, OsAUX1, OsAUX2, and OsAUX4 were
also consistent with the observed phenotypic recovery (Figure 8E). Collectively
these results showed that auxin-related genes are downregulated in rice in
response to ZmSHR1 induction but that down-regulation can be overcome by
concurrent auxin treatment. Importantly, these dynamics are associated with
the phenotypic suppression and recovery of vein formation in the leaf,

suggesting a causal link.

Discussion
Vein initiation and development differ in maize and rice leaf primordia

Combining fluorescent labelling and sequential sectioning, we were able to
analyse vein development patterns in maize and rice leaf primordia in proximo-
distal (PD), medio-lateral (ML), and adaxial-abaxial contexts (Figure 1;
Supplemental Figure 1). By quantifying the number of veins from primordia to
expanded seedling leaf stages, we confirmed that as the maize leaf widens, the
number of veins increases rapidly from P3—P5 (approximately 3 mm to 5 mm)
and then there is a reduced rate of increase during leaf expansion (Figure 1l,
J). Maize leaf primordia thus allowed us to capture the active zones where
intermediate veins are being initiatied and are extending. We obtained gene
expression signatures for sub-sectioned leaf primordia of maize and rice,

contributing data to the early leaf primordium development database at a sub-
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tissue level. These sub-tissue transcriptomic profiles and gradients shed light
on early photosynthetic development in grass leaves, and represent a
significant addition to maize and rice leaf transcriptome databases (\Wang et al.,

2013; Wang et al., 2014; van Campen et al., 2016).

Cell heterogeneity and clusters associated with intermediate vein
formation in maize leaf primordia

Our single-cell resolution transcription map revealed high cell heterogeneity in
early maize leaf primordia, showing continuity of the cellular developmental
trajectory during vein formation. Because there are few known cell type-specific
marker genes in young grass leaf primordia we relied on in situ hybridization
for subsequent annotation and validation. In this way, we retrieved 7 broad
populations of cells with 14 transcriptionally distinct clusters. Importantly, we
identified the cell groups (clusters 1/5 in Figure 3B) that give rise to
intermediate veins and pseudo-time trajectory analysis showed that these
clusters include transitional cells (State V in Figure 6D) which potentially link

the undifferentiated middle layer ground tissue and the procambial initials.

Regulatory impacts of SHR and auxin on vein patterning

The effects of auxin and auxin transport on vein formation and patterning were
reported many years ago (Mattsson et al., 1999; Sieburth, 1999; Scarpella et
al., 2006) but understanding the spatial and temporal patterns of auxin activity
within and between tissues or cells is required to elucidate the role of auxin in
this process (Perico et al., 2022). In our analysis, there was a notable
enrichment of auxin-related gene expression during vein formation including
genes encoding the auxin transporters ZmAIC3 (homolog to AUX1), ZmPIN1,
ZmPIN4, and auxin signaling pathway genes, such as ZmARF25, ZmIAA23 and
ZmAAS2. Intriguingly, ZmAAS2 exhibits an expression pattern similar to that of
the ANT family transcription factor gene ZmEREB161, being expressed in
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individual or pairs of cells within the middle layer tissue as well as in
procambium cells. The homolog of ZmAAS2, OsGH3.8, belongs to subgroup Il
of the GRETCHEN HAGEN 3 (GH3) gene family and encodes an acyl-amino
acid synthetase that catalyzes the conjugation of IAA with amino acids,
modulating auxin activity (Li et al., 2016). Overexpression of OsGH3.8 in rice
leads to a significant increase in tiller number and a reduction in plant height
(Dai et al., 2018). Collectively the pattern of expression of auxin transporters,
of ZMEREB161 and of the conjugating enzyme ZmAAS/OsGHS3 led us to
hypothesise that a regulatory cascade involving transcription factors and auxin
signalling is likely responsible for vein patterning in the middle layer of grass

leaf primordia.

To test the hypothesis that auxin plays a conditional role in the regulation of
grass leaf vein formation, we established an experimental system to manipulate
expression of the transcription factor ZmSHR1, which had previously been
shown to suppress vein formation in rice, in the presence or absence of
increased auxin. Constitutive expression of ZmSHR1 in rice primordia resulted
in increased interveinal mesophyll cell number and reduced intermediate vein
number, a phenotype that was restored to normal by simultaneous auxin
treatment (Figure 7). However, treatment with auxin alone did not result in
significant venation changes. On the basis of these observations, we
hypothesized that ZmSHR1 may directly or indirectly alter gene expression in
cells of the middle leaf layer, leading to changes in cell fate. Transcriptome
analysis of rice leaf primordia subjected to ZmSHR1 induction in the presence
or absence of auxin confirmed that, homologs of genes expressed in the vein-
initiating  middle cell layer of maize leaf primordia (such
as ZmAAS2 and ZmAIC3) exhibit response patterns consistent with the
changes in vein density observed in rice leaves (Figure 8). That is, SHR1 may

function to make cells of the rice leaf competent to respond to auxin signalling
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components that can induce vein formation. Although manipulation
of ZMEREB114 and ZmEREB161 did not alter vein patterning, a role in
maintaining proliferative capacity of middle layer cells may influence where and
when veins can be initiated. Collectively these functional analyses provide
evidence that some of the candidate regulators identified by our single-cell and
tissue transcriptomes play important roles in the regulation of vein patterning in

grass leaves.

A model of vein development in grass leaf primordia

Using a combination of single-cell, developmental and genetic approaches, this
study provided both theoretical and practical platforms for the identification of
regulators of leaf vein development. On the basis of the data obtained we
propose that the expression of genes such as ZmEREB114 and ZmAIC3 in
cells of the middle layer of ground tissue (Cluster 1) and expression of genes
such as ZmSHR1, ZmAAS2 and ZmEREB161 in procambial cells (Cluster 5)
leads to distinct developmental trajectories (Figure 9). The specification of
procambial initials (Cluster 5) from within the middle ground tissue (Cluster 1),
the differentiation of middle ground tissue (Cluster 1) into middle layer
mesophyll cells (Cluster 8 or 9), and further development of procambial cells
(Cluster 5) into phloem (Cluster 11) or xylem (Cluster 12) cells, proceeds under
the spatial and temporal regulation of the aforementioned transcription factors
and auxin signalling related genes. In maize leaf primordia this sequential
process eventually contributes to the formation of Kranz anatomy with veins
separated by just two mesophyll cells. Aspects of this process must be
conserved in rice because when vein formation is experimentally suppressed
by induction of ZmSHR1 expression, homologs of middle ground tissue or
procambium expressed genes in maize, such as OsAUX71 (homolog to ZmAIC3)
and OsGH3.8 (homolog to ZmAAS?2), are downregulated. Together these

results indicate that the combined action of SHR and auxin-related pathways
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controls grass leaf vein patterning. Further systematic investigation of genes
that act in the middle cell layer and procambium cells of maize leaf primordia is
needed to decode the requirement for increasing vein density in rice, which will
enhance our understanding of cellular patterning mechanisms and facilitate the

engineering of crop leaf anatomy.

Materials and methods

Plant material and growth conditions

In Shanghai, Zea mays (L.) ssp. Mays cv. B73 and pZmPIN1a::ZmPIN1a:YFP
transgenic line (Yang et al., 2015), as well as Oryza sativa (L.) ssp. Japonica
cv. Nipponbare and DR5::VENUS line, were grown in a phytotron, 27 °C in day
and 25 °C at night, with 600 ymol photons m=2 s~ light intensity, 16 h light and
8 h dark photoperiod. Tissue was harvested from 2-, 3- or 4-week-old maize
plants and 2-week-old rice plants.

Zmereb161 and zmereb114 mutants of maize by EMS (Ethyl
methanesulfonate) chemical mutation were obtained from
http://www.elabcaas.cn/memd/index.php. The M3-generation was used and
genotyping was conducted by genomic PCR with primers listed in
Supplemental Dataset 8. PCR products were sequenced to confirm the
mutant of zmereb161, in which the peptide chain coding is terminated
prematurely from CAG to TAG. For the mutation of ZmEREB114, we obtained
two termination mutant lines, namely zmereb114-16 and zmereb114-1c. The
mutation site in the zmereb1714-16 line is located at Chr 7: 3332556 (RefGen
V4.32), where a G-to-A substitution occurred, resulting in a change from TGG
to TGA in the coding sequence. The mutation site in the zmereb114-1c line is
located at Chr 7: 3332836 (RefGen V4.32), where a C-to-T substitution
occurred, resulting in a change from CAG to TAG in the coding sequence.

To generate ZmUBIpro::ZmEREB161 and ZmUBIpro::ZmEREB114

transgenic plants in rice, coding sequences were PCR amplified from maize
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cDNA that had been generated using RNA isolated from P1-5 leaf primordia.
The amplified sequence was subcloned into Gateway® donor vector,
sequenced, and then cloned into destination vector pSC310, downstream of
the maize ubiquitin promoter. The construct was transformed into japonica rice
cultivar Nipponbare, and after T1 genotyping and expression analysis, two lines
of ZmUBIpro::ZmEREB161 and three lines of ZmUBIpro::ZmEREB114
seedlings were used for phenotypic analysis. Primers used are listed in

Supplemental Dataset 8

ClearSee and confocal imaging

ClearSee assays were performed as previously described (Kurihara et al.,
2015). In brief, leaf primordium were immersed in fixation buffer (4% wl/v
paraformaldehyde, Cat. No. AR-0211) under vacuum at 25 mbar for 1h, washed
once with 1x PBS, and then immersed in ClearSee reagent (10% xylitol, 15%
sodium deoxycholate, and 25% urea) for 3 days. The primordium were flattened
with the adaxial side facing up in ClearSee reagent, and observed under a
ZEISS LSM880 confocal microscope using a 514-nm laser excitation and 520-

to 560-nm emission for detection of the YFP.

Histology

Leaf primordium samples were fixed overnight in ethanol/acetic acid (3:1), and
embedded in Paraplast Plus (Sigma, Cat. No. P3683-1KG) using a modular
automated tissue processor (KD-TS3A and KD-BM/BL). Paraffin-embedded
samples were sectioned (5 ym) with a Rotary microtome (Lecia, RM2125).

Sections not dewaxed were viewed using an Olympus CX23 microscope.

In situ hybridization and imaging
For probe synthesis, templates of RNA probes were amplified from cDNAs

using gene-specific primers containing T7 promoter sequences at the 5’ end. In
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vitro transcription was performed with T7 RNA polymerase (Roche, Cat. No.
10881767001; Thermo, Cat. No. EP0111) and DIG RNA labeling mix (Roche,
Cat. No. 11277073910). The primers used to generate the probes are listed in
Supplemental dataset 8.

Tissue embedding and RNA in situ hybridization were performed as described
with modifications (Langdale 1994; Zeng et al, 2021; Weigel et al., 2002). Briefly,
leaf primordium were fixed with FAA (3.7% formaldehyde, 5% glacial acetic acid,
and 50% ethanol), embedded in paraffin and sectioned (8 um) as described
above. The sections were dewaxed, digested with proteinase K (Sigma, Cat.
No. P6556), dehydrated with gradient ethanol, and hybridized with RNA probes.
After washing, the sections were incubated with anti-digoxigenin-AP Fab
fragments (Roche, Cat. No. 11093274910). The signals were developed with
the NBT/BCIP stock solution (Roche, Cat. No. 11681451001), and the sections
were imaged using an Olympus CX23/BX3-CBH microscope. Where necessary,
the sections were also stained with 10 mg/mL Calcofluor white for enhancing
UV excited cell wall autofluorescence, and imaged with a fluorescence

microscope (DM6000B, Leica).

Sample collection for bulk RNA-seq

Maize leaf primordium of about 5 mm were partitioned under dissection
microscope into three parts: M3tip=1.5 mm, M3middle=2.5 mm, and M3base=1
mm. About 200 leaf primordium were obtained, partitioned, and pooled into
different samples with three biological replicates. The rice leaf primordium of
about 5 mm were also partitioned into R3tip=1.5 mm, R3middle=2.5 mm, and
R3base=1 mm. Similarly, about 400 leaf primordium were processed into
different samples with three biological replicates. Total RNA was extracted
using the GeneJET Plant RNA Purification Mini Kit (Thermo Scientific, Cat. No.

K0801) according to the manufacturer's instructions.
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RNA-seq

Three types of maize tissues and 3 types of rice tissues were sampled as
described above for bulk RNA sequencing. Paired-end RNA-seq was
performed using the Illumina NovaSeq 6000 platform. Reads were mapped to
the genome version of Zea mays V4. Differentially expressed genes (DEGs)
were determined by DESeq2 (v1.44.0) (Love et al., 2014). The p-values were

adjusted using the Benjamini-Hochberg (BH) method to generate False
Discovery Rate (FDR). A threshold of FDR < 0.05 and fold change = 2 was

used as the screening criteria.Three biological replicates were used in the data

analyses.

Gene Ontology (GO) analysis

For maize, GO enrichment analysis was performed using the R package
“clusterProfiler (4.12.6)” with the parameter settings: “p-value Cutoff = 0.05, g-
value Cutoff = 0.05”. For rice, GO enrichment analysis was analyzed at
https://geneontology.org. R package “ClusterGVis (0.1.2)” was used to visualize
the gene expression pattern and GO enrichment results. The values have been
normalized using the z-score method. The clustering method employed is
MFuzz, which is an improved algorithm based on Fuzzy C-Means (FCM).

MFuzz defaults to using the weighted average as the cluster centers.

Sample collection and preparation of nuclei

According to our pilot experiments, ~200 maize leaf primordium could yield
enough high quality nuclei, using the methods previously described with
modifications (Thibivilliers et al., 2020; Conde et al., 2021). To isolate nuclei,
freshly collected leaf primordium of 3-4 mm (with group efforts to ensure
enough amount within 1 h) were placed on Petri dishes and vigorously chopped

with two razor blades for 5 minutes in ~500 uL Nuclei Isolation Buffer [NIB, 10
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mM MES-KOH pH 5.7, 10 mM NaCl, 10 mM KCI, 2.5 mM EDTA, 250 mM
sucrose, 0.1% protease inhibitor cocktail (Roche), and 0.1% BSA (YESEN),
finally adjust pH to 5.7]. Homogenized tissue was first filtered with 40 uym cell
strainers (Falcon, Cat. No. 352340), then filtered with 30 pm cell strainers
(pluriSelect, Cat. No. 43-50030-01). Nuclei were spun down in a swinging-
bucket centrifuge (5 min, 500 rcf.) and re-suspended in 100 yL washing buffer
(15 mM Tris-HCI pH 7.5, 160 mM KCI, 40 mM NaCl, finally adjust pH to 7.0).
Nuclei quantification was done by staining with trypan blue (final concentration
of ~0.1%), and counting on a hemocytometer for a total of 200,000 nuclei.
Nuclei suspensions were then spun down (5 min, 500 rcf.) and re-suspended
in diluted nuclei buffer (10x Genomics) to a final concentration of 2,000~2,500
nuclei per uL, and used as input for snRNA-seq library preparation (~16,000

nuclei in total). Samples were kept on ice for all intermittent steps.

SnRNA-seq library construction

Approximately 16,000 counted nuclei were loaded on Single Cell A Chip. The
libraries were constructed using a Chromium Controller and Chromium Single
Cell 30 Reagent Kits V3.1. Qualitative analysis of DNA library was performed
by an Agilent 2100 Bioanalyzer. Libraries were sequenced by an lllumina

NovaSeq 6000.

Processing of shRNA-seq data

The raw single-nucleus RNA sequencing data were initially processed using
Cell Ranger 7.0.0 (10x Genomics). The maize reference genome (Version 4,
V4) and GTF annotation file (Zea_mays.B73_RefGen_v4.50) were downloaded
from the EnsemblPlants database (https://plants.ensembl.org/Zea_mays/). The
"cellranger mkref" command was executed with the parameters "--genome", "-
-fasta", and "--genes" to construct the reference genome. The "cellranger

count" command was run using the parameters "--id", "--transcriptome”,
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fastgs", "--sample", and "--force-cells=8000" to generate single-cell gene
counts. The gene-cell matrices (named “filtered_feature_bc_matrix” and
‘raw_feature_bc_matrix” by 10x Genomics) were corrected for ambient RNA
expression using SoupX (v1.5.0) (Young et al., 2020). The filtered gene-cell

matrices were served as processed raw data for further analyses.

Data filtering, clustering, and annotation

We used scDblFinder (v1.2.0) software for detection and handling of
doublets/multiplets in the snRNA-seq data (Hao et al., 2021), a total of 373
doublets were identified and removed. Downstream analyses were primarily
conducted using Seurat (v4.2.1). The workflow included quality control
(calculating mitochondrial and chloroplast gene percentages and filtering low-
quality cells and genes), data normalization (using the SCTransform function
with default parameters), PCA (RunPCA with variable genes and 100 principal
components), SNN graph construction and Louvain-based clustering
(FindNeighbors and FindClusters), and visualization through nonlinear

dimensionality reduction (RunTSNE and RunUMAP).

For quality control, low-quality cells and genes were filtered using the following
criteria: cells with fewer than 200 expressed genes were removed, and genes
detected in fewer than three cells were excluded. Further cleaning steps were
performed using log10GenesPerUMI, and set the log10 fold change more than
0.7 and mitochondria percentage below 5%. A total of 7,473 cells with average

of 2,424 genes and an average of 3,050 UMI counts per nucleus.

After filtering, the data were used for downstream analysis. The SCTransform
function with the default parameters was used for data normalization, scaling
and transformation. The dimensions of the expression matrix were then

reduced by the RunPCA function, and the top 30 dimensions were used for
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FindNeighbors and UMAP analysis. The cell clusters were identified by the
FindClusters function with a resolution of 1.

Cell types were manually annotated for each cluster based on known marker
genes (Supplementary Dataset 7). Cluster-enriched marker genes were
identified using the FindAllMarkers function in Seurat with the following criteria:
Wilcoxon Rank Sum test, log, fold change threshold of 0.58 (equivalent to 1.5-

fold difference), and a minimum expressing fraction of 0.25 in either group.

Subclustering

To investigate the cell heterogeneity of middle layer ground tissue, we extracted
cells expressing ZmEREB114 (gene_expr_matrix > 3) and homolog of
AtSCPL46 (gene_expr_matrix > 2.8), as well as cells from procambial and
vascular tissues (cluster5, cluster11, cluster12, cluster13). The raw count data
were imported into Seurat to create a new Seurat object. The analytical pipeline
was executed as described above. Specifically, parameters including the total
number of principal components (npcs), dimensions (dims), number of nearest
neighbors (n.neighbors), resolution, and minimum distance (min.dist) were
adjusted to optimally approximate the latent topological structure of the
subclusters (npcs = 50, n.neighbors = 30, resolution = 0.8, min.dist = 0.3).
Following subclustering, the "FindAllIMarkers" function was employed to identify
cluster-enriched genes using the following parameters: Wilcoxon rank-sum test,
a minimum fold-change threshold of 1.68 (logfc.threshold = 0.75) for differential
expression between groups of cells, and a minimum detection proportion of

0.25 for genes (min.pct = 0.25).

Pseudo-time trajectory analysis
Pseudo-temporal developmental trajectory analysis was performed using
Monocle 2 (v2.32.0) (Qiu et al., 2017). The Seurat object (containing middle

layer ground tissue cells, procambial cells, and vascular cells) was converted
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into a CellDataSet object using as.CellDataSet. First, dispersionTable was run
to calculate the intercellular expression variance for each gene. Variable genes
defining the developmental progression were selected based on mean
expression levels (i.e., the mean_expression parameter). Second, the data
were reduced to two principal components (max_components = 2, method =
'DDRTree'). Using the expression data in the low-dimensional space, orderCells
was applied to describe the transition of cells from one state to another. Cells
were ordered along pseudo-time by invoking orderCells. The cellular trajectory
was visualized using plot_cell_trajectory in Monocle 2. To specify a
prior "starting point" for the tree-shaped trajectory, orderCells was run again
with the root_state parameter set accordingly. Branch points were selected to
analyze bifurcation events within the differentiation trajectory. The 1139
significant genes were used as the ordering gene set. Gene expression trends
were plotted using the plot_genes_in_pseudotime function, and a hierarchical

tree of cell lineages was constructed using plot_complex_cell_trajectory.

Construction of co-expression network

Functional gene module analysis was performed using the Python package
“Hotspot (v1.1.2)". The input single-cell data for this study consisted of

subclustered cell populations from the middle layer ground tissue, procambium,
and vascular tissues. Modules were identified via the “create_modules” function
with parameters set to min_genes = 100 and an FDR threshold of 0.05. Module
scores were calculated using the “module_scores” function to quantify the
expression level of genes within each cell. Gene expression was projected onto
UMAP-reduced dimensional space and correlated with cell clusters. Target
gene correlations and module attributes were extracted using a correlation filter
value of 5. A co-expression network was constructed based on autocorrelation

z-scores and visualized in Cytoscape (v3.10.3).
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Construction of ZmSHR1 induction vector for rice transformation

Using cDNA reverse-transcribed from mRNA of maize leaf primordia, maize
genomic DNA (gDNA), and a plasmid containing the glucocorticoid receptor
(GR) gene fragment (All-in-one CRE/LOX system plasmid) as templates, the
coding sequence (CDS) of the ZmSHR1 gene, the ZmUBI promoter fragment,
and the GR fragment were amplified separately using Phanta Max Super-
Fidelity DNA Polymerase (Vazyme). These fragments were then homologously
recombined into the Golden Gate cloning system’s Level 0 vectors (SC1, PU,
and C2) using the ClonExpress Il One Step Cloning Kit (Vazyme). Subsequently,
these vectors, along with a Level 0 vector containing the tNOS terminator, were
incubated with T4 DNA ligase, Bsal-HFv2, and an empty Level 1 backbone
vector of the Golden Gate system to assemble a Level 1 transcriptional unit.
Under the action of Bpil restriction enzyme, this unit was ligated with other Level
1 transcriptional units (ZmUBI:XVE:ZmYUCCAY, constructed similarly using
Golden Gate cloning system; 35S::HYG, Golden Gate adapted selection
marker) according to demand to form Level 2 vectors. The constructed Level 2
vectors were then introduced into Agrobacterium tumefaciens strain EHA105

for rice (Zhonghua 11) transformation.

Dexamethasone (Dex) / B-Estradiol induction and auxin treatment of
transgenic rice plants

Rice seeds were soaked in water until germination (visible radicle emergence),
then transferred to growth chamber for hydroponic cultivation (photoperiod: 14-
hour light/10-hour dark, light intensity: 400600 pymol m™ s™', temperature:
~27°C, relative humidity: 65-70%). The seedlings were grown in liquid "2
Murashige and Skoog (2 MS) medium for one or two weeks to establish robust
root systems. Subsequently, 10 yM dexamethasone (DEX) was added to the
medium, and the plants were cultured for an additional three weeks. The
induction with B-Estradiol (10 uM) or treatment with 2,4-D (0.1 mg/L) was
performed the same way as above. The most recently fully expanded leaves

were then collected for histological sectioning and observation.
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Transcript abundance analysis

RNA extraction, cDNA synthesis, and gqRT—-PCR were performed as previously
described (Zhang et al., 2023). Leaf samples were flash-frozen in liquid nitrogen
and ground with a tissue grinder. Total RNA was extracted using RNAiso Plus
reagent (Takara, #9108) according to the manufacturer’s instructions. For cDNA
synthesis, 2 ug of total RNA was reverse transcribed using a first-strand cDNA
synthesis kit (YEASEN, #11141ES60). qRT-PCR was carried out with Hieff
UNICON® Universal Blue gPCR SYBR Master Mix (YEASEN, #11184ES08) in
a 20 L reaction volume. Transcript levels were normalized to ACTIN as the
internal reference gene and calculated using the AACt method. The RT-PCR

primers used are listed in Supplemental Dataset 8.

Quantification and statistical analysis

Two-way or one-way ANOVA with Tukey’s HSD test, or Student's two-sided ¢
test was used to determine the statistical significance among different samples.
P-value < 0.05 was considered as statistical significance, and different letters
on the bar graphs indicate statistically significant differences. Statistic results
and graphs were generated in GraphPad Prism 8 (www.graphpad.com). The
numbers of samples and types of statistical analyses are given in figure legends
and the quantitative details can be found in Microsoft Excel spreadsheets of the

Supplemental Dataset 10.

Accession numbers
Accession numbers for the genes analyzed are listed in Supplemental dataset

7 and 8.

Data availability
Single-cell RNA-seq data of maize leaf primordium, bulk RNA-seq data of

segmented maize/rice leaf primordia, and transcriptome data of SHR1
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induction/auxin treated rice leaf primordia have been deposited at NCBI's
Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) under the
accession numbers: PRIJNA1051680, PRIJNA1051184, PRJNA1051294 and
PRJNA1329017.

Supplemental data

Supplemental Figure 1. The growth pattern of maize leaf primordia.
Supplemental Figure 2. Dot map showing the top 10 marker genes from each
of the different cell clusters.

Supplemental Figure 3. In situ expression patterns of representative marker
genes from xylem and phloem related cell clusters.

Supplemental Figure 4. In situ expression patterns of representative marker
genes from mesophyll and parenchymal cell related clusters.

Supplemental Figure 5. The expression patterns of ZmYAB3 and ZmGLK®6.
Supplemental Figure 6. In situ expression patterns of representative marker
genes related with clusters 1 and 4.

Supplemental Figure 7. Localization of ZmEREB114 and ZmEREB41
transcripts in the middle cell layer of maize leaf primordium, and hybridization
results with sense RNA probes.

Supplemental Figure 8. Differentiation trajectory in a P4 maize primodium.
Supplemental Figure 9. Expression trends of xylem, phloem, and procambium
marker genes along the pseudo-temporal trajectory.

Supplemental Figure 10. Cell fate and differential gene expression analysis
along pseudo-time, and cross-reference from the LCM data.

Supplemental Figure 11. Characterization of maize zmereb114 and zmereb161
mutants.

Supplemental Figure 12. Characterization of ZmUBIpro::ZmEREB161 and
ZmUBlIpro::ZmEREB114 transgenic rice plants.

Supplemental Figure 13. The impact of induced ZmSHR1 expression and auxin
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treatment on the expression of auxin-related or IDD genes in rice leaf primordia.

Supplemental Dataset 1. Maize-All_gene_TPM

Supplemental Dataset 2. Rice-All_gene_TPM

Supplemental Dataset 3. All-shnRNA-seq data

Supplemental Dataset 4. Clustering analysis of the snRNA-seq data
Supplemental Dataset 5. Rice SHR-Auxin All_gene_TPM

Supplemental Dataset 6. 335 DEGs involved in pseudo-time analysis
Supplemental Dataset 7. List of marker genes

Supplemental Dataset 8. Primers used for in situ hybridization and gqRT-PCR
Supplemental Dataset 9. DEGs from SHR-Auxin rice transcriptome

Supplemental Dataset 10. Statistical analysis
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