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The superior photosynthetic efficiency of C, leaves over C; leaves is owing to their
unique Kranz anatomy, in which the vein is surrounded by one layer of bundle sheath
(BS) cells and one layer of mesophyll (M) cells. Kranz anatomy development starts
from three contiguous ground meristem (GM) cells, but its regulators and underlying
molecular mechanism are largely unknown. To identify the regulators, we obtained the
transcriptomes of 11 maize embryonic leaf cell types from five stages of pre-Kranz cells
starting from median GM cells and six stages of pre-M cells starting from undifferenti-
ated cells. Principal component and clustering analyses of transcriptomic data revealed
rapid pre-Kranz cell differentiation in the first two stages but slow differentiation in
the last three stages, suggesting early Kranz cell fate determination. In contrast, pre-M
cells exhibit a more prolonged transcriptional differentiation process. Differential gene
expression and coexpression analyses identified gene coexpression modules, one of
which included 3 auxin transporter and 18 transcription factor (TF) genes, including
known regulators of Kranz anatomy and/or vascular development. In situ hybridization
of 11 TF genes validated their expression in early Kranz development. We determined
the binding motifs of 15 TFs, predicted TF target gene relationships among the 18 TF
and 3 auxin transporter genes, and validated 67 predictions by electrophoresis mobility
shift assay. From these data, we constructed a gene regulatory network for Kranz devel-
opment. Our study sheds light on the regulation of early maize leaf development and
provides candidate leaf development regulators for future study.

Kranz anatomy | laser capture microdissection | cell-type transcriptome | gene regulatory network |
TF binding site

Cy plants are characterized by a distinct leaf structure, namely Kranz anatomy, in which
the vein is surrounded by one inner layer of organelle-rich bundle sheath (BS) cells and
one outer layer of mesophyll (M) cells (1-3). This spatial configuration with a short
metabolite diffusion path between the two cell types and the morphological as well as bio-
chemical specialization of BS and M cells greatly increase photosynthesis efficiency (4).
The development of Kranz anatomy can be divided into three stages: 1) initiation of
procambium, 2) BS and M cell differentiation, and 3) chloroplast development and
the integration of the Cy4 cycle (5). The primary determinant of cell fate is the cell posi-
tion within the ground meristem (GM), and cell-to-cell communication is considered
essential for interpreting that position (4). Histological studies of maize leaf ontogeny
revealed that the development of Kranz anatomy starts from three contiguous median
ground meristem (mGM) cells (6, 7) (SI Appendix, Fig. S1). The three cells then give
rise to five contiguous cells by two unequal periclinal divisions of the middle cell, form-
ing four pre-BS cells and one prevein (pre-V) cell (S Appendix, Fig. S1), which are
denoted as 4BS+V. Then, additional cell divisions lead to five and six pre-BS cell stages
(referred to as the 5BS+V and 6BS+V stages, respectively), and enlargement of BS cells
occurs to form a typical Kranz anatomy (S7 Appendix, Fig. S1). Below, we shall call the
precursors of BS and V cells “pre-Kranz cells” and the precursors of M cells “pre-M” cells.
In the study of leaf Kranz anatomy, one long-standing question is how the developmental
process of Kranz anatomy is regulated. With genetic approaches, some studies have exam-
ined mutants with altered vein structure or density, including maize mutants with abnormal
leaf veins (8), rice mutants with increased leaf vein density (9), and sorghum mutants with
decreased leaf vein density (10). Several transcription factors (TFs) that regulate Kranz anat-
omy development have been identified, including SCARECROW (SCR), SHORT-ROOT
(SHR), and AINTEGUMENTA 1 (ANT1) (8, 11, 12). In addition, a number of systems
biology—based analyses have led to the identification of genes differentially expressed between
G5 and Cy plants or tissue types (13-15). Other studies have analyzed maize embryonic
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leaves at different developmental stages (16) and time course tran-
scriptomes of maize embryonic leaves (7, 17).

While these studies have contributed to a better understand-
ing of differential regulation of gene expression at different
developmental stages relevant to the development of Kranz
anatomy, the tissues used are of mixed cell types with mainly
M cells but substantially fewer preBS+PreV (BS+V) cells.
Thus, the goal of this study was to obtain cell type-specific
transcriptomes of early precursors of maize BS+V and M cells
using laser capture microdissection (LCM). By examining tem-
poral transcriptomes of developing cells at high resolution, a
gene expression atlas was constructed from cell-type RNA
sequencing (RNA-seq) data. A gene regulatory network (GRN)
was then constructed using WGCNA (weighted gene cocorrela-
tion network analysis) and cis-motif analysis. Based on the
inferred regulatory network, we identified candidate TFs and
their target cis elements that are involved in Kranz anatomy
development. The implications of our findings for the regula-
tion of early maize leaf development are discussed.

Results

LCM of Embryonic Leaves and RNA Extraction. To identify
genes related to Kranz anatomy development, we used LCM to
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Fig. 1. Isolation of tissue-specific cells from maize embryonic leaves by
LCM. (A) Isolation of mMGM cells and early BS+V cells. The first column
shows sections before LCM, the second column shows sections after LCM,
and the third column shows captured cells. (B) Isolation of pre-M cells.
White lines:pre-Kranz structure; yellow lines: M cells.
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isolate two sets of cells from embryonic leaves of 3-d-old maize
seedlings (Fig. 1 and Methods). The first set included cells that
would develop into BS cells and V cells. They were obtained from
five developmental stages (Fig. 14): 1) seven mGM cells (Fig. 1.4)
(these cells lie between two veins of primordia 1 (P1) or P2 ); 2)
the three—contiguous cell stage that initiates vein development,
denoted by “3C”; 3) the stage of four pre-BS cells 4+ pre-V cells
(ie., “4BS+V”); 4) the stage of five pre-BS cells + pre-V cells (i.e.,
“5BS+V”); and 5) the stage of six pre-BS cells + pre-V cells (i.e.,
“6BS+V”). The second set included pre-M cells that would
develop into M cells. For each of the above five stages, the same
stages of prepalisade mesophyll (PM) cells were also isolated
(referred to as PM, 3PM, 4PM, and 5/6PM, respectively) (Fig. 15).
In addition, we also isolated the one median mesophyll (1IM) cell
and the two median mesophyll (2M) cells between two adjacent
preveins at the stage of 5BS+V or 6BS+V.

Total RNA extracted from two biological LCM replicates for
the mGM, 4BS+V, 5BS+V, 6BS+V, and 5/6PM cell samples
and triplicates for the 3C, 3PM, 4PM, 1M, and 2M cell sam-
ples were subjected to linear amplification. The RNA samples
were used to construct complementary DNA (cDNA) libraries,
which were then paired-end (PE) sequenced using an Illumina
HiSeq 2500 platform (S7 Appendix, Table S1). The RNA sam-
ples were found to be of good quality (SI Appendix, Fig. S2).
The RNA-seq data are shown in SI Appendix, Table S2.

The sequencing reads were quality trimmed and mapped to
the maize reference genome (B73 RefGen_v4). Among the
mapped reads, 4.5 to 8.6 million reads (62.4 to 72.96% of total
reads) of pre-Kranz cells and 3.4 to 12.5 million reads (54.69
to 71.52%) of pre-M cells were mapped to exonic sequences
(ST Appendix, Table S2). The exonic reads were normalized
using Cufflinks (18) and reported in terms of “fragments per
kilobase of transcript per million mapped reads” (FPKMs). From
the RNA-seq data, a gene was defined as expressed if it was found
in at least 1 of the 11 transcriptomes; a total of 20,352 expressed
genes were identified (Dataset S1).

Distinct messenger RNA (mRNA) Populations of Pre-Kranz
Cells and Pre-M Cells. To study the mRNA expression differen-
tiation between the pre-Kranz cell lineage and the pre-M cell
lineage, we conducted a principal component analysis (PCA)
and a hierarchical clustering analysis of the RNA-seq data
(Fig. 2). The PCA shows that the mRNA population of mGM
cells and that of PM cells are fairly similar (Fig. 24), indicating
only mild differentiation between the two cell lineages at this
early phase of leaf development. Then, gene expression differ-
entiation progresses rapidly from mGM cells to 3C cells while
less rapidly from PM cells to 3PM cells. Thus, at this stage of
leaf development, the pre-Kranz cell lineage develops faster
than the pre-M cell lineage, and the mRNA population of 3C
cells already becomes clearly distinct from those of mGM cells
and 3PM cells (Fig. 24). Subsequently, in the pre-Kranz line-
age, gene expression differentdation becomes much slower, so
that the mRNA populations of 3C, 4BS+V, 5BS+V, and
6BS+V cells are similar and clustered in one group (Fig. 2A).
In contrast, in the pre-M cell lineage, gene expression differen-
tiation continues rapidly between 3PM and 4PM (Fig. 2A);
after that, however, gene expression differentiation becomes
much slower. Interestingly, the mRNA populations of 1M and
2M are clustered with those of 4PM and 5/6PM, indicating
that 1M and 2M cells are similar in maturity to 4PM and
5/6PM cells (Fig. 2A). In the hierarchical clustering analysis,
the mRNA populations of pre-Kranz cells and those of pre-M
cells form two separate groups after the mGM and PM stages
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Fig. 2. Relationship between the RNA populations obtained from the pre-Kranz and pre-M cells of maize embryogenic leaves. (A) PCA of genes expressed
in the captured pre-Kranz and pre-M cells. The mRNA populations of mGM cells and PM cells are fairly similar; those of 3C, 4BS+V, 5BS+V, and 6BS+V cells
form one group, and that of 3PM cells is clearly separated from all others, whereas those of 4PM, 5/6PM, 1M, and 2M cells form one group. (B) A cluster
dendrogram showing transcriptome relationships among samples of pre-Kranz and pre-M cells. The clustering patterns are consistent with those of PCA.
For example, mGM and PM are clustered in one clade, and 3PM is well separated from 4PM and 5/6PM, which together with 1M and 2M, form one clade.
The horizontal color bar indicates the developmental phases: early phase, Kranz anatomy development, and M cell development.

(Fig. 2B), consistent with the PCA. In summary, the differenti-
ation of pre-Kranz cells occurs largely before the 3C stage,
whereas rapid differentiation of pre-M cells continues until the
4PM stage.

Taken together, our data indicate that the BS and M cell gene
expression programs diverge early on in maize leaf development
and that at the 3C stage, the three neighboring cells are already
committed to become BS and V cells. Thus, our gene expression
data likely capture the early molecular activities relevant to estab-
lishing the characteristic Kranz anatomy development.

Expression Profiles of Cell Populations and Candidate
Regulators of BS Cell Differentiation. To find genes that mod-
ulate pre-Kranz and pre-M cell differentiation in maize embry-
onic leaves, we identify genes that are differentially expressed
between pre-Kranz cells and corresponding pre-M cells (e.g.,
3C vs. 3PM) (Methods and Dataset S2). In Fig. 34, the tran-
scriptional profiles of differentially expressed genes (DEGs) are
shown in terms of the relative expression levels normalized
across the 11 cell types (z scores), while in Fig. 3B, the expres-
sion levels are normalized across genes in the same cell. In
Fig. 34, the 592 DEGs are clustered into eight groups (C1 to
C8; the first column). In groups C1 to C6, the gene expression
levels in pre-Kranz cells are low except for mGM in C6 (many
genes), C3 (a number of genes), and C1 (a few genes). In C1
to C3, the expression levels are the highest in 4PM or 5/6PM.
In C4, the expression levels are the highest in 2M, 4PM, or
3PM. In C5, the expression levels are the highest in 3PM. In
C6, the expression levels are the highest in PM and/or 3PM.
As C1 to C6 include more than two-thirds of the DEGs, there
are more drastic changes in transcriptional programs in pre-M
cells than pre-Kranz cells. Many of these genes are likely impor-
tant for the development of M cells, although some (e.g., in
C6) are probably also important for Kranz cell development
when they are up-regulated. On the other hand, most C7 genes
show the highest expression levels in pre-Kranz cells except
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mGM. These genes are also among the highest expressed genes
in each of the pre-Kranz cell types as seen in Fig. 3B. The C8
genes, with only a few exceptions, show higher expression levels
in mGM than in all other cell types. Thus, the genes in C7 and
C8 are likely important for Kranz cell differentiation and devel-
opment. C7 contains only 1 TF gene (ZmPRRI), while C8
contains 12 (LBD33, ZmBBX3, GATA32, WRKY94, YABBY]I,
ZmANT2, DOT5, DOF25 ZmANT3, AIL6, ZmANTI,
YABBY3), which are candidate regulators of Kranz anatomy or
vascular development (Discussion).

To find genes that are relatively highly or lowly expressed at a
developmental stage, the relative expression levels of genes are
sorted in the same cell type (Fig. 3B, vertical comparison); the
genes are listed in the same order as in Fig. 34. We mention
some examples. First, there are genes that show dark red levels in
all 11 cell types, indicating that these genes are the most highly
expressed genes in all 11 cell types; they are found mainly in C4
to C6 (Fig. 3B). Second, there are genes (mainly in C6) that show
red or dark red in mGM and PM but red or light red in all other
cell types, indicating that these genes are very highly expressed at
the early stage of leaf development but soon become only highly
or moderately highly expressed as leaf development continues.
Third, a conspicuous pattern is observed in C7 in that a cluster of
genes shows light, intermediate, or dark red at 3C, 4BS+V,
5BS+V, and 6BS+V in Fig. 3B but shows red or light red at the
same stages in Fig. 3A. These genes are more highly expressed
than other genes in these cell types and are much more highly
expressed in pre-Kranz cells than in pre-M cells at these stages of
development. Fourth, in C8 there are genes that show low expres-
sion (blue or light blue color) in all cell types except mGM and/or
3C cell types (Fig. 34). The implications of these observations
will be discussed in Discussion.

Identification of Gene Coexpression Modules. In Fig. 3, the
clustering of gene expression profiles does not provide regula-
tory relationships between genes. To understand the regulatory

https://doi.org/10.1073/pnas.2208795119 3 of 12
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Fig. 3. Clustering of expression profiles of DEGs between pre-Kranz and pre-M cells. (A) Clustering of the expression profiles of DEGs in the 11 cell types.
The color bar at the top shows the normalized z scores of gene expression levels among the 11 cell types (horizontal normalization); blue color means the
lowest z score, while red color means the highest z score. The 592 DEGs are clustered into eight groups (clusters; C1 to C8) as indicated in the first column.
In the second column, each red line indicates a TF gene. The z scores of the DEGs are shown after the second column. (B) Clustering of the expression pro-
files of DEGs across genes in the same cell type. The DEGs are listed vertically and clustered in eight groups as in A. However, for each cell type, the z scores
are normalized among genes in the same cell type (vertical normalization). The color bar for the z scores is shown at the top. In the second column, each
red line indicates a TF gene as in A. The identified TFs in the eight groups in A are listed below. C1: ZmARF14; C2: ZmPDF2, ZmHDGS8, EREBP059, and bHLH116;
C3: GRF13; C4: GATA2, bHLH130, MYB126, bHLH96, bHLH82, and ZmCCAT; C5: MYB35, ERF81, DBB11, HSF18, and CO-like13; C6: GRF6, CSD2, MYB79, ERF182, DBB4,
NAC49, HD83, HD17, HD71, HD91, and HD75; C7: ZmPRR1; C8: LBD33, ZmBBX3, GATA32, WRKY94, YABBY1, ZmANT2, DOT5, Dof25, ZmANT3, AIL6 (ERF130), ZmANTT,

and YABBY3. All the DEGs and their gene identifications are given in Dataset S2.

relationships between genes, we construct gene coexpression
networks by applying the WGCNA (19, 20) to the cell-type
gene expression data (Methods). The genes are clustered into 15
coexpression modules, excluding a module (denoted by M16)
consisting of transcripts that do not match the selection criteria
(Fig. 4). The 15 modules contain 43 (M15) to 5,138 (M6)
genes, including 0 (M15) to 222 (M6) coexpressed TF genes
(Dataset S3 and SI Appendix, Fig. S3). The relationship between
coexpression module and cell type is assessed by the Pearson cor-
relation coefficient analysis and visualized using a heat map (Fig.
44), and the average expression profiles of genes in the 11 cell
types for each of the 16 modules are shown in Fig. 4B. The first
15 coexpression modules can be roughly classified into four cate-
gories according to the gene coexpression profiles across cell types.

4 0of 12 https://doi.org/10.1073/pnas.2208795119

The first category consists of the M1 and M2 modules. These
two modules are correlated with both mGM (» = 0.66; 0.67)
and PM (r = 0.62; 0.44) cells. In both modules, especially the
M2 module, the genes show a higher expression level in pre-
Kranz cells than in corresponding pre-M cells and thus, may play
an important role in the differentiation of pre-Kranz cells. The
second category consists of a single module (M3), in which gene
expression is much higher in mGM than in PM, and the expres-
sion levels are reduced in 3C cells but remain expressed thereafter.
The expression patterns of genes in this module suggest that this
module is important for establishing the BS+V cell fate and in
subsequent pre-Kranz cell differentiation. In the third category,
the member genes generally are correlated in expression levels
with the genes in all BS+V cell stages (i.e, the M2 and
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Fig. 4. Relationship and expression profiles between the gene coexpression

module and cell type. (A) Each row corresponds to a module, while each

column corresponds to a cell type. The values in the cells are “Pearson correlation coefficients (P values),” and the color of a cell indicates the sign and
magnitude of the correlation (red, positive correlation; blue, negative correlation). The color bar for the correlation coefficient is shown on the right-hand
side. (B) z-score plots showing expression profiles of all genes in the WGCNA-generated coexpression modules M1 to M16.

M4 to M6 modules). Genes in these modules are likely responsi-
ble for further BS+V cell differendation. The fourth category
modules tend to correlate with pre-M cells (i.e., M7 module with
PM and 3PM, M8 with 3PM, M9 with 3PM, M10 with 4PM,
M11 and M12 with 2M, and M13 to M15 with 5/6PM). These

PNAS 2022 Vol.119 No.35 2208795119

genes have higher expression levels in pre-M cells than in pre-
Kranz cells and thus, are likely important for further differentia-
tion and maturation of pre-M cells. Taken together, these results
indicate that each of the pre-Kranz and pre-M cell compartments
of a maize embryonic leaf is associated with one or more
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coexpression modules that reflect the gene regulatory processes
specific to a compartment and are indicators of the differentiation
programs functioning within specific cellular compartments.

Biological Processes Enriched in Coexpression Modules of
BS+V Cells. To identify the major biological processes associ-
ated with the BS+V coexpression modules, we used the Singu-
lar Enrichment Analysis in agriGO version 2.0 (21) to identify
the processes that were significantly enriched (with a false
discovery rate (FDR) of <0.05) in the modules that showed
high correlation with BS+V developments. These included
modules in category 1 (M1 and M2; mildly differentiated), cat-
egory 2 (M3; BS+V cell fate), and category 3 (M4 to MG6;
BS+V differentiation) (Fig. 54), but only M1, M2, M4, and
M6 have Gene Ontology (GO) terms significantly enriched
(Fig. 5B and Dataset S4). The BS+V-correlated M1 and M2
modules are found to be enriched in “auxin-mediated signaling
pathway” and “response to auxin stimulation,” with the latter
GO category including the ZmPINIa (Zm00001d044812) and
ZmPIN1d (Zm00001d052442) genes, which encode two auxin
efflux carriers involved in shoot and root development (22, 23).
Additionally, a close inspection of genes in the M2 module also
identifies ZmLAX2 (Zm00001d028401), the paralog of auxin
influx carrier (AUXI), which maintains the auxin distribution
pattern against environmental or developmental influences (24).
To investigate the importance of auxin import in Kranz anatomy
development, we study auxin distribution and the expression of
LAX2, a major influx carrier in maize. Auxin distribution and accu-
mulation are found in developing maize seedlings (Fig. 6 A and B),
and ZmLAX2 transcripts are present in inner cells of shoot apical
meristem (SAM) and become abundant in the vascular bundles of
seedlings and young leaves (Fig. 6 C-F). The combined transcrip-
tion and in situ data show that the three auxin transporter genes
(ZmLAX2, ZmPINIa, and ZmPIN1d) are more highly expressed at
the mGM stages than at the other stages (Fig. 74), and they are
expressed in vascular bundles. These observations suggest that auxin
transport is important for Kranz anatomy development by first
forming auxin maxima for rapid cell division and differendation.

Candidate TFs Important for BS+V Cell Differentiation. We focus
on the BS+V-associated M2 coexpression module to decipher a
portion of the auxin-mediated GRN because auxin is important
for Kranz anatomy development. We select TF genes with two
criteria: coexpression with auxin transport genes in the M2
module and enriched expression in mGM cells compared with
PM cells. There are 18 TFs and three auxin transporters that
are specific to the M2 module (Fig. 74 and SI Appendix, Table
S3). From the preferential gene expression in mGM over PM
cells, we make the following observations (Fig. 74 and S/
Appendix, Table S3). First, these 21 genes have an expression
level 1.5 to 4 times higher in pre-Kranz cells (especially in
mGM and 3C cells) than in pre-M cells. The genes that are
strongly and preferentially expressed (greater than three to four
times) in mGM and 3C cells over PM and 3M cells are ANT2,
ANT3, ANT3-1, AIL6, ARF20, C2H2, DOT5, DOF43,
GATA21, LAX2, and PINla. Second, in the descending order,
the most highly expressed TF genes in mGM and 3C are
YABBY1, AIL6, ANT3, ANTI, ARF25, ANT3-1, and DOT5.
Collectively, these genes may play a key role in initiating BS
cell differentiation and vein development. Third, the expression
levels of several TF genes (e.g., ANT3, ARF25, and YABBYI)
are the highest in mGM and maintain a relatively higher level
of expression thereafter. These TFs may be involved in both BS
cell differentiation and maintenance. Significantly, LAX2, PINla,
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and PIN1d are more highly expressed at the mGM and 3C stages
than at the other stages, consistent with the notion that they play
a key role at early cell developmental stages in forming auxin
maxima and determining their cell fates.

The 18 TF genes specific to the M2 module include 5 ANT
genes that are involved in cellular differentiation because their
loss of function showed reduced fertility, abnormal ovules and
lateral organs, and aberrant vascular development (12, 25).
Two (ARF20 and ARF25) of the 18 TFs are auxin-response
TFs; their Arabidopsis orthologs are known to regulate vascular
development (26, 27). The M2 module also includes three basic
helix-loop-helix (bHLH) TFs (ZmbHLHS8S, ZmbHLHI05,
ZmbHLH134); their Arabidopsis orthologs regulate root hair and
sperm cell development and control asymmetric cell divisions dut-
ing stomatal development (28, 29). C2H2 and DOT5 (DEFEC-
TIVELY ORGANIZED TRIBUTARIES 5) are two C2H2
zinc finger TFs; the Arabidopsis ortholog of DOTS regulates vas-
cular patterning (30). DOF43 (zinc finger) TF, the ortholog of
Arabidopsis HCA2 (HIGH CAMBIAL ACTIVITY 2), is
expressed in vascular tissue (31). GATA2I encodes a GATA TF
whose Arabidopsis ortholog is required to position the proembryo
boundary in the early embryo (32). Mybr59 encodes the Arabidop-
sis thaliana myb/SANT domain protein. WRKY109 encodes a
member of the WRKY TF family. YABBYT encodes a member of
the YABBY TF family whose Arabidopsis ortholog is involved in
the abaxial cell-type specification in leaves and fruits (33).

To validate the above findings, we select 11 of the 18 candi-
date TF genes and 2 auxin transporter genes (PINIz and LAX2)
from the M2 module (Fig. 74 and SI Appendix, Table S3) for in
situ hybridization study. All of these 13 genes exhibit Kranz-
specific differential expression and are likely genes functioning
within or close to the developing Kranz anatomy during early
maize leaf development. The in situ hybridization data (Fig. 7B),
as well as the transcriptomes, show that they are expressed in the
BS cells and vascular bundles of seedlings, suggesting that these
genes are involved in early Kranz anatomy development.

Identifying TF Binding Motifs and Inferring Regulatory
Relationships between Genes. To be able to predict the target
genes of the above TFs, we determine their binding motifs (tran-
scription factor binding sites [TFBSs]) using the DNA affinity
purification sequencing (DAP-seq) technique (34), which is a
powerful in vitro technique for genome-wide TFBS discovery.
We are able to infer the PWMs (position weight matrices) of 15
TFs from the DAP-seq data (S/ Appendix, Table S4).

For each of the above 15 PWMs, we use FIMO (Find Indi-
vidual Motif Occurrences) of The MEME Suite (35) to detect
its presence in the promoter sequences of the predicted target
genes in the M2 coexpression module (Methods and S/
Appendix, Table S5). The presence of a PWM motif sequence
in the promoter is indicated by a red line between the TF and
a predicted target gene in Fig. 8, in which the TFs and their
predicted target genes with TFBS support are visualized using
Cytoscape (36).

We then use the electrophoresis gel mobility shift assay
(EMSA) to test for the predicted binding of a TF to the pro-
moters of its inferred target genes (SI Appendix, Table S5). In
total, 10 TFs tagged with glutathione S-transferase (GST) fusion
are successfully expressed and purified, including ZmANT1,
ZmANT3, ZmAIL6, ZmDOF43, ZmbHLH88, ZmbHLH105,
ZmARF25, ZmARF20, ZmGATA21, and ZmDOTS5. As
expected, retardation in gel mobility is clearly observed when
the TF recombinant proteins are individually incubated with
the biotin-labeled probes with sequence derived from the
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Fig. 5. Biological processes enriched in gene coexpression modules of the pre-Kranz cell types. (A) Heat map of the scaled FPKM values (z scores) of
the expression levels of genes in the six gene coexpression modules of pre-Kranz genes in the 11 cell types. The color bar on the left shows the six modules
(e.g., the M1 module at the top), while the color bar on the right shows the z scores in color. ATP :adenosine triphosphate (B) Enrichment of biological pro-
cesses in the pre-Kranz compartment-correlated modules. The heat map shows enrichment in the top 10 biological process GO terms inferred for the M1,
M2, M4, and M6 modules based on the multiple hypothesis tests (false discovery rates (FDRs) < 0.05) (see GO terms in Dataset S4). The yellow to red color
indicates the level of enrichment from low to high significance, respectively, and gray indicates “not significant.”

promoters in the corresponding target genes (SI Appendix, Fig.
S4). A total of 67 transcriptional regulatory pairs are assayed, and
58 pairs are successfully validated (>85%). Only nine pairs fail
(SI Appendix, Fig. S4 and Table S5). Some of the transcriptional

PNAS 2022 Vol.119 No.35 e2208795119

regulatory pairs are supported by the literature. For example,
AtANT contributes to organ polarity and regulates the growth
of lateral organs in combination with YABBY genes (37). As
another example, APIN3 is a direct target of AtARF7 (the
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Fig. 6. Localization of indole-3-acetic acid (IAA) and ZmLAX2 of the maize seedling shoot. (A and B) Immunohistochemical localization at the shoot tip (A) and vas-
culature (B), showing strong IAA signals in the shoot apical meristem (SAM) and the P1 to P3 primordia. (Scale bars: 50 pm.) (C-F) In situ hybridization of ZmLAX2
transcript accumulation in the maize seedling shoot. Longitudinal (C and D) and transverse (E and F) sections of wild-type seedling apices reveal a punctuated,
interspersed accumulation pattern of ZmLAX2 transcripts (purple) on the vasculature of the SAM and the P1 to P3 primordia. (Scale bars: 50 pm.)

ortholog of ZmARF20) during lateral root development (38).
Overall, these findings support the reliability of the predicted tran-
scriptional networks.

Discussion

Pre-Kranz and Pre-M Cell Isolation and Transcriptome Charac-
terization. In this study, we developed a special LCM protocol
that allowed for microscopic isolation, amplification, and high-
throughput sequencing of nanogram amounts of RNA from
specific pre-Kranz and pre-M cells collected from fixed maize
embryonic leaves (Fig. 1 and S/ Appendix, Table S1). The high-
quality RNAs isolated from the laser-captured cells (Fig. 1 and
SI Appendix, Fig. S2 and Table S1) and the highly reproducible
RNA-seq data (SI Appendix, Table S2) enabled us to detect the
mRNAs of 44,483 genes accumulated in at least one captured
cell compartment and 20,352 genes expressed in at least one
compartment (Dataset S1). We used an LCM RNA-seq profil-
ing approach to comprehensively detect mRNA populations
for five pre-Kranz and six pre-M cell compartments of 3-d-old
maize embryonic leaves and obtained the transcriptome for
each type of cell.

By clustering analysis of gene expression profiles, we classi-
fied the DEGs into eight groups (Fig. 3). A surprising observa-

tion is that there are far more genes (six groups) that show a
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higher expression level in pre-M cells than in pre-Kranz cells,
indicating that more genes undergo expression differentiation
in pre-M cells than pre-Kranz cells. On the other hand, groups
C7 and C8 show higher gene expression levels in pre-Kranz
cells than in pre-M cells. While C7 includes only 1 TF, C8
includes 12 TF genes, so they might play important roles in
pre-Kranz cell fate determination and subsequent differentia-
tion. The WGCNA provided a more detailed clustering analy-
sis and classified the genes into 15 modules (Fig. 4). Indeed,
5 (LBD33, ZmBBX3, GATA32, WRKY94, and DOF25) of the
12 TF genes in the C8 group in Fig. 3 belong to the M1 mod-
ule (87 Appendix, Fig. S5), and the remaining seven genes
(YABBY1, ZmANT2, DOT5, ZmANT3, ERFI30 [AILG],
YABBY3, and ZmANTI) belong to the M2 module (Dataset
S3 and S7 Appendix, Table S3). Thus, WGCNA provides more
detailed information than the simple clustering analysis; how-
ever, the latter provides more directly interpretable groupings.
Among the 15 gene coexpression modules identified by
WGCNA, the M2 module is the most interesting one as dis-
cussed in some details above. The M1 module is also of special
interest because it includes genes preferentially expressed at the
mGM stage (SI Appendix, Fig. S5), so it might play a role in
the initial development of Kranz anatomy. Among the 19 TFs
in M1, the PWMs of 9 TFs were found in the CIS-BP Data-
base (39) (SI Appendix, Table S6). A candidate GRN of the
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Fig. 7. Gene expression profile and localization of candidate genes of the
maize seedling shoot. (A) The heat map of expression values (z scores) of
the 21 candidate GRN genes in the 11 cell types. The color bar is shown on
the right. (B) In situ hybridization of 7-d-old maize seedlings for gene tran-
script localization in the pre-Kranz and vascular traces of leaf primordia.
The names of the 11 TFs and two auxin transporters are indicated under
the figures. (Scale bars: 100 pm.)

M1 module was then inferred by combining the gene coexpres-
sion network and the scanned potential TFBSs in promoters
(ST Appendix, Fig. S7). In this network (SI Appendix, Fig. S7
and Table S7), ZmSHRI is a well-known regulator of Kranz
anatomy development (11), and ZmSCL3 is a paralog of
ZmSCR, which is another well-known regulator of Kranz anatomy
development (8). The two TFs (ZmDOF25 and ZmDOF39) at the
top of the network are involved in vascular system development
(40). Moreover, the GRN also includes ZmTCP5, ZmTCP38, and
ZmTCP40, which may be involved in the regulation of cell division
to control leaf morphogenesis (41). The putative functions of the
remaining TFs in this GRN are described in SI Appendix, Table
S7. Thus, this network is apparently involved in the regulation of
Kranz anatomy development in maize leaves.

The M3 module is also of special interest because its genes
are only preferentially expressed at the mGM stage (Fig. 48
and SI Appendix, Fig. S7), so it might play an import role in
the transition from mGM to 3C. This module includes only
two TFs, ZmINDETERMINTE DOMAIN 14 (IDDI14)
(Zm00001d020683) and ZmTCP30 (Zm00001d043368),
both of which are preferentially expressed at the mGM stage.
Their PWMs are found in the CIS-BP Database (39) (S7
Appendix, Table §7). ZmIDD14 is indirectly implicated in the
control of vein spacing (42, 43), and the SHR/SCR/IDD net-

work might wire auxin and brassinosteroid (BR) signaling to
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coordinate leaf vein density (42). The function of ZmTCP30
may be similar to that of ZmTCP5, which may be involved in
the regulation of cell division to control leaf morphogenesis (41).

Transcript and Tissue Sample Clusters. For the 11 different
cell-type RNA-seq libraries obtained in this study, the number
of genes expressed in at least 1 library was 20,352. Construc-
tion of the regulatory network by WGCNA broadly reduced
the number of major gene expression profiles. Many expression
profiles are defined by genes that express much higher in one
cell type than in the others. This is similar to an LCM study
of endosperm cell types (44), highlighting the importance of
examining molecular activities, such as gene expression, at the
cellular level because pooling cells of different types together
leads to loss of regulatory details and the relationship between
gene expression (or function) and tissue (or cell localization).
This relationship can be better expressed in terms of statistical
correlations (Fig. 4).

The three stages of maize Kranz anatomy development are 1)
initiation of procambium, 2) BS and M cell differentiation, and
3) chloroplast development and the integration of the Cy4 cycle
(5). The M1 to M6 coexpression modules contain genes preferen-
tially expressed in mGM-, 3C-, 4BS+V-, 5BS+V-, or 6BS+V-
stage cells (Fig. 4). The functional enrichment analyses revealed
that the M1, M2, M4, and M6 modules are composed of genes
more highly expressed at the mGM, 3C, and 4BS+V stages (Fig.
5A4). The GO terms of mGM-associated M1 and M2 modules
are related to the initiation of procambium. The M4 coexpression
module may be involved in the BS and M cell differentiation at
the 3C stage (Fig. 4 and Dataset S4). The M6 module may be
involved in the Kranz anatomy development and the integration
of the C4 cycle at the 3BS+V to 6BS+V stages (Dataset S4).
These observations indicate that the coexpression modules can be
used to decipher the key regulatory programs associated with cel-
lular differentiation in Kranz anatomy development.

Auxin-Mediated Kranz Anatomy Development. The enrich-
ment of auxin-related genes in modules relevant to BS+V cell
fate determination and differentiation is consistent with the
established role of auxin as a major positional signal for vascular
tissue formation (45). An antiindole-3-acetic acid antibody was
employed to determine the auxin distribution and accumula-
tion in developing maize seedling (Fig. 6 A and B). Auxin accu-
mulation was detectable at the tip of SAM and in SAM and P1
to P3 primordia, and the ZmLAX2 and ZmPINIa transcripts
are present in the vascular bundles (Fig. 7). These observations
suggest that both auxin and auxin transport modulate embry-
onic leaf patterning and Kranz cell development.

The first stage of Kranz anatomy development is the initia-
tion of procambium (5). As mentioned above, auxin and its
transporters together provide a major positional signal for vas-
cular tissue formation, and the canalization model of auxin
flow predicts a feedback regulation of the auxin transport rate
and polarity by a localized auxin source (45). This mechanism
would be adequate to gradually generate more concentrated
auxin channels that would determine the position of a new vas-
culature and explain the vasculature formation seen in leaves
after wounding or in a newly initiated organ (46). To look for
the early key regulators that regulate the positional signal of
Kranz anatomy development, we studied the mGM and PM
stages. A GO analysis of the DEGs between mGM and PM
showed that they were enriched in PM for the terms “xylem
and phloem pattern formation,” “positive gravitropism,” and
“developmental process” and in mGM for the terms “response
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the TFBS in the promoter of the target gene and TF binding validated by EMSA, respectively.

to abiotic stimulus,” “secondary metabolism,” “photosynthesis,”
“cuticle development,” and “wax biosynthesis,” etc. (SI Appendix,
Fig. S7). The major “supercluster” of enriched GO terms is
xylem and phloem pattern formation, and it includes many
enriched GO terms related to this. Indeed, we inferred an M2
regulatory module containing 18 TF genes and three auxin trans-
porters that are likely involved in auxin-mediated Kranz anatomy
development. As an example, the transcripts of WRKY109 are
seen throughout all stages of Kranz anatomy development
(mGM, 3C, 4BS+V, 5BS+V, and 6BS+V stages) (SI Appendix,
Fig. S8). It may be a central regulator for positional signaling of
Kranz anatomy development, and it governs the cell fate of
Kranz cells once the positional signal is determined. From these
findings, we can infer that the positional signal is established at a
very early stage (the 3C stage). Therefore, further studies using
TF gene mutants will be helpful for determining the full GRN.
The WGCNA data in Fig. 8 imply that some of the TFs at
or near the top of the network (ANT1, ANT3, AIL6, and
bHLHS88) modulate the initiation and/or the early stage of
Kranz anatomy development. In this connection, we note that
ANTT1 has indeed been shown to modulate Kranz anatomy and
vascular development and that ANT3 and AIL6 (ANT-like pro-
tein) are two paralogues of ANT1 (12). Moreover, bHLH88, the
ortholog of Arabidopsis LIRHLI-LIKE 1 (LRLI), interacts with
two PERICYCLE FACTOR TYPE-A (PFA) proteins and PERI-
CYCLE FACTOR TYPE-B (PFB), which is required for the
competence of pericycle cells to initiate lateral root primordium
formation (47). Overexpression of PFA genes confers hallmark
pericycle characteristics, including specific marker gene expression
and auxin-induced cell division, and multiple loss-of-function
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mutations in PFA genes or the repression of PFB target genes
results in the loss of this specific pericycle function (47).
ZmDOF43, the ortholog of AtDof5.6/ HCA2, was also expressed
in the pericycle of primary roots (31). Considering the reported
roles of LRL1 and also, the up-regulation in mGM and PM of its
maize ortholog, bHLHS88, the pericycle developmental pathway
may be co-opted in Cy4 plants for Kranz anatomy development.

In summary, our dataset provides a high-resolution atlas of
gene expression in differentiating pre-Kranz cell compartments
and pre-M cell compartments of early maize embryonic leaves.
This dataset provides insights into the functions of pre-Kranz
cell types and identifies the coexpressed gene sets that establish
the differentiated states and functions of these cell types. Fur-
thermore, as exemplified by our analysis of the auxin-mediated
regulatory module, our dataset can be used to dissect the mod-
ules regulating Kranz anatomy development. The findings from
this study, therefore, constitute a significant advancement
toward the identification of GRNs that regulate maize Kranz
anatomy development.

Methods

Plant Growth Conditions and Sample Preparation. Seeds were surface
sterilized, imbibed, and germinated on wet paper towels. Approximately 72 h
after imbibition, embryonic leaves from 3-d-old seedlings were still enclosed in
coleoptiles, and the embryonic leaves were fixed with ethanol/acetic acid (3:1)
overnight and infiltrated with 10 to 15% sucrose prior to freezing in isopentane
for generating sections suitable for LCM (48). Tissues were dehydrated through
an ethanol gradient and stained in xylene before proceeding to LCM. Then, we
used LCM to microdissect the cells of interest according to the manufacturer's
instructions. Based on the cell diameters, the cell types were isolated using a
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15-um laser beam; the laser power was set at 40 mW, and the laser pulse dura-
tion was 20 ps. Specific cell types, including pre-Kranz cells (mGM-, 3C-, 4BS,
5BS-, and 6BS-stage GM cells) and pre-M cells (PM, 3PM, 4PM, 5/6PM, 1M, and
2M cells), were identified by staining before being captured (Fig. 1). Then, these
cells were separately harvested and captured on the cap (Fig. 1). For each cell
type, we obtained more than 1,000 cells per biological replicate and collected
batches in duplicates or triplicates. Total RNA was extracted from the collected
cells using the MN NucleoSpin RNA XS (Macherey-Nagel). DNase | treatment
was performed during RNA isolation using on-column DNase digestion. The
quality and profile of the RNA samples were checked using the Agilent 2100
Bioanalyzer (Agilent Technologies). Good quality and quantities of RNA were
obtained for RNA-seq (S/ Appendix, Fig. S2 and Table S1).

Developing a Low-Input RNA-seq Library Technique and Constructing
RNA-seq Libraries. Due to the scarce amount of RNA isolated from LCM-
dissected cells, the RNA was subjected to preamplification before strand-specific
RNA-seq library construction. aRNA amplification was conducted using the Targe-
tAmp 1-Round antisense RNA (aRNA) Amplification Kit (Epicentre; now Lucigen).
Briefly, the first-strand cDNA was synthesized by SuperScript Il (Thermo Fisher
Scientific) with 3’-oligo-dT primer engineered with the T7 promoter sequence,
followed by second-strand synthesis to complete the double-stranded cDNA. The
in vitro aRNA amplification was conducted with T7 RNA polymerase, followed by
deoxyribonuclease (DNase) | treatment and purification with the MinElute kit
(Qiagen). The purified aRNA samples were quantified by the Qubit RNA assay
(Thermo Fisher Scientific) and profiled by the BioAnalyzer RNA Pico assay (Agi-
lent). The resulting aRNA showed a profile from 50 bp to over 4 kb. For RNA-seq
library construction, input of 40 ng of aRNA from each sample was used along
with the KAPA Stranded mRNA Sample Prep kit (KAPA), starting from RNA frag-
mentation, cDNA synthesis, A tailing, and adaptor ligation. The barcoded libraries
were examined by Qubit and the BioAnalyzer HS DNA assay (Agilent). The adap-
tor dimers (128 bp) in the libraries were removed by gel size selection using
Blue Pippin with 1.5% agarose gel cassette (Sage Science). For equal pooling of
the barcoded libraries for sequencing, the final stranded aRNA sequencing
(aRNA-seq) libraries were normalized by qPCR for molar concentration using
KAPA Library Quantification Kit lllumina Platforms (Kapa Biosystems).

Obtaining Transcriptomes by RNA-seq. The RNA-seq libraries were sequenced
using the lllumina HiSeq2500 High Throughput v4 mode with the PE2*125nt
format. The raw reads were quality checked and mapped to the maize reference
genome (B73 RefGen_v4, AGPv4) (49) by Bowtie2 software (version 2.2.3) (50)
and TopHat2 (version 2.0.14) (51). Expression abundances (FPKMs) for Zea mays
B73 AGPv4 genes (49) were quantified with Cufflinks (version 2.2.1) (52). Of the
reference-mapped reads (8.0 to 11.1 million, 63 to 92% of total reads), 3.2 to
11.3 million (54 to 68%) were aligned to exonic regions (S/ Appendix, Table S2).

Identifying DEGs between Pre-Kranz and Pre-M Cells. To identify the
genes that are differentially expressed between pre-Kranz cells and pre-M cells,
we used NOISeq (53, 54) to compare gene expression levels in pre-Kranz and
pre-M cells with ¢ = 0.8 as the criterion for DEGs. A total of four pairs of sam-
ples were compared, including mGM vs. PM, 3C vs. 3PM, 4BS+V vs. 4PM, and
5BS+V vs. 5/6PM. The DEGs in each comparison were collected, and their
expression levels were normalized in terms of z scores. According to the z scores,
genes were clustered into eight groups using the K-means method with k = 8.

Gene Coexpression Network Analysis. The gene coexpression network anal-
yses were carried out using WGCNA in the R package (19, 20). Before the net-
work construction, the proper soft-thresholding power was determined by an
analysis of the network topology. We used the block-wise network construction
option with a soft-thresholding power value of 13. Genes with a module mem-
bership (also known as kME (eigengene-based connectives)) of >0.3 were
assigned to an eigengene module or to an M16 module if they did not meet
the above criteria. The correlation between each gene pair was calculated to
establish a similarity matrix. Using a range of soft-threshold values, the average
connection network and the fitting evaluation network of scale-free topology
models showed an approximate scale-free topology. The adjacency was con-
verted into a topological overlap matrix (TOM), and all coding sequences were
hierarchically clustered by TOM similarity. The Dynamic Tree Cut method (55),
which merged highly correlated modules using a height cut less than 0.25, was
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used to determine the coexpression gene modules of the gene dendrogram.
Finally, we confirmed the stage-specific modules according to the distinguished
interrelationship between module membership and the significance gene. By
using Cytoscape version 3.4.0 (36), the highly connected genes of specific modules
at each developmental stage were visually identified. Differential expression was
determined using NOISeq (53, 54) with g = 0.8. GO enrichment analysis was per-
formed using the agriGO version 2.0 (21).

In Situ Hybridization Localization of mRNAs. Embryonic leaves obtained
from maize seedlings were harvested, fixed, processed, and hybridized to probes
as described in Huang et al. (56). The primers used to generate the probe clones
are listed in SI Appendix, Table S8.

DAP-seq Protocol and Inference of the TF Binding Motif. Our DAP-seq
protocol is as described in ref. 12. Genomic DNA was extracted from 4-d-old mil-
let (Setaria italica) leaves, fragmented, and ligated with the truncated adaptor
from the NEBNext Ultra || DNA Library Prep Kit for Illumina (NEB) with five cycles
of PCR amplification to derive shotgun genomic libraries. For protein expression,
the TF coding sequence was cloned into the plX in vitro expression vector with
the N-terminal HALO-Tag using LR Clonase (Thermo Fisher Scientific) and
expressed using the TNT T7 Coupled Wheat Germ Extract System (Promega). The
GST sequence was cloned into the pIX and used as an experimental protein con-
trol. Haloalkane dehalogenase (HALO)-tagged TF and GST proteins were immobi-
lized on Magne HaloTag beads (Promega), washed, and incubated with 350 ng
of the anchor-amplified shotgun genomic library. After bead washing, the bead-
bound DNA fragments were eluted and amplified with the NEB indexing primers
by 10 to 21 cycles of PCR. The TF-enriched libraries were sequenced on lllumina
HiSeq 2500 with the PE 2- x 101-bp mode at the High Throughput Genomics
Core, Academia Sinica, Taiwan.

To infer the binding motif of a TF from DAP-seq data, the PE reads were prepro-
cessed to remove adapters, and low-quality bases were trimmed off using Trimmo-
matic (version  0.39) (57) with options ILLUMINACLIP:-  TruSeq3-PE fa:
2:40:12:8:true LEADING: 10 SLIDINGWINDOW:4:15 MINLEN:50. The trimmed reads
were aligned using Bowtie2 (version 2) (50) to the Setaria viridis genome (version
2.1), in which the repetitive sequences were masked. Those reads aligned to multi-
ple loci and those duplicated reads aligned to the same locus were filtered out
using SAMtools (58). The enriched binding events were identified by comparing
the reads coverage from GST TFs enrichment vs. GST-only control using MACS2 (ver-
sion 2.1.2) (59) with g value < 0.05. The top 500 peaks (summits.bed by MACS2)
of binding regions based on the MACS2 g values were selected to extract sequen-
ces from two 100-bp flanking regions of the peaks, 200 bp in total. The top five
motifs (PWMs) were then identified using MEME-ChIP (version 5.0.5) (60). The
PWM having the largest number of occurrences (at least 100 sites) among the top
500 peak sequences was selected as the PWM of the TF under study.

TF Target Gene Prediction. The prediction is as described in Liu et al. (12).
We used the PWM of a TF to find its potential target genes by mapping the
PWM to the promoter sequences of all candidate genes using FIMO (35) with
P value < 0.005. The promoter sequence of a gene was defined as the region
from —1,000 to +200 bp relative to the transcription start site of the gene (61).
We then added the genes with promoters covered by DAP-seq peaks (as
described above), even though they did not pass the search of the PWM
sequence. From this set of genes, we selected those that showed in M2 module
to form a set of candidate genes. Then, following the method of Yu et al. (61),
we required that a PWM sequence be found in the promoters in Z mays. These
genes were considered the putative target genes of the cognate TF.

EMSAs. The protocol is as described in Liu et al. (12). The primers used to gener-
ate the biotin-labeled promoter probes are listed in S/ Appendix, Table S9.

Data, Materials, and Software Availability. Transcriptome data have been
deposited in NCBI SRA (accession no. PRINA831613) (62). All other data are
included in the article and/or supporting information.
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