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SUMMARY

The leaf veins of higher plants contain a highly specialized vascular system comprised of xylem and phloem

cells that transport water, organic compounds and mineral nutrients. The development of the vascular sys-

tem is controlled by phytohormones that interact with complex transcriptional regulatory networks. Before

the emergence of true leaves, the cotyledons of young seedlings perform photosynthesis that provides

energy for the sustainable growth and survival of seedlings. However, the mechanisms underlying the early

development of leaf veins in cotyledons are still not fully understood, in part due to the complex cellular

composition of this tissue. To better understand the development of leaf veins, we analyzed 14 117 single

cells from 3-day-old cotyledons using single-cell RNA sequencing. Based on gene expression patterns, we

identified 10 clusters of cells and traced their developmental trajectories. We discovered multiple new mar-

ker genes and developmental features of leaf veins. The transcription factor networks of some cell types

indicated potential roles of CYCLING DOF FACTOR 5 (CDF5) and REPRESSOR OF GA (RGA) in the early

development and function of the leaf veins in cotyledons. These new findings lay a foundation for under-

standing the early developmental dynamics of cotyledon veins. The mechanisms underlying the early devel-

opment of leaf veins in cotyledons are still not fully understood. In this study, we comprehensively

characterized the early differentiation and development of leaf veins in 3-day-old cotyledons based on

single-cell transcriptome analysis. We identified the cell types and novel marker genes of leaf veins and

characterized the novel regulators of leaf vein.
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INTRODUCTION

The evolution of vascular tissue that efficiently transports

water and organic solutes was critical for the establish-

ment of land-based plant life (Furuta et al., 2014a). Water

is transported upward in the xylem, which is comprised of

tracheids and vessel elements (Lucas et al., 2013). Organic

solutes are transported bidirectionally in the phloem (Fur-

uta et al., 2014b), which contains living sieve tube ele-

ments (SEs) that lack a nucleus but have nucleated

companion cells (CCs) associated with them (Fukuda,

2004). Additionally, the vascular system is often sur-

rounded by a bundle sheath (BS) of parenchyma cells.

In Arabidopsis, the shoot apical meristem and root apical

meristem give rise to the procambium, whereas procambial

cells (PCs) produce the primary phloem and primary xylem

during primary growth (Furuta et al., 2014a). A Zinnia (Zin-

nia elegans L.) TRACHEARY DIFFERENTIATION INHIBITORY

FACTOR (TDIF), identified as the CLAVATA3/ESR-RELATED

(CLE) family peptide CLE41/CEL42/CEL44, was found to

function as a signaling molecule that both inhibits xylem
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cell differentiation from PCs and promotes PC proliferation

(Ito et al., 2006; Hirakawa et al., 2008, 2010). Its receptor

TDR/PXY (TDIF RECEPTOR/PHLOEM INTERCALATED WITH

XYLEM) belongs to the XI LRR-RLK (LEUCINE-RICH REPEAT

RECEPTOR-LIKE KINASE) family and is expressed in PCs in

Arabidopsis (Ito et al., 2006; Fisher and Turner, 2007; Hira-

kawa et al., 2008; Etchells and Turner, 2010). In Arabidop-

sis, the TDIF signal activates the expression of WUSCHEL-

related HOMEOBOX 4 (WOX4), WOX14 and HOMEOBOX

GENE 8 (ATHB8) in PCs and cambial cells (Hirakawa

et al., 2010; Ji et al., 2010; Suer et al., 2011; Etchells

et al., 2013). Arabidopsis ATHB8 encodes an HD-Zip III tran-

scription factor (TF; Baima et al., 2001) whose paralogs

modulate the expression of genes involved in auxin biosyn-

thesis and perception (Muller et al., 2016). The plant glyco-

gen synthase kinase 3 proteins (GSK3s) were identified as

crucial downstream components of the TDIF signaling path-

way that suppress xylem differentiation from PCs in Ara-

bidopsis (Kondo et al., 2014). A recent study revealed a

PXY-mediated transcriptional regulatory network of Ara-

bidopsis, in which WUSCHEL HOMEOBOX RELATED14

(WOX14), TARGET OF MONOPTEROS6 (TMO6) and LAT-

ERAL ORGAN BOUNDARIES DOMAIN4 (LBD4) formed a

feed-forward loop to regulate the expression of target

genes in response to auxin, cytokinin (CK) and TDIF PXY

signaling (Smit et al., 2020). CKs are key regulators of

xylem development (Mahonen et al., 2000, 2006;

Matsumoto-Kitano et al., 2008; Bishopp et al., 2011a,b),

and their interaction with CLE peptides was shown to regu-

late xylem differentiation (Kondo et al., 2011).

The formation of vein patterns in leaves and cotyledons

undergoing a spatially regulated development proceeds by

the progressive recruitment of ground cells into PCs (Car-

land and Nelson, 2004). The organization of different cell

types in veins is under the control of polar auxin transport

and the MYB and HD-ZIP TFs. Auxin has been shown to

play a crucial regulatory role in establishing the continuous

procambial strands necessary for vascular differentiation.

The synthesis, degradation and distribution of auxin are

tightly correlated with the differentiation and patterning of

the vascular system (Sachs, 2000). The regulation of auxin

flow requires symmetrically localized influx and efflux car-

riers on the plasma membrane, including AUXIN RESIS-

TANT 1 (AUX1)-like influx and PIN1-like efflux proteins in

the cambium (Marchant et al., 1999; Steinmann

et al., 1999). MONOPTEROS (MP), which encodes an Auxin

Response Factor (ARF), is involved in regulating auxin-

mediated vascular tissue specification (Hardtke and Ber-

leth, 1998). MP is thought to act as an activator of vascular

proliferation in seedlings (Vera-Sirera et al., 2015) or as a

repressor of vascular proliferation in mature plant tissues

(Mattsson et al., 2003; Brackmann et al., 2018). In addition

to auxins, CKs have been identified as hormonal regulators

of vascular patterning (Burkle et al., 2003). The roots of

mutants with an impaired histidine kinase signaling sys-

tem have been shown to contain increased protoxylem

cells in vascular cylinders, while other cell types were

depleted in this tissue (Dettmer et al., 2009). CKs have also

been shown to be required for the maintenance of cambial

cell proliferation during secondary growth (Matsumoto-

Kitano et al., 2008).

To identify the upstream components that spatiotempo-

rally regulate xylem and phloem development, a system

known as Vascular Cell Induction Culture System Using

Arabidopsis Leaves (VISUAL) has been established (Kondo

et al., 2015). The phloem SE-like cells and xylem tracheary

elements can be induced by VISUAL, and genetic analysis

has confirmed that ALTERED PHLOEM DEVELOPMENT

(APL) plays a central role in SE differentiation via VISUAL

(Kondo et al., 2015). APL, which encodes a MYB-type TF, is

thought to be required for later steps of SE development

and for spatially limiting the differentiation of the xylem

(Bonke et al., 2003). The downstream components of APL

include NAC DOMAIN-CONTAINING PROTEIN 45

(NAC045), NAC086 and NAC45/86-DEPENDENT

EXONUCLEASE-DOMAIN (NENs), which regulate enucle-

ation during phloem differentiation (Furuta et al., 2014b).

Based on VISUAL transcriptome data, a co-expression net-

work that regulates early phloem SE development has also

been identified (Kondo et al., 2016).

After seed germination, the cotyledon is not only an

important reserve organ, but also the initial organ that per-

forms photosynthesis to provide energy for growth and

survival of seedlings. Leaf veins rapidly appear in cotyle-

dons after germination. They form the key channel network

for the transport of photosynthetic products and minerals

in seedlings. Although considerable effort has been

devoted to understanding vein cell differentiation, a full

understanding remains elusive due to the limitations of tis-

sue separation techniques (Fukuda, 2004; Furuta

et al., 2014a; Kondo et al., 2016). Recently, the single-cell

RNA-sequencing (scRNA-seq) technique has been used to

determine the mechanisms that regulate root development

(Denyer et al., 2019; Ryu et al., 2019; Zhang et al., 2019;

Wendrich et al., 2020; Apelt et al., 2021; Gala et al., 2021;

Liu et al., 2021; Serrano-Ron et al., 2021; Wang et al., 2021;

Zhang et al., 2021) and phloem cells in mature leaves (Kim

et al., 2021). These studies provide a key reference for ana-

lyzing the regulatory mechanisms of the early development

and differentiation of leaf veins in cotyledons. In this study,

we used scRNA-seq technology (Liu et al., 2020) to analyze

14 117 single cells isolated from 3-day-old cotyledons. Our

study presents the early developmental dynamics of the

leaf veins in cotyledons and also identified core TFs that

are involved in regulating the development of leaf vein.

Our study also provides new cell-type-specific gene expres-

sion profiles and potential marker genes for future studies

of the development of plant vascular tissue.
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RESULTS

Single-cell transcriptome profiling of leaf vein cell types

and gene expression profiles

The development and function of vascular tissues in leaves

and roots are very similar but are controlled indepen-

dently. The vascular system in leaves connects to the mes-

ophyll cells (MPCs) and acts as the first hub that receives

the photosynthetic products transported to all tissues

through the phloem system (Amiard et al., 2005; Baker

et al., 2016). Therefore, the developmental pattern of leaf

veins is impacted by photosynthesis (Li et al., 2017). To

explore the mechanisms underlying leaf vein development

in cotyledons, we investigated the transcriptome profiles

of leaf vein cells via scRNA-seq. First, we isolated proto-

plasts from the 3-day-old cotyledons and obtained 15 170

single cells for scRNA-seq (Figure S1). After quality control

analysis of the raw sequencing data, 14 117 cells were

selected for further analysis (Figure S2). The t-distributed

Stochastic Neighbor Embedding (t-SNE) analysis and the

Uniform Manifold Approximation and Projection (UMAP)

algorithms were used to visualize the cell clusters (Fig-

ures 1a and S3a). A total of 10 and 11 cell clusters were

identified by t-SNE and UMAP analyses, respectively (Fig-

ures 1a and S3a). The differentially expressed genes

(DEGs) in each cluster were screened as described in

Experimental Procedures (Tables S1 and S2). The top 10

genes that were most unique to a given cell cluster were

considered as marker genes and are displayed in a heat-

map (Figures 1b and S3b). The representative marker

genes are shown on the feature plot in Figure 1(c) and Fig-

ure S3(c). The correlation analysis of corresponding cell

clusters from t-SNE and UMAP is displayed in Fig-

ure S3(d). Gene Ontology (GO) enrichment analysis of

DEGs of all cell clusters produced by UMAP analysis was

carried out to analyze biological processes that are

enriched in each cluster (Figure S3e).

To identify the cell type of each cluster, we first con-

ducted a literature survey of the marker genes of vascular

tissues (Table S3). Recent studies have identified APL,

SIEVE ELEMENT OCCLUSION B (SEOB), SWEET11 and

SWEET12 as marker genes for the phloem parenchyma

(PP); SUCROSE-PROTON SYMPORTER 2 (SUC2) and FT-

INTERACTING PROTEIN 1 (FTIP1) as marker genes for CCs;

SCARECROW-LIKE 23 (SCL23) and SULPHATE TRANSPOR-

TER 2;2 (SULTR2.2) as marker genes for BSs; FAMA,

SPEECHLESS (SPCH), TOO MANY MOUTHS (TMM) and

MITOGEN-ACTIVATED PROTEIN KINASE 12 (MPK12) as

marker genes for guard cells (GCs); MERISTEM LAYER 1

(ATML1) and CUTICULAR 1 (CUT1) as marker genes for the

epidermis (EP); ACAULIS 5 (ACL5) and GLUTAMATE

RECEPTOR 3.6 (GLR3.6) as marker genes for the xylem par-

enchyma (XP); ATHB-8, REVOLUTA (REV) and ATHB-15 as

marker genes for XP cells with features related to xylem

differentiation (PCxp); BETA-AMYLASE 3 (BAM3) and

CLE45 as marker genes for PCs with features related to

phloem differentiation (PCpp); PURINE PERMEASE 1

(PUP1), EP3 and NDR1/HIN1-LIKE1 (NHL1) as marker genes

for hydathode (HD); LIGHT HARVESTING CHLOROPHYLL

A/B-BINDING PROTEIN 1.1 LHCB2.1 (LHCB2.1) and RIBU-

LOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1B

(RBCS1B) as marker genes for MPCs (Kim et al., 2021 ).

Additionally, SWEET11 has been shown to be expressed in

MPCs (Kim et al., 2021). To identify the vein cells, we ana-

lyzed the expression of marker genes of the vascular sys-

tem in each cell cluster on the tSNE (Figure S4) and UMAP

plots (Figure S5). This analysis revealed that the cell clus-

ters 0, 1, 2, 3, 4, 5, 6, 7 and 8 belong to BS, MPC, HD, PP,

CC_4, GC, EP, XP and CC_8, respectively. Cluster 9 did not

display significant expression for any known marker genes

and was therefore termed ‘unknown’ (u.k.). Interestingly,

genes encoding mitochondrial proteins were strongly

expressed in cluster 9, suggesting that mitochondrial activ-

ities are very high in cells of this cluster. Based on marker

gene analysis, we also identified the cell sub-clusters for

PCpp within XP, PCxp within PP, and SE within CC_8 (Fig-

ure 1a). Because more than one cell cluster was identified

as CC, we added the serial number of the corresponding

cell cluster to distinguish them, as indicated by CC_4 and

CC_8, respectively (Figure 1a). The corresponding cell

types in UMAP were also identified and annotated accord-

ing to the highly correlated cell types identified in t-SNE

and marker genes (Figure S3a).

We then investigated the potential biological functions

of DEGs in each cell type by GO enrichment analysis (Fig-

ure 2; Table S4). As shown in Figure 2, DEGs associated

with response to stimulus, metabolic process and localiza-

tion were enriched in all cell clusters. The DEGs of BS and

MPC were found to be primarily associated with photosyn-

thesis and the generation of precursor metabolites and

energy (Figure 2a). The DEGs in CC_4 were mainly found

to be related to the nucleolus, while the DEGs in CC_8 were

mainly related to purine nucleotide metabolic processes

and copper ion binding (Figure 2a). The DEGs in PP only

share cofactor metabolic processes with other cell clusters,

suggesting that PP may perform a relatively unique biolog-

ical function (Figure 2a). Further analysis showed that

DEGs in PP are mainly involved in the response to inor-

ganic substances and to hypoxia (Figure 2b). The DEGs in

XP encode proteins primarily localized in the nucleus,

membrane protein complexes and chloroplast stroma (Fig-

ure 2a). The DEGs in HD are predominantly related to the

nucleolus and membrane protein complexes (Figure 2a).

Screening for marker genes of leaf veins

Many well-characterized regulators of the development

and function of the vascular system are expressed in

cotyledon veins, and the identification of marker genes

� 2022 The Authors.
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Figure 1. Identification of the cell types of leaf vein in cotyledons.

(a) t-distributed Stochastic Neighbor Embedding (tSNE) plot of all cells passing the quality control test. Each dot represents a cell colored by clusters labeled by

inferred cell types. BS, bundle sheath; MPC, mesophyll cell; PP, phloem parenchyma; HD, hydathode; CC, companion cell; GC, guard cell; EP, epidermis; XP,

xylem parenchyma; PCxp, xylem parenchyma cells with features relating to xylem differentiation; PCpp, procambium cells with features relating to phloem differ-

entiation; SE, sieve element; u.k., unknown.

(b) Heatmap of the top 10 genes that were specifically expressed in each of the clusters in the tSNE plot.

(c) Feature plots of the representative marker gene in each cell cluster.
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could lead to the discovery of more vascular system regu-

lators (Bonke et al., 2003; Schlereth et al., 2010 ). To this

end, we screened for new marker genes by analyzing the

top 10 most highly expressed genes in each cluster.

SWEET11, SWEET12 and BASIC LEUCINE ZIPPER 9 (bZIP9)

were found to be specifically expressed in PP, consistent

with previous results (Kim et al., 2021; Figures S4 and S5).

In SE, the marker gene SEOB is specifically expressed in

living sieve tubes, and is involved in regulating the devel-

opment of phloem and SE (Froelich et al., 2011; Figures S4

and S5). For CC, we also found expression of several char-

acterized marker genes, such as SUC2 and FTIP1,

suggesting that the expression of these genes is conserved

in both young cotyledons and mature leaves (Kim

et al., 2021; Figures S4 and S5). In addition to these known

marker genes, some uncharacterized marker genes are also

expressed in specific cell types, such as TETRASPANIN6

(TET6) in CC_8, DNA BINDING WITH ONE FINGER 2.4

(DOF2.4) in CC_8 and SE, IRREGULAR XYLEM 7 (IRX7) in

HD, and NHL1, CDF4 and CYP79B3 in PP (Figures S4 and

S5). To confirm these new marker genes, we generated

transgenic plants expressing the GUS reporter under the

control of the promoters (2000 base pair upstream of start

code) of the selected marker genes. As expected, the GUS

Figure 2. Gene Ontology (GO) enrichment analysis of the differentially expressed genes (DEGs) in each of the cell clusters.

(a) Analysis of the specifically enriched GO terms in each cell cluster. BS, bundle sheath; MPC, mesophyll cell; PP, phloem parenchyma; HD, hydathode; CC,

companion cell; GC, guard cell; EP, epidermis; XP, xylem parenchyma; u.k., unknown.

(b) Analysis of the specifically enriched GO terms in PP.

� 2022 The Authors.
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signals of these representative genes of OLIGOPEPTIDE

TRANSPORTER 4 (OPT4), EUKARYOTIC RELEASE FACTOR

1–2 (ERF1-2), AT4G18422, AT1G23200, CYP79B2, CYP79B3,

NITRATE TRANSPORTER 1.7 (NRT1.7), NHL1, AT1G04945,

BZIP25, AT3G12730, PURPLE ACID PHOSPHATASE 2

(PAP2), DOF2.4, TET6 and CDF4 can be detected in the leaf

veins of 3-day-old cotyledons (Figure S6). Analysis of the

yellow fluorescent protein (YFP) expression of NTR1.7:YFP,

NEK6:YFP and BZIP9:YFP indicated that these three genes

are expressed in veins of 3-day-old cotyledons (Figure S7).

These results confirm the expression patterns of these

novel marker genes.

We next sought to explore whether the expression of

these selected marker genes can be induced during vascu-

lar development using the VISUAL system. As shown in

Figure 3, the GUS activity of NHL1pro::GUS, DOF2.4pro::

GUS, NRT1.7pro::GUS and AT3G12730pro::GUS increased

in MPCs compared with that of mock-treated cells (Fig-

ure 3). However, the GUS activity of PAP2pro::GUS and

TET6pro::GUS did not significantly change (Figure 3).

These results suggest that the expression of some marker

genes is activated during the development of veins

induced by VISUAL. To explore the potential roles of mar-

ker genes, we also generated transgenic plants that over-

express some representative marker genes. As shown in

Figure 4, the development of veins in 3-day-old cotyledons

overexpressing CDF4 (oeCDF4) and oeBZIP9 was impaired

compared with wild-type (WT), suggesting that CDF4 and

BZIP9 are involved in regulating the development of veins

in cotyledons.

Tracing of the temporal and spatial patterns of leaf vein

marker genes by pseudo_time analysis

To establish the profiles of the marker genes over the

course of leaf vein development, we reconstructed the

developmental time course and lineage relationships using

Monocle analysis (Trapnell et al., 2014). As shown in Fig-

ure 5(a,b), the different cell types are distributed in the cor-

responding regions along the pseudo_time trajectory.

Further analysis of the pseudotemporal expression

dynamics of specific marker genes of the vascular system

indicated that the expression levels of BZIP9, SEOB, BAM3,

NAC076 and NAC030 were highest at the beginning of

pseudo_time, followed by those of NAC028, NAC057 and

DOF2.4 (Figure 5c). This suggests that these TFs play

important roles at an early stage of leaf vein development,

after which point the expression of NAC045, NAC086, APL,

NAC020, REV and RESTRICTED TOBACCO ETCH POTY-

VIRUS MOVEMENT (RTM3) increases along the develop-

mental trajectory (Figure 5c). Genes involved in the

differentiation of CC, phloem and SE, such as NEN1,

NEN4, NPL41, RTM1, RTM2 and RTM3, are transiently

induced at a later stage of the pseudo_time trajectory (Fig-

ure 5c). To further test the pseudotemporal model, we also

performed RNA velocity analysis of DEGs for all cell clus-

ters with velocyto (La Manno et al., 2018). Velocyto can be

Figure 3. Analysis of the expression patterns of representative vein marker genes.

To detect the expression patterns of representative vein marker genes, we generated transgenic plants expressing the GUS reporter driven by their promoter,

wild-type (WT) was used as negative control.

(a) The GUS signals were detected in the 3-day-old cotyledons under mock conditions.

(b) The levels of GUS were detected in the 3-day-old cotyledons after Vascular Cell Induction Culture System Using Arabidopsis Leaves (VISUAL) treatment.

Scale bar: 500 lm.
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used to analyze changes in transcriptional rate, maturation

and turnover of a transcript. This information can then be

utilized to predict future up- or downregulation of the cor-

responding transcript (La Manno et al., 2018). RNA velocity

was visualized by plotting an arrow for each cell linking

the actual state to the estimated future state (Figure 6a; La

Manno et al., 2018; Zywitza et al., 2018). As predicted by

the pseudotemporal model, the transcriptional profiles of

cells in HD, PP, CC_4 and GC changed very little (short or

no arrows; Figure 6a), as expected for quiescent and termi-

nally differentiated cells (Svensson and Pachter, 2018;

Zywitza et al., 2018). The RNA velocity of cells in clusters

BS, XP and CC_8 showed large changes (Figure 6a), as

expected for cells that differentiate rapidly. Additionally,

analysis of RNA velocity can help to determine the state of

gene transcripts (Trapnell et al., 2014). To investigate the

specific induction and repression of gene expression along

the manifold, we also examined the phase portraits of indi-

vidual genes. Phase portraits of genes can show the

expected deviations from the predicted steady-state rela-

tionship (La Manno et al., 2018). As expected, NAC020 and

SEOB are specifically expressed and show positive velocity

as indicated by the levels of the spliced mRNA in a similar

population of PCpp and SE (Figure 6b). Figure 6(b) further

shows that COTYLEDON VASCULAR PATTERN 2 (CVP2)

and BAM3 are primarily expressed and show positive

velocity in PCpp and SE, while APL and NEN1 are mainly

expressed and show positive velocity in CC_8.

Identification of the core TFs of leaf vein

The development of the vascular system is under the con-

trol of both phytohormones and a complex transcription

regulatory network. To identify the master regulators

related to the biogenesis and development of the vascular

system, we screened for TFs that are specifically expressed

in CC, XP and PP. TF networks for these cell clusters were

then generated and the core TFs were identified (Figure 7;

Table S5). As shown in Figure 7(a�c), the core TFs are

CYCLING DOF FACTER 5 (CDF5) in PP, ETHYLENE-

RESPONSIVE ELEMENT BINDING FACTOR 15 (ERF15) and

TFIIIA in CC_4, and REPRESSOR OF GA (RGA) and REPRO-

DUCTIVE MERISTEM (REM19) in XP. CDF5 is an impor-

tant regulator of circadian rhythm and flowering time

(Henriques et al., 2017; Martin et al., 2018, 2020). DNA

affinity purification sequencing (DAP-seq) analysis indi-

cated that CDF5 is significantly enriched on the 50-
untranslated region (UTR) and promoter of BZIP9,

SWEET12 and SULTR2;1 and the coding sequence (CDS) of

SWEET11 (Figure 7e�g), suggesting that the expression of

these genes can be regulated by CDF5. GO analysis of the

target genes of CDF5 indicated that they are enriched for

cellular response to hormone stimulus, phloem or xylem

histogenesis and circadian rhythm (Figure 7h). To better

understand the potential roles of CDF5 in the development

of PP, we isolated the cdf5 mutant, characterized the devel-

opmental patterns of its cotyledon veins and quantified the

expression of potential CDF5 targets. As shown in Figure 7

(i), the developmental patterns of veins in the cdf5 mutant

are similar to those of WT, but the expression of BZIP9,

SWEET11, SWEET12 and SULTR2;1 declined to varying

degrees (Figure 7j), suggesting that CDF5 may be involved

in regulating the function of leaf veins by regulating

the expression of these four target genes. Indeed, they

are mainly involved in regulating the function, rather than

the development of leaf veins (Maruyama-Nakashita et al.,

2015; Walerowski et al., 2018; Kim et al., 2021), although

we found that oeBZIP9 can affect the development of veins

(Figure 4).

Recent studies indicate that light can initiate PC forma-

tion in VISUAL (Yamazaki et al., 2018). Although light does

not elevate endogenous gibberellic acid (GA) content, GA

can simulate the effect of light to promote PC formation

through degradation of DELLA (GAI, RGA, RGL1, RGL2 and

RGL3; Yamazaki et al., 2018). In addition, overexpression

of the constitutively active DELLA protein RGA inhibits vas-

cular cell differentiation even under light conditions, sug-

gesting that RGA prevents PC formation during vascular

development in VISUAL (Yamazaki et al., 2018). As shown

in Figure S8(a�c), feature plots indicate that RGA is highly

enriched in PC and PP, suggesting that DELLA signaling

may be involved in regulating the development of the leaf

veins at a very early stage. To investigate the potential

roles of RGA during the early development of the leaf vein

in cotyledons, we obtained the oeRGL2 and della quintuple

mutant (gai-t6; rga-t2; rgl1-1; rgl2-1; rgl3-1) from Arabidop-

sis Biological Resource Center (ABRC). As expected, the

developmental pattern of the leaf vein in cotyledons was

normal in oeRGL2, but impaired in the della quintuple

mutant compared with WT (Figure S8d�f). These results

suggest that DELLA is required for the regulation of the

early development of the leaf veins in cotyledons.

ATP synthase beta-subunit is involved in regulating the

development of the leaf veins in cotyledons

The vein system is the main transmission pipeline for

metabolites generated by photosynthesis and water in

leaves, and the development of the leaf vein system is

impacted by photosynthetic activity and energy status (Li

et al., 2017). Expression profiles of CC_8 and XP are greatly

enriched for genes involved in the generation of precursor

metabolites and energy (Figure 2a), suggesting that active

energy metabolism is required for the early development

of the leaf vein in cotyledons. Further analysis indicated

that the expression of the mitochondrial marker genes

AT5G08670 and AT5G08690, which encode the mitochon-

drial ATP synthase beta-subunit, is higher in XP and CC_8

(Figure 8a,b). To further investigate the expression of

AT5G08670 and AT5G08690 during the development of the
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vascular system in cotyledons, we generated correspond-

ing GUS reporter lines. The expression of AT5G08670pro::

GUS and AT5G08690pro::GUS was high in the leaf veins in

cotyledons (Figure 8c,d). The GUS signals of AT5G08670-

pro::GUS and AT5G08690pro::GUS were increased in

MPCs after VISUAL treatment (Figure 8e,f). To examine

whether AT5G08670 and AT5G08690 are involved in the

development of leaf veins, we isolated mutants deficient in

these genes. Analysis of the development of leaf veins of

the single mutants showed that their leaf veins developed

normally (data not shown). The mRNA and protein

sequences of AT5G08670 and AT5G08690 are highly simi-

lar, suggesting that they may be functionally redundant.

Because AT5G08670 and AT5G08690 are located close

together in the Arabidopsis genome, double mutants could

not be generated via crossing. We instead generated the

double mutant through the DNA editing technique (Fig-

ures 8h and S9). The development of the leaf veins in the

cotyledons of the double mutant (here referred to as atpb)

was impaired compared with WT (Figure 8g,h), suggesting

that AT5G08670 and AT5G08690 are required for the early

development of the leaf veins in cotyledons.

DISCUSSION

Transcriptome and novel marker genes of the leaf vein in

cotyledons

Leaf veins provide an important structural support and

transportation system for the transmission of organic mat-

ter, minerals and water in leaves. The role of leaf vein for-

mation in the early development of cotyledons still

remains poorly understood. Xylem and phloem cells

sorted from VISUAL cultured samples by fluorescence-

activated cell sorting (FACS) technology have provided

important insights into the molecular mechanisms under-

lying sequential differentiation of sieve element-like cells

(Kondo et al., 2016). However, only a few cell types can be

obtained by FACS, and it is difficult to elucidate the early

developmental regulation of leaf vein under conditions of

the VISUAL culture system (Kondo et al., 2016). The

Figure 4. Analysis of the effects of over-expression of representative marker genes on the developmental pattern of veins in cotyledons.

Detection of the development of the leaf veins in cotyledons of 3-day-old seedlings of wild-type (WT) seedlings and transgenic plants. The leaf veins of cotyle-

dons were marked with red dotted lines. Scale bar: 500 lm.
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application of 10X Genomics in the plant scRNA-seq

research field has demonstrated its technical advantages in

high cell throughput and its ability to analyze the hetero-

geneity of single-cell gene expression patterns. This

approach has made it feasible to analyze the molecular

mechanisms of the early development of leaf veins in

cotyledons. We employed 10X Genomics technology to

investigate the global cell atlas of 3-day-old cotyledons.

We analyzed 14 117 single cells, identified 10 cell clusters

and annotated the corresponding cell types. GO analysis of

DEGs specifically expressed in different cell types provides

a reference for in-depth and systematic study of the biolog-

ical functions of various leaf vein cells. The DEGs in BSs

and MPCs were found to be related to photosynthesis (Fig-

ure 2a), which is consistent with the presence of chloro-

plasts in these cells (Barton et al., 2016). Interestingly, we

found that GO terms enriched in PP share little overlap

with those of other cell types, and are mainly involved in

responses to biotic and abiotic stimulations (Figure 2a,b).

Based on GO analysis, we also found that the DEGs of XP

Figure 5. Analysis of the temporal and spatial distribution of cells by pseudo_time analysis.

(a) Distribution of cells of all clusters on the pseudo_time trajectory.

(b) Distribution of cells of each cell type colored according to cluster on the pseudo_time trajectory.

(c) Clustering and expression kinetics of marker genes of vascular along with pseudo_time progression.
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and CC_8 are significantly enriched for energy metabolism

in mitochondria (Figure 2a). The representative marker

genes AT5G08670 and AT5G08690 were also found to be

highly expressed in XP and CC_8 (Figure 8a,b). Develop-

ment of the leaf vein pattern was impaired in the cotyle-

dons of the atpb mutant, suggesting that energy

metabolism in mitochondria is required for the early devel-

opment of the leaf vein (Figure 2). In addition to the known

regulators of the leaf vein, we also found novel marker

genes, such as HEAVY METAL ASSOCIATED ISOPRENY-

LATED PLANT PROTEIN 36 (HIPP36), ARABIDOPSIS THALI-

ANA HISTIDINE-CONTAINING PHOSPHOTRANSMITTER 1

(AHP1), TET6 and PHL12 for CC, ARABINOGALACTAN

PROTEIN 31 (AGP31) and CELLULASE 1 (CEL1) for XP,

DOF2.4 for SE and IRX7, CDF4, SULTR2;1 and BZIP9 for PP

(Figures 1 and S4). The low-affinity sulfate transporter

SULTR2;1 is predominantly expressed in the XP and peri-

cycle cells in Arabidopsis thaliana roots when sulfate is

depleted (Maruyama-Nakashita et al., 2015). However, the

expression of SULTR2;1 in the shoot vascular system is

not induced by sulfur starvation (Maruyama-Nakashita

et al., 2015). AGP31 and FTIP1 have also been shown to

play roles in the regulation of vascular system develop-

ment (Liu and Mehdy, 2007; Liu et al., 2012; Abe

et al., 2015). Analysis of the expression of GUS driven by

promoters of marker genes further confirmed their pres-

ence in leaf veins of cotyledons (Figure S6). These newly

identified marker genes can be used as references in future

studies.

Spatial and temporal patterns of the leaf vein

transcriptome

The development of the leaf vein is a sequential process

that is accompanied by significant changes in transcrip-

tome, metabolism and cell morphology. The results of the

pseudo_time analysis indicated that all cells could be

ordered along one main developmental trajectory (Fig-

ure 5a). Analysis of the distribution of different cell types

indicated that the cells of different cell clusters are dis-

tributed relatively independently on the pseudo_time tra-

jectory (Figure 5b). Previous studies have shown that key

regulators of vein development, such as NAC020, SEOB

and APL, are expressed at specific developmental stages of

leaf veins (Kondo et al., 2016). Heatmap analysis of repre-

sentative marker genes in our study yielded patterns that

were consistent with previous data (Kondo et al., 2016; Fig-

ure 5c), and the dynamic expression patterns of represen-

tative marker genes along the time trajectory are

compatible with their known functions at particular devel-

opmental stages of leaf veins (Figure 5c). These results

suggest that the pseudo_time analysis is an effective tool

to determine the dynamics of gene expression at different

developmental stages. Further RNA velocity analysis

showed that RNA metabolism activity in PP, XP and EP

Figure 6. RNA velocity unveils the RNA dynamics of different cell types.

(a) RNA velocity plotted in t-distributed Stochastic Neighbor Embedding (t-SNE) space. The direction of state transitions and the extent of change in RNA

dynamics are indicated by the vectors (arrows) and their lengths, respectively. Long arrows indicate that cells have either initiated or terminated the transcrip-

tion of many different genes, while short arrows or no arrows indicate cells with small changes in transcriptional activity.

(b) The plots illustrate phase portraits of representative genes. The signals of spliced mRNA were shown.
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Figure 7. Identification of regulatory networks of transcription factors (TFs) in different cell types.

(a�c) Regulatory network showing potentially core transcriptional regulators for phloem parenchyma (PP), companion cell (CC)_4 and xylem parenchyma (XP)

cells. The dot size indicates the number of connections. Gene names of top-ranked nodes (ranked by the number of connections) are shown.

(d�g) DNA affinity purification sequencing (DAP-seq) of enrichment of CDF5 in the promoter regions of representative genes. Data are derived from O’Malley

et al. (2016).

(h) Gene Ontology (GO) enrichment analysis of target genes of CDF5.

(i) Detection of the developmental patterns of vascular system in cotyledons of 3-day-old seedlings of cdf5 mutant and wild-type (WT) seedlings. Scale bar:

500 lm.

(j) Quantitative polymerase chain reaction (qPCR) analysis of the relative expression of representative target genes of CDF5 in cdf5 mutant and WT. **p < 0.01;

***p < 0.001, Student’s t-test versus WT.
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cells is relatively low, which is compatible with their nature

as quiescent and terminally differentiated cells. In contrast,

BSs, MPCs and CC_8 were shown to have high RNA meta-

bolic activity, indicating that these cells are highly differen-

tiated (Figure 6a).

Identification of the core transcriptional factors regulating

the development of the leaf veins in cotyledons

The development of the vascular system is regulated by a

signaling cascade composed of CLE41/42-TDR-WOX4/14,

as well as other TFs (Etchells and Turner, 2010; Hirakawa

et al., 2010; Suer et al., 2011; Etchells et al., 2013; Kondo

et al., 2014). Recently, several important TFs involved in

the regulation of vascular system function have been char-

acterized, such as SUPPRESSOR OF MAX2 1-LIKE 5

(SMXL5), SHORTROOT and WRKY15 (Ge et al., 2020; Kim

et al., 2020; Smit et al., 2020; Wallner et al., 2020). Our

scRNA-seq results indicate that different cell types have

distinct DEGs related to specific functions during develop-

ment of the leaf veins (Figure 2). We screened for TFs that

were specifically enriched in PP, CC and XP (Figure 7a�c).

DAP-seq and phenotype analysis indicated that CDF5 may

be involved in regulating the function rather than the

development of veins by regulating the expression of

SWEET11, SWEET12, BZIP9 and SULTR2;1 (Figure 7d�j).

The identification of these core regulators also indicated

the potential roles of GA signaling in the regulation of the

development of the leaf veins in cotyledons. For example,

we found that the TFs RGA, RGA-LIKE 1 (RGL1) and RGL2

are highly expressed in the XP and CC_8, and the develop-

ment of leaf veins in the cotyledons of the della quintuple

mutant was impaired (Figure S8). In the past, the roles of

jasmonic acid (JA) and indole acetic acid (IAA) in the regu-

lation and regeneration of the vascular system have been

demonstrated (Reinhardt, 2003; Scarpella et al., 2006;

Foyer et al., 2015; Zhou et al., 2019a). ERF109 and ERF115

were shown to act in response to JA signaling during

regeneration of the vascular system (Zhou et al., 2019b),

and our results provide new insights into the role of GA in

the development of the leaf veins in cotyledons.

Taken together, our results provide new insights into the

early transcriptome profiles of leaf veins in cotyledons,

and lead to the identification of new marker genes for leaf

vein cells. The dynamic expression patterns of these new

marker genes were further confirmed with GUS reporter

fusions, providing new information about the mechanisms

Figure 8. ATP synthase beta-subunit AT5G08670 and AT5G08690 are involved in regulating the development of veins in cotyledons.

(a,b) Feature plots of the expression of AT5G08670 and AT5G08690. The cells of xylem parenchyma (XP) and companion cell (CC)_8 are marked with blue line

circles.

(c,d) The expression of GUS of AT5G08670pro::GUS and AT5G08690pro::GUS is specifically enriched in leaf veins of cotyledon.

(e,f) The levels of GUS of AT5G08670pro::GUS and AT5G08690pro::GUS were increased in mesophyll cells (MPCs) with the Vascular Cell Induction Culture Sys-

tem Using Arabidopsis Leaves (VISUAL). Scale bar: 500 lm (c�f).

(g,h) Detection of the developmental patterns of leaf veins in cotyledons of 3-day-old seedlings of wild-type (WT) seedlings and atpb double mutant (double

mutant of AT5G08670 and AT5G08690). Scale bar: 500 lm (g,h).
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underlying leaf vein development. A more complete pic-

ture of the mechanisms underlying the development of

leaf veins will be possible by employing these new mark-

ers in future studies.

EXPERIMENTAL PROCEDURES

Screening and verification of mutants

The T-DNA insertion mutants were obtained from ABRC
(Table S6). Mutant lines homozygous for the T-DNA insertion
were identified by polymerase chain reaction (PCR) analysis using
gene-specific and T-DNA-specific primers (Figure S10; Table S7).

Constructs for plant transformation

To generate the pBGWFS7-promoter (of marker genes) constructs,
the upstream 2000 bp of the start codon ATG of selected marker
genes were PCR-amplified using the primer pairs as described in
Table S7. Then the PCR products were purified and first cloned
into pDNOR201 by BP Clonase reactions (GATEWAY Cloning;
Invitrogen, Waltham, MA, USA) according to the manufacturer’s
instructions to generate the pDNOR-promoter (of marker genes).
The resulting plasmids were recombined into pBGWFS7 using LR
Clonase reactions (GATEWAY Cloning; Invitrogen) to generate the
final constructs. To generate the overexpression constructs, the
full-length cDNA fragments of marker genes were PCR-amplified
using the primer pairs described in Table S7. Then the PCR prod-
ucts were purified and first cloned into pDNOR201 by BP Clonase
reactions (GATEWAY Cloning; Invitrogen) according to the manu-
facturer’s instructions to generate the pDNOR-cDNA vectors. The
resulting plasmids were recombined into pB7YWG2.0 using LR
Clonase reactions to generate the final constructs.

Plant transformation

The pBGWFS7-promoter constructs were transformed into
Agrobacterium tumefaciens strain GV3105 via electroporation.
Then the A. tumefaciens that contained the constructs of
pBGWFS7-promoter was introduced into WT. The resulting T1
transgenic plants were selected by BASTA as described previously
(Sun et al., 2016). Homozygous transgenic plants were used in all
experiments.

Cotyledon collection and protoplast preparation

We isolated protoplasts from cotyledons of 3-day-old Arabidopsis
seedlings as described previously (Yoo et al., 2007) with slight
modifications to adjust to the cotyledon tissue. Briefly, the cotyle-
dons were harvested from seedlings and cut into 2-mm sticks and
submerged in a solution [0.5 mM CaCl2, 0.5 mM MgCl2, 5 mM MES,
1.5% Cellulase RS, 0.03% Pectolyase Y23, 0.25% BSA, actinomycin
D (33 mg L�1) and cordycepin (100 mg L�1), pH 5.5] by vacuum
infiltration for 10 min. The samples were then incubated for 4 h to
isolate protoplasts. Afterwards, the isolated cells were washed
three times with 8% mannitol buffer to remove Mg2+. Cells were
then filtered with a 40-lm cell strainer. Cell activity was detected
by trypan blue staining and cell concentration was measured with
a hemocytometer.

scRNA-seq library preparation

We prepared scRNA-seq libraries with Chromium Single Cell 30

Gel Beads-in-emulsion (GEM) Library & Gel Bead Kit v3 according
to the user manual supplied by the kit.

scRNA-seq data preprocessing

The raw scRNA-seq data preprocessing was performed as
described (Liu et al., 2020). Firstly, the preliminary quality control
of raw data was carried out by using CellRanger (V 3.0.0) software.
The average Q30 quality of RNA reads was 93.1%, the median
UMI value of each cell was 24 650, and the median gene value of
each cell was 2321. On the basis of CellRanger’s preliminary qual-
ity control, Seurat software package (v 2.3.4) was used for further
quality control of the data. Theoretically, the number of genes
(nGene), number of UMI (nUMI), mitochondrial genes (per-
cent.mito) and chloroplast genes (percent.pt) expressed by most
cells will be concentrated in a certain region. A very low number
of genes or UMI is considered as low-quality cell, and a too high
number may be considered as double cells or multicellular. There-
fore, cell filtration was analyzed according to the distribution of
four indexes of nUMI, nGene, percent.mito and percent.pt. To
remove low-quality cells and likely multiplet captures, which is a
major concern in microdroplet-based experiments, we further
applied a criteria to filter out cells with UMI/gene numbers beyond
the limit of the mean value � twofold of standard deviations,
assuming a Gaussian distribution of each cell’s UMI/gene number.
Following visual inspection of the distribution of cells by the frac-
tion of mitochondrial genes and chloroplast genes expressed, we
further discarded low-quality cells where > 10% of the counts
belonged to mitochondrial genes and > 40% of the counts
belonged to chloroplast genes. After quality control, 14 117 cells
in total remained and were used in the downstream analyses.
Library size normalization was performed in Seurat on the filtered
matrix to obtain normalized counts.

Genes with the highest variable expression amongst single cells
were identified using the method described previously (Macosko
et al., 2015). The average expression and dispersion were briefly
calculated for all genes, which were subsequently placed into 10
bins based on expression. Principal component analysis (PCA)
was performed to reduce the dimensionality on the log- trans-
formed gene-barcode matrices of the most variable genes. Cells
were clustered via a graph-based approach and visualized in two
dimensions using tSNE. A likelihood ratio test, which simultane-
ously tests for changes in mean expression and percentage of
cells expressing a gene, was used to identify significantly DEGs
between clusters. We used the FindAllMarkers function
(test.use = bimod, logfc.thresold = 0，min.pct = 0.25) in Seurat to
identify DEGs of each cluster. For a given cluster, FindAllMarkers
identified positive markers compared with all other cells.

To confirm the identification of cell clusters by tSNE, we also
performed the UMAP analysis (Becht et al., 2019). For PCA, the
scaled data were reduced into 30 approximate PCs depending on
the 5965 highly variable genes (set npcs = 30). Clusters were iden-
tified using the Seurat function ‘FindClusters’ with ‘resolu-
tion = 0.4’. The data structures were separately visualized and
explored by UMAP (run the ‘RunUMAP’ function with ‘n.neigh-
bors=30, metric = correlation and min.dist=0.3’).

Pseudo_time trajectory analysis of single-cell transcriptomes
was conducted using Monocle 2 (Trapnell et al., 2014). For
pseudo_time analysis, the raw count in Seurat object was
first converted into the CellDataSet with the importCDS (object,
import_all = F) function in Monocle 2. Then we used esti-
mateSizeFactors() and estimateDispersions() functions to pre-
calculate some parameters about the data. Specifically, size fac-
tors helped us normalize the differences in mRNA recovered
across cells, and ‘dispersion’ values helped us perform the differ-
ential expression analysis later. We used differential GeneTest
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function (fullModelFormulaStr = ‘~clusters’) of the Monocle 2
package for ordering genes (qval < 0.01) that were likely to be
informative for ordering cells along the pseudo-time trajectory.
The ordered genes were then marked with the setOrderingFilter()
function. The dimensional reduction clustering analysis was per-
formed with the reduceDimension() function, max_compo-
nents = 2, reduction_method = ‘DDRTree’, and then with the
trajectory inference (‘orderCells’ function) with default parameters.
Gene expression was then plotted as a function of pseudo-time in
Monocle 2 to track changes across pseudo-time. We also plotted
TFs and marker genes along the inferred developmental pseudo-
time. The regulation networks for the TFs and target genes were
plotted by Cytoscape according to the PlantTFDB database. Bulk
and scRNA-seqs correlation analysis was performed as described
by Rheaume et al. (2018). Differential expression analysis was per-
formed with t.test. Using the t.test function to test the gene
expression value in scRNA-seq and bulk, the significant P-value
was obtained. The difference multiple of log2FC was calculated
as follows: log2 ((mean gene expression value in scRNA-
seq) + 0.001)/((mean gene expression value in bulk) + 0.001).
Finally, the genes with significant difference were screened
according to P < 0.05 and ¦log2FC¦ > 1.

RNA-seq analysis

Cotyledons of 3-day-old seedlings were harvested for extracting
total RNA using the mirVana miRNA Isolation Kit (Ambion) follow-
ing the manufacturer’s protocol. The samples with RNA Integrity
Number (RIN) ≥ 7 were subjected to subsequent RNA-seq analy-
sis. The libraries were constructed using TruSeq Stranded mRNA
LTSample Prep Kit (Illumina, San Diego, CA, USA) according to
the manufacturer’s instructions. Libraries were sequenced on the
Illumina sequencing platform (HiSeqTM 2500 or Illumina HiSeq X
Ten) and 125-bp/150-bp paired-end reads were generated.

GUS staining and histological analysis

Histochemical GUS staining was performed with GUS staining
kit according to the manual (G3061, Solarbio, Beijing, China).
Samples were fixed in 90% acetone at �20°C, rinsed four times
with 0.1 M sodium phosphate buffer (pH 7.4), and then incu-
bated in X-Gluc solution [0.1 M sodium phosphate (pH 7.4),
3 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide,
0.5 g L�1 5-bromo-4-chloro-3-indolyl-b-D-glucuronide cyclohexil-
ammonium salt] at 37°C. After staining, samples were incubated
in methanol to remove chlorophyll and then mounted in the
clearing solution (a mixture of chloral hydrate, water and glyc-
erol in a ratio of 8:2:1). Observation was performed using a
stereomicroscope (MZ16F, Leica Microsystems, Germany) or a
microscope equipped with Nomarski optics (BX51, Olympus,
Tokyo, Japan). For the observation of vascular patterns, cotyle-
dons were fixed in a mixture of ethanol and acetic acid in a
ratio of 9:1, hydrated through a graded series of ethanol, and
then mounted with the clearing solution (Konishi and
Sugiyama, 2003).

Microscopy

The seedlings were stained with 10 g ml�1 propidium iodide (PI;
P4170, Sigma, St Louis, MO, USA) for 1 min before imaging. For
confocal microscopy, fluorescence in roots was detected using a
confocal laser-scanning microscope (Zeiss, LSM980, Oberkochen,
Germany). PI signal was visualized using wavelengths of 610–
630 nm. YFP was observed using wavelengths of 510–530 nm.
Images and green fluorescent protein (GFP) intensities were pro-
cessed using Zeiss Confocal Software.

GO enrichment analysis

The enrichment of GO terms and pathways for the DEGs were
analyzed using Metascape (http://metascape.org/; Zhou, Zhou,
et al., 2019).
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