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28  Abstract

29  Epidermal cells are the main avenue for signal and material exchange between plants
30 and the environment. Leaf epidermal cells primarily include pavement cells (PCs),
31  guard cells, and trichomes cells (TCs), which differentiate from protodermal cells or
32 meristemoids. The development and distribution of different epidermal cells are
33 tightly regulated by a complex transcriptional regulatory network mediated by
34  phytohormones, including jasmonic acid (JA), and transcription factors.
35  Understanding how the fate of leaf epidermal cells is determined, however, is still
36  largely unknown due to the diversity of cell types and the complexity of its regulation.
37  Here, we characterized the transcriptional profiles of epidermal cells in 3-day-old true
38 leaves of Arabidopsis thaliana using single-cell RNA-sequencing. We identified two
39  genes encoding BASIC LEUCINE-ZIPPER (bZIP) transcription factors, namely the
40  bZIP25 and bZIP53, which are highly expressed in PCs and early-stage meristemoid
41 cells. Densities of PCs and TCs were found to increase and decrease, respectively, in
42  bzip25 and bzip53 mutants, compared with wild-type plants. This trend was more
43  pronounced in the presence of JA, suggesting that these transcription factors regulate
44  the development of TCs and PCs in response to JA.
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56 IN ANUTSHELL

57  Background: Leaf epidermal cells, comprised of trichome cells (TCs), guard cells
58 (GCs), and pavement cells (PCs), are responsible for exchanging materials and
59  information between plants and the surrounding aerial environment. Many genes have
60  been identified in Arabidopsis thaliana and confirmed to be involved in the initiation
61  and differentiation of TCs and PCs. The fate determination of TCs and PCs is tightly
62 regulated by positive and negative regulators at the cellular level. The precise
63  underlying molecular mechanisms responsible for the fate determination of TCs and

64  PCs, however, are still unclear at this time.

65 Question: What are the transcriptomic profiles of different leaf epidermal cell types?
66  Can we dissect the genes that are specifically expressed in certain epidermal cell types?
67  What kinds of transcription factors are involved in regulating the fate determination of

68 TCs and PCs?

69 Findings: We performed single cell RNA-seq to investigate the transcriptomic
70  profiles of different leaf epidermal cell types and identified differentially expressed
71 genes in each cell type. We found that genes that are involved in jasmonic acid
72  signaling are highly expressed in early-stage meristemoid (EM) cells which can act as
73 the precursor of PCs and perhaps of TCs. To investigate the regulatory mechanisms
74  underlying EM development, we identified the transcription factors (TFs) in EM cells
75  and found that two bZIP TF genes, bZIP25 and bZIP53, are highly expressed in EMs.
76  Further analyses of these two genes using both loss-of-function and gain-of-function
77  approaches indicated that bZIP25 and bZIP53 are functionally involved in promoting
78  trichome formation but inhibit pavement cell development in response to jasmonic

79 acid.

80  Next steps: Besides of bZIP25 and bZIP53, we also identified other key genes, for
81 example FESIB, in leaf epidermal cells. Our next step will be to explore the
82  regulation of other key genes involved in the fate determination of different cell types

83  in leaf epidermis.
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85 Introduction
86
87  Epidermal cells are responsible for exchanging materials and information between the
88 plants and the surrounding aerial environment (Pathuri et al., 2008). In leaves,
89  epidermal cells can differentiate and produce trichomes, which are a specialized cell
90 type that protect plants from adverse conditions including ultraviolet radiation and
91  herbivore attack (Hauser, 2014). Thus, leaf epidermal cells are comprised of trichome
92  cells (TCs), guard cells (GCs), and pavement cells (PCs) (Marks, 1997). Previous
93 studies have systematically and comprehensively characterized the developmental
94  dynamics of the transcriptomes of stomatal lineage cells (Liu et al., 2020). It is now
95 important to examine the processes underlying the fates and development of PCs and
96  TCs.
97 Growth and development of PCs in Arabidopsis thaliana mainly proceed through
98 three stages. First, initial cells with different shapes begin to expand outward along
99 the long axis of leaves to form outward elongated polygons. Then, the cells expand
100 laterally along the edge of the adjacent cells, and subsequently extend irregularly to
101  the side of the adjacent cells. Finally, the cells extend further outward, and the
102  zigzagged protrusions are staggered with the narrow indentation of adjacent cells
103  resulting in the formation of PC with different shapes (Fu et al., 2005). The irregular
104  zigzagged protrusions of leaf epidermis are mainly regulated by the cytoskeleton (Xu
105 et al., 2010). The dynamic arrangement of microtubules plays a role in the
106  development of PCs (Eng et al., 2021). Microtubule-associated proteins KATANIN,
107  1Q67 DOMAINS (IQDS5), SPIRAL2 and CLASP are essential for morphogenesis of
108  PCs (Ambrose et al., 2007; Lin et al., 2013; Wightman et al., 2013; Liang et al., 2018).
109  Microfilaments mainly control the outward projection of the edge of epidermal cells
110  (Armour et al., 2015). The Rho GTPase cascade signaling pathway is a foundation of
111 the formation of PCs by activating microtubules and promoting their orderly
112  arrangement which consequently leads to morphological changes of leaf epidermal

113 cells (Lin et al., 2013).
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114 TCs are cells that originate on the epidermis of aerial organs and serve as an
115  excellent model for the study of differentiation in plants at the cellular level (Marks,
116 1997). TCs are regularly spaced and rarely appear adjacent to each other, suggesting
117  that TC spacing is a tightly regulated process (Lloyd et al., 1994; Larkin et al., 1996;
118  Schnittger et al., 1999; Esch et al., 2004; Zhao et al., 2008; Hilscher et al., 2009;
119  Balkunde et al., 2010; Pesch and Hulskamp, 2011; Grebe, 2012; Yanagisawa et al.,
120  2015). More than 40 genes involved in the initiation and differentiation of TCs have
121 been identified in Arabidopsis (Arabidopsis thaliana) (Hulskamp et al., 1994; Marks
122 et al., 2009). For example, mutations in several transcription factor (TF)-encoding
123 genes like GLABROUSIL (GL1), GLABRAZ (GL2), TRANSPARENT TESTA GLABRA1
124  (TTG1), or both GLABRA3 (GL3) and ENHANCER OF GLABRA3 (EGL3) result in
125  the loss of TCs (Koornneef, 1981; Herman and Marks, 1989; Marks and Feldmann,
126 1989; Oppenheimer et al., 1991; Hulskamp et al., 1994; Larkin et al., 1994; Rerie et
127 al,, 1994; Szymanski et al., 1998; Payne et al., 1999; Walker et al., 1999; Payne et al.,
128  2000; Esch et al., 2003; Zhang et al., 2003; Kirik et al., 2005). Notably, both positive
129  and negative activity of regulatory TFs are required for the development of TCs
130  (Ishida et al., 2008; Pesch and Hulskamp, 2009). Positive regulators in Arabidopsis
131 include members of several TF families, such as MYB, basic helix—loop—helix
132 (bHLH), WDR, and C2H2 zinc finger families. R2ZR3-MYB TFs include GL1 and its
133  paralog MYB23 (Herman and Marks, 1989; Marks and Feldmann, 1989; Kirik et al.,
134 2001; Kirik et al., 2005; Ishida et al., 2008; Marks et al., 2009). GL1 and MYB23
135  have been reported to be functionally equivalent during TC initiation but not during
136  the TC branching process (Kirik et al., 2005). The bHLH family members include
137  GL3 and its homolog EGL3 that are involved in TC development in a partially
138  redundant manner (Payne et al., 2000; Morohashi et al., 2007; Hao et al., 2019). TC
139  development is activated by TTG1, a protein containing a WD40 repeat, a highly
140  conserved motif consisting of approximately 40—43 amino acids, often ending with
141 Trp-Asp (W-D) residues (Walker et al., 1999; Zhang et al., 2003). Both GL1 and
142 TTG] control the same process in TC development (Herman and Marks, 1989; Marks
143  and Feldmann, 1989; Oppenheimer et al., 1991; Larkin et al., 1994; Walker et al.,
144 1999; Payne et al., 2000; Kirik et al., 2005). Negative regulators of TC development
145  include at least seven MYB proteins: CAPRICE (CPC), TRIPTYCHON (TRY),
146 ENHANCER OF TRY AND CPCI1 (ETCI1), ETC2, ETC3, TRICHOMELESSI1
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147  (TCL1), and TCL2 (Wada et al., 1997; Kirik et al., 2004; Kirik et al., 2004; Zhu et al.,
148  2009; Gan et al., 2011; Tian et al., 2017). These negative regulators exhibit partially
149  redundant roles in the initiation and differentiation of TCs. This fact is evidenced, for
150 example, by functional studies of three genes: CPC, ETC2, and ETC3, in which the
151  cpc etc2 etc3 triple mutant exhibited an increased density of TCs compared with the
152  single mutants (Wada et al., 1997; Kirik et al., 2004; Wang et al., 2008; Hilscher et al.,
153  2009; Wester et al., 2009; Zhu et al., 2009). Interestingly, one study found that ETC3
154 s highly expressed in young stomatal cells, and that its expression is under the control
155  of SPEECHLESS (SPCH) which is highly expressed in early-stage meristemoid (EM)
156  cells (Adrian et al., 2015). These results suggest that SPCH may activate genes that
157  promote trichome differentiation, and that EM cells may act as the precursor cells for
158  TC production.

159 Several other TFs, phytohormones, and cell developmental factors can also affect
160 TC development (Walker et al., 2000; Breuer et al., 2009; Yoshida et al., 2009; Wen et
161 al., 2018; Vadde et al., 2019). The TF AtMYC1 was identified as a direct target of
162  both GL1 and GL3 in Arabidopsis (Pesch et al., 2013). Furthermore, a TEOSINTE
163  BRANCHEDI, CYCLOIDIA, and PROLIFERATING CELL NUCLEAR ANTIGEN
164 FACTORI1/2 (TCP) TF family member, namely TCP4, was reported to affect TC fate
165 by directly binding to the promoters of TCL1 and TCL2, which in turn repress GL2
166  (Efroni et al., 2008). The positive regulators of TC initiation GL1 and GL2 are
167  significantly up-regulated in TCP4 loss-of-function mutants and down-regulated in
168  gain-of-function mutants (Vadde et al., 2019). Previous studies have also indicated
169  that wounding and jasmonate (JA) significantly promote TC initiation (Traw and
170  Bergelson, 2003; Li et al., 2004; Boughton et al., 2005; Qi et al., 2011; Tian et al.,
171 2016; Yan et al., 2017). Qi et al., (2011) found that JA ZIM-domain (JAZ) repressor
172  proteins interact with bHLH (Transparent Testa8, GL3, and EGL3) and R2R3-MYB
173 TFs (e.g., MYB75 and GLABRAI), which are the essential components of
174  WD-repeat/bHLH/MYB transcriptional complexes (Qi et al., 2011). JAZ proteins are
175  substrates of the CORONATINE INSENSITIVEI (COIl)-based SCF®"" E3 ligase
176  complex (Gupta et al., 2021). Upon JA binding with COIl, COIl recruits JAZ
177  proteins to the SCF°"
178  26S proteasome (Chini et al., 2007). Subsequently, the bHLH and MYB components
179  of WD-repeat/bHLH/MYB complexes are released and the development of TCs is

E3 complex for ubiquitination and degradation through the
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180 activated (Qi et al., 2011). Regarding the TC development, two proteins, STAMESE
181  (SIM) and STICHEL (STI), play a fundamental role in the regulation of the
182  endoreduplication of nuclear DNA (Walker et al., 2000; Ilgenfritz et al., 2003;
183  Churchman et al., 2006).

184 Several transcriptomic studies of TC development have been conducted to
185  explore the regulatory processes responsible for the development of TCs and to
186  identify new regulatory factors associated with TC development (Marks et al., 2008;
187  Marks et al., 2009; Wang et al., 2009; Chen et al., 2014; Yang et al., 2015; Akhtar et
188 al., 2017). These initial studies have characterized the transcriptome of TCs and
189 identified several marker genes associated with the regulation of TC development and
190  function. Transcriptome analysis of TCs alone, however, cannot dissect the regulation
191  of the fate determination of TCs at the gene expression level. This is because the fate
192  determination of TCs is also affected by fate determination factors and the
193  developmental status of PCs that are adjacent to TCs, which can potentially
194  differentiate into TCs (Grebe, 2012). The fate determination of TCs and PCs is tightly
195 regulated by positive and negative regulators at the cellular level. The precise
196  underlying molecular mechanisms responsible for the fate determination of TCs and
197  PCs, however, are still unclear. Single-cell RNA-sequencing (scRNA-seq) technology
198  allows the analysis of transcriptional profiles of different types of cells and to identify
199  genes that are specifically expressed at different developmental and morphogenetic
200 stages (Zhang et al., 2019; Liu et al., 2020; Wendrich et al., 2020; Kim et al., 2021;
201 Liuetal., 2021; Serrano-Ron et al., 2021; Liu et al., 2022). Therefore, we conducted a
202 scRNA-seq analysis of 3-day-old true leaves of Arabidopsis wild-type (WT) to
203  elucidate the mechanisms that regulate the fate and development of TCs and PCs. Our
204  study identified a group of novel marker genes for PCs and TCs, and discovered the
205 new roles of two BASIC LEUCINE-ZIPPER (bZIP) TFs in the regulation of fate
206  determination and differentiation of PCs and TCs through the comparative analysis of
207  WT and single and double mutants of bZIP25 and bZIP53 genes.

208

209  Results

210

211 Single-cell transcriptional profiles of leaf epidermal cells unravels different cell

212  types and gene expression signatures
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213  We subjected protoplasts of 3-day-old true leaves of Arabidopsis to scRNA-seq
214  analysis to identify cell type-specific changes in gene expression that occur during
215  epidermal cell fate determination at a single-cell resolution (Figure 1A-D). Protoplasts
216  were filtered through a 40 um cell strainer and cell viability was assessed by phenol
217  blue staining. A total of 18,000 cells were subsequently used to generate the libraries
218  that were sequenced (Figure 1B and C). After stringent cell filtration, high-quality
219  transcriptomes of 15,773 individual cells were retained for subsequent analyses
220 (Figure 1D). A total of 512,130,798 reads were obtained after processing the
221  sequencing data, with an average of 32,468 reads and 2,118 genes identified per cell.
222  The percentage of reads mapped to the genome was 93%. We then performed
223  t-distributed stochastic neighbor embedding (tSNE) dimensionality analysis of the
224  scRNA-seq data. Supplemental Figure S1A and B illustrate the tSNE projection plots
225  of cells colored by unique molecular identifier (UMI) counts and automated clustering,
226 respectively.

227 The sequencing saturation satisfied the requirement of 10xgenomics
228  (Supplemental Figure S1C). The median number of genes per cell (using TAIR10 as
229  the reference genome) also met the requirement for data analysis (Supplemental
230 Figure S1D). We then analyzed the scRNA-seq data by principal component analysis
231 (PCA). Supplemental Figure S1E shows the distribution of the percent of
232  mitochondrial gene sequences (percent. mito) on a PCA plot. Supplemental Figure
233  SIF and G display the UMI distribution (nUMI) and number of nuclear-encoded
234  genes (nGene) on the PCA plot. After removing mitochondrial and chloroplast
235 transcripts, a total of 14,464 cells were used for the subsequent analysis
236  (Supplemental Figure S1H). Subsequently, tSNE analysis was carried out on the
237  selected cells. As shown in Figure 1E, 9 cell clusters were identified as being
238  independently distributed on the tSNE plot. We also visualized cell clusters using the
239  uniform manifold approximation and projection (UMAP) algorithm on our
240 scRNA-seq data (Supplemental Figure S2). The UMAP analysis produced similar cell
241  clusters as those in the tSNE analysis (Supplemental Figure S2A and S2B). We
242  identified differentially expressed genes (DEGs) in the different cell types
243  (Supplemental Table S1 and Table S2). The expression patterns of the top 10 marker
244  genes in each cell type are shown in a heatmap plot (Figure 2A and Supplemental
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245  Figure S2C). The violin plots and feature plots of representative marker genes in each
246 cell type are shown in Figure 2B and C and Supplemental Figure S2D.

247 We then determined the cell type of the identified cell clusters using well-defined
248  cell type-specific marker genes for epidermal cells. As shown in Figures 1F and 2A-C,
249  the epidermal marker gene for PCs, TCP21, was chiefly expressed in cluster 0; the
250 marker gene for mesophyll cells (MPCs), RIBULOSE BISPHOSPHATE
251  CARBOXYLASE LARGE CHAIN (RBCL), was primarily distributed in cluster 1; the
252  marker gene for EMs, UDP-DEPENDENT GLYCOSYLTRANSFERASE 76B1
253 (UGT76B1), was mainly expressed in cluster 2; the marker gene for GCs,
254 BETA-GLUCOSDASE (BGLU30), was predominantly distributed in cluster 3; the
255 late-stage meristemoid cells (LMs) marker genes, DNA BINDING WITH ONE
256  FINGER 4.6 (DOF4.6) and bZIP9, were mainly enriched in cluster 5; the meristemoid
257  mother cell (MMC) marker gene, HOMEODOMAIN GLABROUS 2 (HDG2), was
258  chiefly expressed in cluster 6; the young guard cells (YGCs) marker gene, HIGH
259 CARBON DIOXIDE (HIC), was mainly expressed in cluster 7; the guard mother cell
260 (GMC) marker genes, FAMA and DOF5.7, were mostly expressed in cluster 8.
261  However, the marker gene for TCs, GL2 (Szymanski et al., 1998), was unfortunately
262  not detected in our sCRNA-seq data, perhaps because the size of TCs was too large to
263  pass through the cell strainer. Thus, no known marker genes were identified to be
264  expressed in cluster 4. Collectively, our results indicate that cluster 0 belongs to PCs;
265 cluster 1 belongs to MPCs; cluster 2 belongs to EMs; cluster 3 belongs to GCs; cluster
266 4 belongs to unknown (u.k.) cells; cluster 5 belongs to LMs; cluster 6 belongs to
267 MMCs; cluster 7 belongs to YGCs; cluster 8 belongs to GMCs. Notably, the
268  expression of some marker genes of the JA signal transduction pathway, such as
269 ACYL-COA OXIDASE 1 (ACX1) (Peng et al., 2019), ABNORMAL INFLORESCENCE
270 MERISTEM (AIM1) (Delker et al., 2007), BLADE ON PETIOLE1 (BOP1) (Canet et
271 al, 2012), CORONATINE INSENSTIVE 1 (COI1) (Xie et al., 1998; Thines et al.,
272 2007), CONSTITUTIVE EXPRESS ON OF PR GENES5 (CPRS) (Clarke et al., 2001),
273 CULLIN 1 (CUL1) (Quint et al., 2005); JASMONATE-ZIM-DOMAIN PROTEIN 10
274  (JAZ10) (Chung and Howe, 2009), JASMONATE-INDUCED OXYGENASE2 (JAO2),
275 JASMONATE-INDUCED OXYGENASE3 (JAO3) (Caarls et al, 2017),
276  PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1) (Bali et al., 2019),
277 RADICAL-INDUCED CELL DEATH1 (RCD1) (Overmyer et al.,, 2000), and

10
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278 RIBONUCLEASE 1 (RNSL) (LeBrasseur et al., 2002) was also significant in cluster 2,
279  suggesting that they may function in EMs (Supplemental Figure S3).

280

281  Selection and characterization of newly identified marker genes in PCs and EMs

282  Gene ontology (GO) analysis was then performed to identify the potential biological
283  function of DEGs in each cell cluster (Supplemental Table S3). As shown in
284  Supplemental Figure S4, GO terms in MPCs and PCs were generally very similar and
285  different from the other cell types. GO terms in the u.k., LM, GMC, and EM clusters
286  were comparable, suggesting that these genes are involved in similar biological
287  processes in these different cell types. GO terms for MPCs were predominantly
288 related to photosynthesis, consistent with the functions of MPCs (Supplemental
289  Figure S4). Considering the high similarity in GO terms in clusters 3 and 7, we
290 propose that cluster 3 belongs to GCs (Supplemental Figure S4). We could not
291  identify TCs by the expression of the TC marker gene GL2 because the size of TCs
292  was too large to pass through the cell strainer. In our previous study, we found that
293 some marker genes were detected in several cell types but at different levels of
294  expression (Liu et al., 2020). The top 10 marker genes for each of the studied cell
295  types other than TCs were specifically expressed in the corresponding cell types,
296  except for the markers of MPCs, GMCs, and GCs. Some marker genes of PCs, such
297 as FERREDOXIN C 2 (FDC2), FESIB, AT2G29290, and EPIDERMAL
298 PATTERNING FACTOR LIKE-9 (EPFL9), were also enriched in MPCs and GCs
299  (Figure 2A).

300 Transgenic plants expressing yellow fluorescent protein (YFP) fusion proteins of
301  some of the representative genes were generated to determine the cellular localization
302  of the proteins encoded by the selected marker genes. The expression of YFP was
303  detected in PCs for TCP21, FDC2, NADH DEHYDROGENASE-LIKE COMPLEX
304 M (NDHM), AT1G70820, AT2G29290, and AT5G02590 (Supplemental Figure S5).
305  YFP signals for FDC2 and NDHM were also detected in GCs. The localization of
306 AT5G02590 and PECTIN METHYLESTERASE 17 (PME17) in PCs and EMs could
307 not be distinguished from each other. YFP signals for bZIP9 were detected in GCs,
308 although its expression was mostly in LMs (Figure 2A and Supplemental Figure S5).
309 In general, the expression patterns of the selected genes were consistent with the

310  results presented in Figure 2A. We also constructed promoter-driven GUS reporter

11
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311 gene vectors for some of the representative genes to analyze the tissue specificity of
312  gene expression. AT2G29290, FESIB, TCP21, PLASTID TRANSCRIPTIONALLY
313  ACTIVE 18 (PTAC18), FDC2, and AT1G64355 were selected as marker genes for PCs,
314  while AT1G04950 and EUKARYOTIC RELEASE FACTOR 1-2 (ERF1-2) were
315  selected as marker genes for EMs, and the corresponding transgenic plants were
316  produced. GUS staining analysis revealed that the selected genes are expressed in the
317  leaves of seedlings (Figure 3). Some genes, such as TCP21, FDC2, ERF1-2, and
318  AT1G04950, can also expressed in roots (Figure 3), suggesting these genes may also
319  play an important function in root epidermal cells.

320 Transgenic plants were also successfully produced that overexpressed several
321 selected newly identified PC (e.g., TCP21, AT1G70820, AT2G29290, FDC2, FESIB,
322 NDHM, EPFLY9, and PTAC18) and EM (e.g., ATSG02590, AT3G48020, AT4G18422,
323  AT3G10530, and AT4G23620) marker genes to determine their potential roles in the
324  regulation of PC and TC development. Results indicated that, compared with WT
325 plants, overexpression of TCP21, FDC2, AT4G18422, and AT4G23620 resulted in a
326  significant decrease in the density of TCs, while overexpression of FESIB, NDHM,
327 and AT3G10530 enhanced the density of TCs (Figure 4A and C). PC density was
328  significantly lower, relative to WT plants, in seedlings of 35S:FESIB, 35S :PTAC18,
329 35S:FDC2, and 35S:AT3G48020 transgenic plants, but significantly higher in
330 35S:EPFL9 and 35S:AT4G23620 transgenic seedlings (Figure 4B and D). Leaf area
331  in 35S:TCP21 plants was also significantly smaller than in WT plants (Figure 4E).
332  These results suggest that the selected PC and EM marker genes may be involved in
333  the development of PCs and TCs.

334

335  Pseudo-time trajectory analysis of the spatiotemporal dynamics of epidermal cell
336  differentiation

337  Arabidopsis leaf development is a strictly regulated process that ensures that almost
338 all leaves have similar spatial morphological characteristics at the same
339 developmental stage (Byrne et al., 2001; Fleming, 2005; Bar and Ori, 2014). The
340  spatiotemporal regulation of leaf development is closely related to that of cell
341  development (Kalve et al., 2014; Lu et al., 2014). Therefore, understanding the

342  spatiotemporal regulation pattern of cell development is important for understanding
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343  leaf development. Taking this into consideration, we performed a pseudo-temporal
344  ordering of cells (pseudo-time) on the scRNA-seq data using Monocle 2 (Trapnell et
345 al., 2014) to reconstruct the developmental trajectory during differentiation. The
346  resulting pseudo-time path has two nodes and three branches (Figure 5A), and
347  different cell clusters are arranged relatively clearly at different branch sites of the
348  pseudo-time path (Figure 5B). A heatmap analysis based on pseudo-time results was
349  then constructed to characterize the spatiotemporal dynamic patterns of the top 10
350 genes of each cluster. As shown in Figure 5C, the heatmap of several representative
351 genes from each cluster indicated a positive correlation between their expression
352  dynamics and their cell distribution on the developmental trajectory. For example,
353 UGT76B1 and PEROXIDASE 71 (PERT71) are maximally expressed in the pre-branch
354  of the pseudo-time trajectory, while TPC21 and EPFL9 are mostly expressed in the
355 late stage of cell fate 1 (Figure 5C). Marker genes of stomatal lineage cells, such as
356 HIC and DOF5.7, have their highest expression levels in the early stage of cell
357  development, while these genes are down-regulated following the developmental
358 direction of cell fate 1 and cell fate 2 (Figure 5C). These results indicate that genes
359 expressed in different cell types have a specific spatiotemporal pattern on the
360 pseudo-time trajectory.

361

362  Analysis of the effects of JA on the development of TCs and PCs

363  Since JA signaling marker genes are expressed in EMs (Supplemental Figure S3), it is
364  possible that JA could be involved in the regulation of EM differentiation. It has been
365  proposed that EMs give rise to both PCs and TCs (Adrian et al., 2015), and JA plays
366  important roles in regulating the development of TCs (Yan et al., 2017). Therefore, to
367  explore this possibility, we first analyzed the process of TC differentiation in WT
368  seedlings in the presence of JA. Results indicated that the number of TCs significantly
369 increased in the presence of 20 uM JA (Supplemental Figure S6). Higher
370  concentrations of JA (> 40 uM) inhibit leaf growth, although the density of TCs
371  gradually increases with the increasing JA dose (Supplemental Figure S6B and C).
372  We then analyzed the effects of JA on the development of PCs, and found that the
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373  density of PCs decreased along with the increasing JA concentrations (0 to 40 uM)
374  (Supplemental Figure S7).

375

376  bZIP TFs are involved in regulating the fate of PCs and TCs

377 TFs play important roles in regulating the development of all kinds of cells. For
378 example, SPCH, FAMA, MUTE, and BASIC PENTACYSTEINE 6 (BPC6) TFs are
379  essential for the development of GCs (Liu et al., 2020). In our search for potential
380 regulators of PCs and TCs, we identified two TF-encoding genes, bZIP25 and bZIP53,
381  that were predominantly expressed in EMs and PCs (Figure 6A and B), raising the
382  possibility that they may be involved in regulating the fate and differentiation of these
383 cells. GUS expression can be detected in the true leaves of bZIP25pro::GUS
384  transgenic plants (Supplemental Figure S8A). Notably, YFP signals in bZIP25-YFP
385 plants were highly detected in the nuclei of PCs (Supplemental Figure S8B). We then
386 examined the corresponding T-DNA insertion mutants bzip25 and bzip53 obtained
387  from the Arabidopsis Biological Resource Center (ABRC) to investigate the potential
388 roles of bZIP25 and bZIP53 in the regulation of PC and TC development. The
389 developmental states of TCs in leaves of the single mutant bzip25 and bzip53
390 seedlings are shown in Figure 6C. Results indicated that TC densities in bzip25 and
391  bzip53 seedlings were lower than in WT plants with and without JA treatment, but the
392  response to JA was decreased in the mutants as compared with the WT (Figure 6E). In
393  contrast, the analysis of PCs showed that PC density in bzip25 and bzip53 mutant
394  seedlings was higher than in the WT with and without JA-treatment (Figure 6F).
395  Consistently, a greater number of TCs was observed in 35S:bZIP25 and 35S :bZIP53
396 plants, while the number of PCs in 35S:bZIP25 and 35S:bZIP53 plants was lower
397  than the WT (Figure 6C—F). These results indicate that bZIP25 and bZIP53 play a
398  positive role in determining the density of TCs and a negative role in the density of
399 PCs

400 Next, to test whether bZIP25 and bZIP53 function in the same regulatory
401  pathway of epidermal cell development, we generated the double mutants bzip25
402  bzip53-1 and bzip25 bzip53-2 using CRISPR/Cas9 technology (Figure 6C and
403  Supplemental Figure S9). Under control conditions (no JA), the number of TCs was
404  lower in the double mutants, relative to the single mutants and WT plants, while the

405 number of PCs was greater (Figure 6D and F). The effects of JA on TC and PC
14
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406  development were weak in the double mutants, relative to the single mutants and WT
407  plants (Figure 6A—D). These results collectively suggest that bZIP25 and bZIP53
408 might play additive or partially redundant roles in regulating the fate and
409  differentiation of PCs and TCs (Figure 7).

410

411 Discussion

412

413  Identification of marker genes in cell clusters obtained by scRNA-seq of young
414 leaves

415  Utilizing scRNA-seq technology, we constructed the global landscape of the
416  transcriptomes of young epidermal cell types in leaves. Unlike cotyledons, leaf
417  epidermal cell types are more complex with the most striking feature being the
418  development of TCs. The fate determination and differentiation of TCs are tightly
419 regulated by both internal factors, such as hormones, and external cues, such as
420 invading pests and pathogens (Ishida et al., 2008). The transcriptome of TCs has been
421  extensively characterized but not at the single-cell level (Marks et al., 2008; Marks et
422  al.,, 2009). Also, for true leaves, no reported studies on epidermal cells at single-cell
423  resolution are available. TCs are differentiated from protodermal cells or EMs (Adrian
424 et al., 2015). Therefore, a comprehensive study of the transcriptomes of different
425  epidermal cell types in true leaves will enable us to identify the potential key
426  regulators of the differentiation and development of different cell types in the leaf
427  epidermis. Because EMs, PCs and TCs of true leaves have certain interaction in
428  differentiation and development (Adrian et al., 2015), we can identify the regulatory
429  factors regulating TCs by analyzing the key regulatory factors in EMs and PCs. In the
430 scRNA-seq data obtained in this study, we did not identify the cell type in which the
431  well-known TC marker gene GL2 is specifically expressed (Figure 1). One possible
432  explanation is that the size of TCs is too large and filtered out during the process of
433  cell filtration used to prepare protoplast for sScRNA-seq. Therefore, in this work we
434  mainly focused on the characterization of the transcriptomes of EMs and PCs. We
435 identified several genes that specifically expressed in EMs and PCs (Figure 2 and
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436  Supplemental Figure S2). To verify the cell types identified in the present study, we
437  generated GUS reporters constructs for representative marker genes in PCs and EMs
438  (Figure 3). Analysis of the expression pattern of the GUSreporter constructs indicated
439 that the marker genes for PCs (including AT2G29290, FESLB, TCP21, PTAC18, and
440 FDC2) and EMs (including AT1G04950, AT4G18422, bZIP25, and ERF1-2) are
441  highly expressed in true leaves (Figure 3). Since EM cells and PCs are distributed
442  among the entire upper epidermal layer of true leaves, GUS expression, which was
443  controlled by the promoter of the marker genes expressed in EMs and PCs, appears to
444  occur in all epidermal cells (Figure 3). We also generated transgenic plants expressing
445  YFP fusion proteins of some of the representative marker genes to detect their cell
446  expression pattern. As predicted, the expression of PC marker genes, such as
447  AT2G29290, FDC2, NDHM, AT1G70820, and TCP21, were detected in PCs
448  (Supplemental Figure S5). The expression of the EM marker genes, AT5G02590 and
449  PME17, however, was also observed in PCs (Supplemental Figure S5), which is
450  consistent with the fact that PCs develop from EM cells (Adrian et al., 2015) (Figure
451 1G). In our study, bZIP9 expression was detected in GCs (Supplemental Figure S5),
452  however, a recent study has reported that bZIP9 is strongly expressed in phloem
453  parenchyma cells (Kim et al., 2021). NDHM and FDC2 were also found to express in
454  GCs (Supplemental Figure S5). The specific expression of the examined marker genes
455 in PCs and EM cells suggests that these genes may be involved in mediating the
456  development of these two cell types (Figure 3). Analysis of the developmental status
457 of TCs and PCs in seedlings of transgenic plants overexpressing selected newly
458 identified marker genes revealed that TCP21, FDC2, AT5G02590, AT4G18422, and
459  AT4G23620 negatively affect TC development, while FES1IB, NDHM, and EPFL9
460 positively affect TC development (Figure 4). Our results also demonstrated that
461 FESIB negatively regulates the development of PCs, while EPFL9 and AT4G23620
462  regulate PC development in a positive manner (Figure 4). At present, the distinction

463  between PCs and EM cells is difficult due to the inability to define specific marker

16


https://doi.org/10.1101/2022.04.12.488054
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.12.488054; this version posted April 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

464  genes. Our results provide important data that can be used for identifying PCs and EM

465  cells in future scRNA-seq studies of epidermal cell development.
466

467  Dissection of the spatiotemporal patterns of the transcriptomes of epidermal cells

468 in true leaves

469  GCs, PCs, EM cells, and TCs are the main cell types present in the upper epidermis of
470  leaves of A. thaliana. PCs, EM cells, and GCs differentiate from MMCs. According to
471  the distribution of cells in the constructed pseudo-time trajectories, MMCs mainly
472  appear at the initial stage, while EM cells and GCs are distributed over the later stages
473  of pseudo-time trajectories (Figure 5B). This is consistent with the viewpoint that
474  GCs and EMs differentiate from MMCs (Liu et al., 2020). Formation of TCs was
475  highly similar to that of EMs in regard to developmental regulation (Adrian et al.,
476  2015). Therefore, the results of the pseudo-time trajectory of EMs also support the
477  evidence indicating that EMs or TCs are differentiated from MMCs. Pseudo-time
478  heatmap analysis of the top 10 genes further confirmed this premise (Figure 5C). Our
479  results indicate that the analysis of the spatiotemporal patterns of gene expression in
480 specific types of cells significantly contributes to the understanding of their
481  development.

482

483  bZIP TFs are involved in regulating the fate and development of EMs and TCs
484  in response to JA signaling

485  Identification of key TFs in specific cell types can assist in the identification of
486  important regulatory factors involved in the fate determination and development of
487  specific cell types. bZIP25 and bZIP53 were identified in our analysis of TF-encoding
488  genes with increased expression in PCs and EMs (Figure 6A and B). Previous studies
489  have shown that JA promotes the development of TCs (Yan et al., 2017), but inhibits
490 the development of leaves (Noir et al.,, 2013). Our results demonstrated that high
491  concentrations of JA inhibited leaf growth, but that TCs density gradually increased
492  as the applied dose of JA increased (Supplemental Figure S6B and C). Further
493  analysis of the effects of JA on the developmental status of both PCs and TCs in
494  seedlings of the bzip25 and bzip53 single and double mutants revealed that bZIP25
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495 and bZIP53 may have additive or partially redundant functions in the regulation of
496  development of PCs and TCs (Figure 7). In summary, our results provide new insights
497  into the mechanisms underlying the highly complex yet orderly orchestrated process
498  of epidermal cell development. These findings provide a basis for the further study of
499  novel regulators of specific cell types in the epidermis of leaves.
500
501  Materials and methods
502
503  Screening and verification of mutants
504  Wild-type (WT) and A. thaliana (Col-0 ecotype) were used in the scRNA-seq
505  experiments. Seeds were sterilized in 5% sodium hypochlorite and germinated on
506  vertical, half-strength Murashige and Skoog (1/2 MS) plates. T-DNA insertion
507 mutants were obtained from the Arabidopsis Biological Resource Center (ABRC)
508  (Supplemental Table 4). Mutant lines homozygous for the T-DNA insertion were
509 identified by PCR analysis using gene-specific and T-DNA-specific primers
510  (Supplemental Table 5 and Supplemental Figure S10). All mutants and WT plants
511  were grown in a climate chamber at 22°C and 100 pmol photons m > s~ under a 14-h
512  light/10-h dark regime. In the experiments designed to examine the effect of JA on the
513 TC development, 3-day-old seedlings were treated by spraying methyl jasmonate
514 (392707, Millipore Sigma, St Louis, MO, USA). The seedlings were then placed in a
515  sealed transparent plastic container that allowed them to continue to grow for a
516  defined period of time. The developmental status of TCs was photographically
517  documented.
518
519  Constructs for plant transformation
520  YFP-fusion expression constructs - full-length cDNA fragments of marker genes were
521  PCR-amplified using the primer pairs described in Supplemental Table 5. The
522  resulting PCR products were purified and cloned into pDNOR201 by BP Clonase
523  reactions (GATEWAY Cloning; Invitrogen, Waltham, MA, USA) according to the
524  manufacturer's instructions to generate the pDONR-cDNA vectors. The resulting
525  plasmids were then recombined into pPB7YWG2.0 using LR Clonase reactions to
526  generate the final constructs.
527  GUS reporter constructs - the upstream 2,000-bp fragments of marker genes were
18
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528 PCR-amplified using the primer pairs described in Supplemental Table 5. The
529  resulting PCR products were purified and cloned into pDNOR201 by BP Clonase
530 reactions according to the manufacturer’s instructions to generate the pDONR-cDNA
531  vectors. The resulting plasmids were recombined into pPBGWFS7 using LR Clonase
532  reactions to generate the final constructs. The resulting reporter constructs were then
533 used to detect the expression of GUS under the control of the promoters of the
534  different marker genes.

535

536  Plant transformation

537  YFP-fusion expression constructs and reporter constructs were transformed into
538  Agrobacterium tumefaciens strain GV3101 via electroporation. A. tumefaciens
539  containing the different constructs were introduced into WT plants. The resulting T1
540 transgenic plants containing YFP-fusion expression constructs and reporter constructs
541  were selected using BASTA as described previously (Sun et al., 2016). Homozygous
542  transgenic plants were used in all experiments.

543

544  Sample collection and protoplast preparation

545  Three-day-old true leaves were harvested and used to isolate protoplasts as previously
546  described with slight modifications to adjust for the use of young leaf tissues (Yoo et
547  al., 2007; Liu et al., 2020).

548

549  ScRNA-seq library preparation

550  ScRNA-seq libraries were prepared using a Chromium Single Cell 3° Gel
551  Beads-in-emulsion (GEM) Library & Gel Bead Kit v3 according to the
552  manufacturer’s instructions (10x Genomics, California, USA).

553

554  ScRNA-seq data preprocessing

555 The rew data were processed as previously described (Liu et al., 2020). After the
556 critical filtering process, 14,464 out of 15,773 cells were retained for downstream
557  analysis. The median value of the mapping rate was 66.8%, and the median number of
558  genes detected in each cell was 2,118. Library size normalization was performed in
559  Seurat on the filtered matrix to obtain normalized counts.

560
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561  Clustering analysis of scRNA-seq data

562  Genes with the greatest variable expression amongst single cells were identified using
563  the method described by (Macosko et al., 2015). The tSNE analysis, UMAP analysis,
564  and DEG identification were performed as previously described (Liu et al., 2020; Liu
565 etal., 2022).

566

567  Pseudo-time and trajectory analysis

568  Pseudo-time trajectory analysis of single-cell transcriptomes was conducted using
569  Monocle 2 (Trapnell et al., 2014) as previously described (Liu et al., 2020).

570

571  Bulk and scRNA-seq correlation analysis

572  Bulk and scRNA-seq correlation analysis was performed as described (Rheaume et al.,
573  2018). Differential expression was analyzed with a t-test. The t-test function was used
574  to test the gene expression value in scRNA-seq and bulk, and a significant P-value
575  was obtained. The difference multiple of log, (FC) was calculated as follows: log,
576  ([mean gene expression value in SCRNA-seq] + 0.001) / ((mean gene expression value
577  in bulk) + 0.001). Finally, genes with a significant difference in expression were
578  identified based on a p-value < 0.05 and | log, (FC) | > 1.

579

580 RNA-seq analysis

581  Three-day-old true leaves were harvested for extraction of total RNA using a mirVana
582 miRNA Isolation Kit (Ambion, Waltham, MA, USA) following the manufacturer’s
583  protocol. Samples with an RNA Integrity Number (RIN) > 7 were subjected to
584  subsequent RNA-seq analysis. Libraries were constructed using a TruSeq Stranded
585 mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) according to the
586  manufacturer’s instructions. Libraries were sequenced on an Illumina sequencing
587  platform (HiSeqTM 2500 or Illumina HiSeq X Ten), and 125-bp/150-bp paired-end
588 reads were generated.

589

590  GUS staining and histological analysis

591  Histochemical GUS staining was performed with a G3061 GUS staining Kit (Solarbio
592  Co., Beijing, China) according to the manufacturer’s instructions as previously

593  described (Liu et al., 2022).
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Microscopy

Seedlings were stained with 10 g mL ™" propidium iodide (PI) (P4170, Sigma, St Louis,
MO, USA) for 1 min prior to imaging. PI staining was used to stain the cell wall of
epidermal cells. Fluorescence in roots was detected using a Zeiss LSM980 confocal
laser scanning microscope (Zeiss, Oberkochen, Germany). The PI signal was
visualized at 610 to 630 nm wavelengths. YFP was observed at 510 to 530 nm
wavelengths. Images and GFP intensities were processed using Zeiss Confocal

Software.

GO enrichment analysis
GO enrichment pathway analyses for the DEGs were conducted in Metascape

(http://metascape.org/) (Zhou et al., 2019).

Accession numbers

The accession numbers for some of the selected genes are as follows: AT5G08330
(TCP21), AT3G53800 (FESLIB), AT3G54620 (bzIP25), AT3G58750 (CSY2),
AT3G62420 (bzIP53), AT1G32550 (FDC2), AT3G11340 (UGT76B1), AT2G28110
(FRA8/IRX7), AT4G12970 (STOMAGEN/EPFL9), AT1G12920 (ERF1-2),
AT2G42790 (CSY3), AT4G37925 (NDHM), AT2G32180 (PTAC18), AT1G69480
(PHO1-H10), AT1G70820, AT5G16030, AT2G29290, AT1G64355, AT5G02590,
AT3G48020, ATAG18422, AT3G10530, AT2G35480, AT4G23620 and AT1G04945.
ScRNA-seq data are available at the following web  addresses:

(https://dataview.ncbi.nlm.nih.gov/?search=SUB6947465;

https://www.ncbi.nlm.nih.gov).

Supplemental data

The following materials are available in the online version of this article.
Supplemental Figure S1. Analysis of the single-cell RNA-sequencing (scRNA-seq)
raw data.

Supplemental Figure S2. Comparative analysis of the cell clusters identified with

different methods of dimensionality reduction.
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Supplemental Figure S3. The expression pattern of jasmonic acid (JA) marker
genes.

Supplemental Figure S4. GO and KEGG analysis of the differentially expressed
genes (DEGs) in each of the cell clusters.

Supplemental Figure S5. Analysis of the expression of marker genes.

Supplemental Figure S6. Jasmonic acid (JA) promotes the development of TCs.
Supplemental Figure S7. Jasmonic acid (JA) inhibits the development of PCs.
Supplemental Figure S8. Analysis of the expression of bZIP25.

Supplemental Figure S9. Analysis of the DNA sequence in bzip25 and bzip53
seedlings after DNA editing.

Supplemental Figure S10. Verification of the T-DNA insertion in mutants.
Supplemental Table 1. All DEGs_for all clsuters tSNE.

Supplemental Table 2. All DEGs_for all _clusters UMAP.

Supplemental Table 3. GO analysis of differentially expressed genes (DEGs).

Supplemental Table 4. List of mutant lines used in the study.

Supplemental Table 5. List of oligonucleotide primer pairs used in the study.
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946  Figure 1. Distinct cell subpopulations with transcriptional signatures determined
947 by single-cell RNA-sequencing analysis of epidermal cells of true leaves. (A-D)
948  Illustration of the scheme used for young leaves (A), cell isolation (B), sequencing
949 (C), and downstream analysis (D). E, t-distributed stochastic neighbor embedding
950  (tSNE) plot reveals cellular heterogeneity with 9 distinct clusters of cells identified
951  and color-coded. General identity of each cell cluster is defined in the corresponding
952  cluster. F, Feature plots of expression distribution for selected marker genes.
953  Expression levels for each cell are color-coded and overlaid onto the tSNE plot. G,
954  Illustration of a leaf section with the different cell types. TC, trichome cell; EM,
955  early-stage meristemoid; GC, guard cell; PC, pavement cell; LM, late-stage
956  meristemoid; YCG, young guard cell; MPC, mesophyll cell; GMC, guard mother cell;
957 MMC, meristemoid mother cell; u.k., unknown.

958

959  Figure 2. Identification of novel marker genes for each cluster. A, Heatmap of
960 differentially expressed genes (DEGs). The top 5 genes and their relative expression
961 levels in all sequenced cells are shown for each cluster. The color ranges from purple
962  to yellow and represents the expression value of the marker genes from low to high. B,
963  Violin plots of selected novel marker genes for each cluster. C, Feature plots of the
964  expression distribution of selected novel marker genes. Expression levels for each cell
965 are color-coded and superimposed on the tSNE plot. EM, early-stage meristemoid;
966  GC, guard cell; PC, pavement cell; LM, late-stage meristemoid; YCG, young guard
967  cell; MPC, mesophyll cell; GMC, guard mother cell; MMC, meristemoid mother cell;
968  u.k., unknown.

969

970 Figure 3. Expression of selected marker genes in different tissues. Transgenic
971  plants expressing the GUS reporter gene driven by the promoters of the selected
972  marker genes were generated to analyze their expression patterns. GUS signals were

973  detected by staining. Scale bar, 2 mm is shown as a blue line.

974
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975 Figure 4. Characterization of the potential roles of selected marker genes for
976 pavement cells (PCs) and trichome cells (TCs). A, Detection of the
977  developmental status of trichomes in transgenic lines and wild-type (WT) seedlings.
978  Scale bar (0.5 mm) is shown as a red line with a white background. B, Analysis of the
979  developmental status of PCs in WT and transgenic lines. Samples were stained with
980 propidium iodide, after which PCs were detected using a laser confocal microscope.
981  Scale bar (50 um) is shown as a white line. C, TC density in the upper epidermis of
982  two 3-day-old true leaves of WT and transgenic seedlings. D, PC density in the upper
983  epidermis of 3-day-old true leaves of WT and transgenic seedlings. Data represent a
984 mean = SD (n = 3). Asterisks indicate a significant difference between transgenic and
985  WT plants as determined using a Student’s t-test. *P < 0.05, **p < 0.01, and ***p <
986  0.001. ns, non-significant.

987

988  Figure 5. Pseudo-time analysis reveals putative differentiation trajectories of
989  different cell types. A, Distribution of cells of each cluster on the pseudo-time
990 trajectory. B, Distribution of cells of each cell type on the pseudo-time trajectory. C,
991  Clustering and expression kinetics of the top 10 genes in all clusters along with a
992  pseudo-time progression. EM, early-stage meristemoid; GC, guard cell; PC, pavement
993 cell; LM, late-stage meristemoid; YCG, young guard cell; MPC, mesophyll cell;

994  GMC, guard mother cell; MMC, meristemoid mother cell; u.k., unknown.

995

996  Figure 6. bZIP25 and bZIPS3 positively regulate trichome cell (TC) development

997  and negatively regulate pavement cell (PC) development. A, Violin plots showing

998  the expression of bZIP25 and bZIP53 in EMs and PCs. B, Feature plots showing the

999  expression of bZIP25 and bZIP53 in EMs and PCs. C, Representative photographs of
1000  the upper epidermis of 3-day-old true leaves of WT, bzip25, bzip53, bzip25 bzip53,
1001 35S:bZIP25 and 35S:bZIP53 plants subjected to 0 (control) and 40 uM jasmonic
1002  acid (JA) treatments. Bar, 500 um. D, Representative photographs of PCs in the upper
1003  epidermis of 3-day-old true leaves of WT, bzip25, bzip53, bzip25 bzip53, 35S.:bZIP25
1004 and 35S:bZIP53 plants subjected to 0 (control) and 40 UM jasmonic acid (JA)
1005 treatments. The samples were treated by propidium iodide (PI) staining to show the

1006  cell wall. Bar, 50 um. (E-F) Density of TCs (E) and density of PCs (F) in the upper
31
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1007  epidermis of two 3-day-old true leaves of WT, bzip25, bzip53, bzip25 bzip53,
1008  35S:bZIP25 and 35S::bZIP53 plants subjected to 0 and 40 uM JA treatments. Data
1009 represent a mean = SD (n = 3). Asterisks indicate a significant difference between
1010  mutant and WT, and between overexpression lines and WT as determined using a
1011 Student’s t-test. *P < 0.05, **p < 0.01, and ***p < 0.001. ns, non-significant. Letters
1012  indicate a significant difference between single mutant and double mutant as
1013 determined using a Student’s t-test. * P < 0.05, P < 0.01.

1014

1015  Figure 7. Model of the transcription factor network, including bZIP25 and
1016  bZIPS53, in regulating TC and PC development. The fate of a TC is regulated by a
1017  series of critical transcription factors, including TTG1, GL2, MYCI1, GL3, SIM, and
1018  TCPs, as well as others. JA positively promotes the development of TC but inhibits
1019 the differentiation of PC. bZIP25 and bZIP53, in response to JA, negatively regulate
1020 the fate of a PC and may positively promote the differentiation of a TC.
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Figure 1. Distinct cell subpopulations with transcriptional signatures determined by single-cell
RNA-sequencing analysis of epidermal cells of true leaves. (A-D) Illustration of the scheme used for
young leaves (A), cell isolation (B), sequencing (C), and downstream analysis (D). E, t-distributed
stochastic neighbor embedding (tSNE) plot reveals cellular heterogeneity with 9 distinct clusters of cells
identified and color-coded. General identity of each cell cluster is defined in the corresponding cluster. F,
Feature plots of expression distribution for selected marker genes. Expression levels for each cell are
color-coded and overlaid onto the tSNE plot. G, Illustration of a leaf section with the different cell types.
TC, trichome cellEM, early-stage meristemoid; GC, guard cell; PC, pavement cell; LM, late-stage
meristemoid; YCG, young guard cell; MPC, mesophyll cell; GMC, guard mother cell; MMC,
meristemoid mother cell; u.k., unknown.
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Figure 2. Identification of novel marker genes for each cluster. A, Heatmap of differentially
expressed genes (DEGs). The top 5 genes and their relative expression levels in all sequenced cells are
shown for each cluster. The color ranges from purple to yellow and represents the expression value of
the marker genes from low to high. B, Violin plots of selected novel marker genes for each cluster. C,
Feature plots of the expression distribution of selected novel marker genes. Expression levels for each
cell are color-coded and superimposed on the tSNE plot. EM, early-stage meristemoid; GC, guard cell;
PC, pavement cell; LM, late-stage meristemoid; Y CG, young guard cell; MPC, mesophyll cell; GMC,

is version posted April 13, 2022. The copyright holder for

L= L

[=TE N S R % ] (== (ST S e > o ]

5N

o

(=N ST O =MW

3]

o

Q=M W

el

preprint (WhICh

guard mother cell; MMC, meristemoid mother cell; u.k., unknown.



https://doi.org/10.1101/2022.04.12.488054
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.12.488054; this version posted April 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

AT2G29290pro::GUS FES1Bpro::GUS TCP21pro::GUS PTAC18pro::GUS

a2%=

=
£ £ o £ =
£ ~ N o~
o
FDC2pro::GUS AT1G64355pro.:GUS ERF1-2pro::GUS AT1G04945pro.:GUS
£ £ £
™ o™ o~ \!

Figure 3. Expression of selected marker genes in different tissues. Transgenic plants
expressing the GUS reporter gene driven by the promoters of the selected marker genes were

generated to analyze their expression patterns. GUS signals were detected by staining. Scale bar, 2
mm is shown as a blue line.
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Figure 4. Characterization of the potential roles of selected marker genes for pavement cells (PCs)
and trichome cells (TCs). A, Detection of the developmental status of trichomes in transgenic lines and
wild-type (WT) seedlings. Scale bar (0.5 mm) is shown as a red line with a white background. B, Analysis
of the developmental status of PCs in WT and transgenic lines. Samples were stained with propidium
iodide, after which PCs were detected using a laser confocal microscope. Scale bar (50 m) is shown as a
white line. C, TC density in the upper epidermis of two 3-day-old true leaves of WT and transgenic
seedlings. D, PC density in the upper epidermis of 3-day-old true leaves of WT and transgenic seedlings.
Data represent a mean + SD (n = 3). Asterisks indicate a significant difference between transgenic and WT
plants as determined using a Student’s t-test. *P < 0.05, **p < 0.01, and ***p < 0.001. ns, non-significant.
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Figure 5. Pseudo-time analysis reveals putative differentiation trajectories of different cell types. A,
Distribution of cells of each cluster on the pseudo-time trajectory. B, Distribution of cells of each cell
type on the pseudo-time trajectory. C, Clustering and expression kinetics of the top 10 genes in all
clusters along with a pseudo-time progression. EM, early-stage meristemoid; GC, guard cell; PC,
pavement cell; LM, late-stage meristemoid; YCG, young guard cell; MPC, mesophyll cell; GMC, guard
mother cell; MMC, meristemoid mother cell; u k., unknown.
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Figure 6. bZIP2S and bZIPS3 positively regulate trichome cell (TC) development and negatively
regulate pavement cell (PC) development. A, Violin plots showing the expression of bZIP25 and bZIP53
in EMs and PCs. B, Feature plots showing the expression of 5ZIP25 and bZIP53 in EMs and PCs. C,
Representative photographs of the upper epidermis of 3-day-old true leaves of WT, bzip25, bzip 53, bzip25
bzip53, 358::bZIP25 and 355::bZIP53 plants subjected to 0 (control) and 40 M jasmonic acid (JA)
treatments. Bar, 500 m. D, Representative photographs of PCs in the upper epidermis of 3-day-old true
leaves of WT, bzip25, bzip53, bzip25 bzip53, 35S8::bZIP25 and 35S::bZIP53 plants subjected to 0 (control)
and 40 M jasmonic acid (JA) treatments. The samples were treated by propidium iodide (PI) staining to
show the cell wall. Bar, 50 m. (E-F) Density of TCs (E) and density of PCs (F) in the upper epidermis of
two 3-day-old true leaves of WT, bzip235, bzip53, bzip25 bzip53, 355::bZIP25 and 35S.:bZIP53 plants
subjected to 0 and 40 M JA treatments. Data represent a mean + SD (n = 3). Asterisks indicate a significant
difference between mutant and WT, and between overexpression lines and WT as determined using a
Student’s t-test. ¥P < 0.05, **p < 0.01, and ***p < 0.001. ns, non-significant. Letters indicate a significant
difference between single mutant and double mutant as determined using a Student's t-test. aP<0.05,b P <
0.01.
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Figure 7. Model of the transcription factor network, including bZIP2S and bZIPS33, in regulating
TC and PC development. The fate of a TC is regulated by a series of critical transcription factors,
including TTG1, GL2, MYC1, GL3, SIM, and TCPs, as well as others. JA positively promotes the
development of TC but inhibits the differentiation of PC. bZIP25 and bZIP53, in response to JA,
negatively regulate the fate of a PC and may positively promote the differentiation of a TC.
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