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Background
Leaves are important organs through which plants sense 
the external environment, and their morphology and 
structure are strongly susceptible to change under dif-
ferent ecological conditions [1]. After hundreds of mil-
lions of years of evolutionary selection, higher plants 
have developed complex leaf structures to adapt to the 
changing environment. The upper and lower epidermal 
cells mainly contain single-cell layers of compact pave-
ment cells and guard cells, which control gas exchange 
and transpiration between plants and the environment 
[2]. The palisade and spongy mesophyll are located inside 
the epidermis and represent the main site for chlorophyll 
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Abstract
Background  Leaves require the coordinated regulation of multiple types of cells to accumulate energy for plants. 
Transcriptome analysis at the tissue level cannot analyze the heterogeneity of cells or reveal the molecular regulatory 
mechanisms of different cell types. Recently, single-cell sequencing technology has become an important tool for 
analyzing cell heterogeneity, identifying rare cell populations, and drawing dynamic development tracks at a single-
cell resolution. However, single-cell sequencing has not been conducted in Prunus leaf, limiting our understanding of 
key regulatory factors and the establishment of peach leaf cell lineages.

Results  In this study, we performed single-cell RNA sequencing on young leaves in two varieties of rootstock almond 
and cultivated red leaf winter peach. A total of 11,132 high-quality leaf cells from both varieties were divided into 
seven cell clusters based on reported marker genes in Arabidopsis. Potentially useful and representative markers were 
obtained in each cell cluster. Reconstructing the developmental trajectory of procambial cells showed that PpAPL, 
expressed in phloem cells, was a good candidate gene involved in phloem development. In the epidermis cell cluster, 
PpCER1 was found to increase the leaf wax content, thereby enhancing drought resistance in almond leaves.

Conclusions  Our findings reveal the heterogeneity of leaf cells and identify key regulators in peach and almond, 
providing a theoretical basis for peach molecular breeding to enhance drought resistance.
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synthesis and photosynthesis [3]. Vascular bundles com-
posed of phloem and xylem cells are embedded in the 
mesophyll cells and are responsible for substance trans-
mission [4].

In recent years, single-cell RNA sequencing (scRNA-
seq) technology has developed rapidly, and researchers 
have made progress in the study of plant leaves using 
scRNA-seq. For example, Liu et al. [5] assembled global 
dynamic molecular profiles of stomatal lineage cell devel-
opment and reported that AtBRKY33 and AtBPCs were 
involved in the early stage of stoma development in Ara-
bidopsis. In addition, Liu et al. [6] identified the novel 
regulators AtCDF5 and AtRGA, which participate in the 
early development and function of leaf veins in the coty-
ledon of Arabidopsis. Previous research in allotetraploid 
peanut (Arachis hypogaea L.) revealed the critical tran-
scription factors (TFs) in the leaf blade [7]. In Arabidop-
sis, Kim et al. [8, 9] obtained the single-cell transcriptome 
profile of the leaf phloem. Sun et al. [10] generated a sin-
gle-cell transcriptional map of leaves of Chinese cabbage 
in response to high temperature. With the deepening of 
scRNA-seq research on leaves, additional cell type mark-
ers will be generated, benefiting research on currently 
underrepresented species.

The NAC-family transcription factor  Altered Phloem 
Development  (APL) serves as a master determinant of 
phloem cell identity. While AtAPL (AT1G79430) is indis-
pensable for phloem specification in Arabidopsis [11], 
functional validation of its orthologs remains scarce. 
Notably, no ortholog has been functionally characterized 
in Prunus. Here, we identified PpAPL as the functional 
ortholog of AtAPL in peach, delineated its exclusive 
expression in developing phloem lineages via along the 
pseudo-temporal developmental trajectory, and estab-
lished the foundation for PpAPL-mediated phloem devel-
opment in Prunus. ECERIFERUM1 (CER1) encodes a 
critical decarbonylase catalyzing the conversion of very-
long-chain aldehydes to alkanes, a rate-limiting step in 
cuticular wax biosynthesis essential for minimizing non-
stomatal water loss [12]. Functional orthologs of CER1, 
such as Arabidopsis AtCER1, Brassica rapa BrCER1, rice 
OsCER1, and wheat TaCER1, are experimentally vali-
dated to catalyze very-long-chain alkane biosynthesis and 
exhibit conserved epidermal-specific expression patterns 
critical for cuticular wax deposition [12–15]. Spatial 
expression studies consistently localize  CER1  to epider-
mal pavement cells and trichomes—the primary sites of 
wax deposition [12]. However, in Prunus, the quantitative 
contributions of CER1 to epidermis-mediated drought 
resilience remain uncharacterized. In this work, we dem-
onstrate that  PpCER1-dependent alkane biosynthesis is 
indispensable for cuticle integrity and water conservation 
under drought conditions, providing a theoretical basis 
for enhancing drought resistance in Prunus.

Almond (Prunus amygdalus L.) trees, native to the 
mountainous regions of Central Asia, mainly grow in hot 
and dry environments and exhibit the characteristics of 
heat and drought resistance [16, 17]. Almond has been 
applied as a high-quality drought-resistant plant material 
in scientific research and field production, with almond 
widely used as a rootstock for peach (Prunus persica L.) 
production. Compared with other non-drought-resistant 
varieties, almond leaves have developed unique struc-
tures to adapt to drought environments, with special-
ized features including tightly arranged epidermal cells, 
a thick stratum corneum, veins with a strong transpor-
tation capacity, and mesophyll cells containing a high 
proportion of bound water [18, 19]. In this study, we 
analyzed the leaves of two closely related trees, namely, 
extremely drought-resistant rootstock almond (Com) 
and the cultivated peach variety ‘red leaf winter peach’ 
(RLW), at the single-cell level. The results revealed the 
major cell types found in peach leaves as well as specific 
marker genes, which can serve as references for further 
research on leaf development. This study addresses the 
shortage of research regarding the regulatory mechanism 
of leaf development in Prunus at the single-cell level.

Results
ScRNA-seq of Prunus leaves
To perform scRNA-seq of almond and peach leaves, 
protoplasts were isolated from young Com leaves and 
RLW shoots. Initially, we obtained 5286 Com cells, with 
94,711 reads per cell and 1116 median genes, and 8245 
RLW cells, with 38,215 reads per cell and 2436 median 
genes (Figs. S1–2), for 10 × Genomics scRNA-seq. Then, 
we conducted quality control at both the single-cell and 
gene levels, with genes considered eligible when gene 
number > 200, UMI > 1000, and log10GenesPerUMI > 0.7 
(Fig. S3). Finally, a total of 11,132 high-quality cells (Com: 
4059; RLW: 7073) were obtained for further analysis. To 
eliminate the batch effect between two samples in this 
project, the MNN [20] dimensionality reduction algo-
rithm was applied. Then, based on the MNN dimen-
sionality reduction, the UMAP algorithm was employed 
to visualize the clustering of single-cell populations, 
and 10 optimal clusters were ultimately generated using 
the SNN clustering algorithm [21]. As no scRNA-seq 
research has been reported in Prunus leaves, no mark-
ers were available to identify the cell types involved in 
leaf development. Our strategy was to search for orthol-
ogous genes in the two Prunus genomes based on sev-
eral well-characterized markers for Arabidopsis leaves, 
which were employed to identify the cell types in Prunus 
leaves. Finally, six cell clusters and one unknown clus-
ter were generated based on the related marker genes 
(Fig. 1,Table 1). The largest cell cluster was dominated by 
mesophyll cells (clusters 1–4), driven by the enrichment 
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Fig. 1  A Identification of cell types according to known marker genes in each cell cluster in young leaves of two Prunus species, Com and RLW. B Seven 
cell types for two Prunus species, Com and RLW. Com, almond; RLW, red leaf winter peach. Each dot represents a single cell. Colors represent different cell 
clusters. C Violin plots displaying the expression levels of peach orthologous genes corresponding to known Arabidopsis marker genes across clusters 1 
to 10. The height of each vertical line represents the level of gene expression, while the width of the violin plot represents the number of cells expressing 
that gene
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of known mesophyll markers CAB3, LHCB2.1, and CA1 
(Figs. S4–6) [8, 9, 22, 23]. Epidermal cells were detected 
in cluster 5 based on the presence of epidermis-specific 
TFs ML1 and CER5 (Figs. S7–8) [8, 9, 24, 25]. Xylem cells 
were enriched in cluster 6 based on the marker ACL5 
(Fig. S9) [8, 9]. The marker LTP7 showed that parenchy-
mal cells were gathered in cluster 7 (Fig. S10) [7]. Cluster 
8 mainly contained procambial cells and was identified 
by the markers MP.1 and HB 8.1 (Figs. S11–12) [3, 26, 
27]. Phloem cells were enriched in cluster 9 and identi-
fied using the marker OBP2 (Fig. S13) [10].

Identification of the represented marker genes in each cell 
cluster
As little progress has been made in the scRNA-seq of 
Prunus leaves, there are no currently available bulk 
marker genes. We screened marker genes for each cell 
cluster based on the scRNA-seq of two samples, Com 
and RLW. To screen for significantly upregulated marker 
genes in cell clusters, 14,525 marker genes were gener-
ated using the presto test method [28]. The top 10 most 
highly expressed genes in each cluster were selected, and 
their expression profiles were used to construct a heat-
map (Fig. 2; Table S1). The representative genes with the 
highest expression in each cluster are presented in the 
UMAP map shown in Fig. 3.

To display the potential TFs involved in regulating 
the development of Prunus leaves, we investigated the 
TFs that were specifically expressed in each cell cluster 
(Fig. 4). The mesophyll and epidermis contained numer-
ous TFs, indicating that the formation and development 
processes of the mesophyll and epidermis rely on a com-
plex regulatory network of TFs. Based on the Com and 
RLW samples, we screened for TFs that were specifically 
enriched in the epidermis. As the epidermis serves as the 
primary barrier against external stress factors, numer-
ous TFs play roles in resisting pathogens and enhancing 
tolerance within the epidermis. We discovered 11 poten-
tial TFs related to disease resistance or environment 
tolerance in the network of the epidermis (Table S2), 

supporting the vital role of TFs in the stress resistance 
function of the epidermis.

Developmental trajectory in the procambium
To elucidate the differentiation process of leaf vein cells, 
we reconstructed the trajectory of the relationship among 
the procambium, phloem, and xylem in RLW leaves and 
obtained a continuous pseudo-time series beginning at 
procambial cells (Fig.  5A–B). The major putative devel-
opmental trajectory displayed a distinct branch and 
defined the two probable fates of procambial cells. Along 
the pseudo-temporal developmental trajectory, the dif-
ferentiation of xylem cells occurred significantly earlier 
than that of phloem cells. A pseudo-time developmental 
trajectory among the procambium, phloem, and xylem in 
Com was also constructed, revealing a similar trajectory 
(Fig. S14).

To identify key genes controlling the transition of dif-
ferentiation in procambial cells, heatmap analysis of 
the pseudo-temporal expression dynamics of specific 
genes was performed for both RLW (Fig.  5C; Table S3; 
Fig. S15) and Com (Table S4). After filtering the differ-
entially expressed genes (DEGs) enriched in the xylem 
and phloem relative to other RLW cell types, 1097 genes, 
including 28 TFs (gene module 5), were detected to be 
specifically highly expressed in the xylem cluster, while 
322 genes, including 22 TFs (gene module 8), were found 
to be specifically expressed in the phloem cluster (Table 
S3). By analyzing the specifically expressed genes in gene 
module 8 of RLW, we found that a putative MYB fac-
tor, PpAPL (Prupe.4G128000), displayed a highly over-
lapping pseudo-time trajectory in the phloem cluster 
(Fig. 5D–E), and PpAPL exhibited similar expression pat-
terns in the Com profile (Fig. S15; Table S4). Examining 
the GUS activity in terms of PpAPL pro::GUS revealed 
enrichment in the phloem of the leaf veins (Fig. 5G). To 
further investigate the functional characteristics of these 
signature genes in each module, RLW was subjected to 
Gene Ontology (GO) functional enrichment analysis. 
The signature genes of module 8 were mainly enriched 
in 10 biological processes, which contained one term, 

Table 1  Ten reported markers used to identify cell clusters and their orthologous peach genes
Gene Reported marker Cell cluster Reference Orthologous gene in peach and protein sequence similarity (%)
AT1G29910 CAB3 Mesophyll Kim et al., 2021 [9] Prupe.4G076300 (89.1%)
AT2G05100 LHCB2.1 Mesophyll Kim et al., 2021 [9] Prupe.3G201000 (91.7%)
AT3G01500 CA1 Mesophyll Kim et al., 2021 [9] Prupe.3G285600 (63.3%)
AT4G21750 AtML1 Epidermis Kim et al., 2021 [9] Prupe.4G024800 (79.9%)
AT1G51500 CER5 Epidermis Kim et al., 2021 [9] Prupe.4G254600 (74.8%)
At2G15050 LTP7 Parenchymal Liu et al., 2021 [7] Prupe.6G292800 (48.8%)
AT1G19850 MP Procambium Kim et al., 2021 [9] Prupe.1G368300 (60.0%)
AT4G32880 HB-8 Procambium Kim et al., 2021 [9] Prupe.1G447100 (83.1%)
AT5G19530 ACL5 Xylem Kim et al., 2021 [9] Prupe.1G405900 (80.1%)
AT1G07640 OBP2 Phloem Sun et al., 2022 [10] Prupe.6G079500 (44.7%)
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designated “phloem development”, associated with five 
enriched genes, Prupe.1G241500, Prupe.1G241400, 
Prupe.2G241500, Prupe.4G128000, and Prupe.5G162100, 
which was consistent with the distribution of phloem 
cells in the procambium branch (Fig. 6).

Candidate core genes that positively regulate drought 
tolerance in Com leaves
To investigate the molecular mechanism of drought resis-
tance in almond leaves, we analyzed the epidermal cells 
of Com and RLW to identify DEGs. A total of 1404 DEGs 
(P < 0.05 and FoldChange > 1.5; Table S5) were generated 
from Com vs. RLW. Among these DEGs, 596 upregu-
lated DEGs were identified in Com cells. GO and Kyoto 

Fig. 2  Heatmap of expression levels of the representative marker genes in each cluster. Representative markers for each cluster are shown on the left; the 
length of the colors in the upper part of the figure represents the number of cells within that cluster; the color bar indicates the relative gene expression 
level
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Fig. 3  Unified manifold approximation and projection (UMAP) plot (left) and violin plot (right) showing some top marker genes for different cell types. 
The corresponding color bar indicates the relative gene expression level. In the violin plot, the height of the vertical lines represents the gene expression, 
and the width of the violin plot represents the number of cells expressing that gene
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Encyclopedia of Genes and Genomes (KEGG) analyses 
were conducted to further predict and analyze the gene 
functions of upregulated DEGs in Com. GO enrichment 
analysis indicated that the response to stimulus, cellular 
process, metabolic process, membrane, organelle, bind-
ing, and catalytic activity terms predominated (Fig. S16). 
Based on the results of KEGG analysis, the enriched 
pathways were mostly involved in lipid metabolism, 
energy metabolism, and transcription (Fig. S17). To iden-
tify candidate critical genes enhancing drought resistance 
in the epidermis of Com, we conducted functional pre-
dictions for 596 DEGs from the epidermal cells of Com 
vs. RLW. Except for most unknown genes, we inferred 
that an upregulated gene might enhance the drought 
resistance of Com. The candidate gene Prupe.2G112600 
(renamed PpCER1) is the orthologous gene of AtCER1, 
which is involved in the synthesis of alkanes and 
enhances drought resistance in Arabidopsis [12, 29].

PpCER1 positively regulates the cuticular wax of the leaf 
epidermis to enhance drought resistance
To investigate the role of PpCER1 in drought resistance, 
the OE vector pBI121-PpCER1 was constructed and 
transferred into A. thaliana. Fourteen PpCER1-OE trans-
genic lines were generated. After drought treatment, 
WT plants could not maintain normal plant morphol-
ogy and exhibited withered and dead leaves, displaying a 
typical symptom of drought damage, whereas PpCER1-
OE lines 4 and 13 maintained healthy morphology with 
luxuriant green leaves, showing obvious resistance to 
drought damage (Fig.  7A). The physiological indicators 
of drought resistance indicated that under drought treat-
ment, the catalase (CAT) activity and the contents of 
proline (PRO) and soluble protein in PpCER-OE leaves 
increased compared with those in WT leaves, while the 
malondialdehyde (MDA) content of PpCER-OE leaves 
decreased (Fig. 7B). The distribution of wax on the leaves 
was observed using a scanning electron microscope. The 
result showed that the coverage degree of epidermal wax 
in transgenic PpCER1-OE line 4 was significantly higher 
than that in WT leaves (Fig. 7C). To assess the effect of 

PpCER1 expression on wax biosynthesis, the cuticular 
wax composition of PpCER1-OE line 4 and WT leaves 
was analyzed in detail. The result showed that the total 
cuticular wax contents of PpCER1-OE leaves were sig-
nificantly higher than those of WT leaves (Fig.  7D). In 
detail, six main components of alkanes were identified 
in the leaf epicuticular waxes of WT and PpCER1-OE 
lines, with carbon atom numbers ranging from C15 to 
C25 (Fig. 7D). The six components comprised 2,7,10-tri-
methyldodecane, hexadecane, undecylcyclohexane, non-
adecane, 1-iodoeicosane, and docosyloxytrimethylsilane. 
Except for 2,7,10-trimethyldodecane, the contents of the 
other five alkane components were significantly higher in 
PpCER1-OE lines than in WT plants.

Discussion
In recent years, scRNA-seq has become a popular 
research strategy, enabling significant progress in reveal-
ing the formation mechanism and key regulators of com-
plex plant tissues and organs [8, 9, 30–32]. Progress has 
been reported in the application of scRNA-seq in Arabi-
dopsis leaves, and some special cell types have been iden-
tified, including vein-related cells, stomata-related cells, 
and phloem-related cells [5, 6, 8, 9].

Although some available cell type markers from Ara-
bidopsis were of great assistance in classifying Prunus. 
leaf cell types in this study, other Arabidopsis markers 
proved to hold little application value in Prunus. Peach 
orthologous genes of the spongy-mesophyll marker 
AtAFO [8, 9] were highly expressed in all clusters from 
1 to 4 and could not be used to distinguish spongy meso-
phyll cells from palisade mesophyll cells. Peach ortholo-
gous genes of the Arabidopsis stomata marker AtBPCs 
[5] were not specifically expressed in any cluster. We 
speculate that the expression of key genes in some cell 
clusters, such as the spongy mesophyll, palisade meso-
phyll, and stomata, has strong specificity in Prunus and 
lacks matching information in the reference database, 
making it difficult to identify cell clusters using scRNA-
seq at present. In scRNA-seq, suitable markers gener-
ally possess characteristics such as expression specificity, 
detectability (moderate or high expression levels), and 
the stability of cross-samples [5, 6, 8, 9]. In the present 
study, we successfully classified and identified cell clus-
ters by searching for orthologous genes of Arabidopsis 
markers. However, the violin plots of certain ortholo-
gous genes, including Prupe.6G292800 (parenchyma 
marker) and Prupe.1G447100 (procambium marker), 
exhibited specific, high-abundance but low-cell-count 
expression (Fig. 1C), which was not conducive to subse-
quent applications and research. To better identify leaf 
single-cell clusters in future research, this study screened 
10 marker genes for each cell cluster that displayed spe-
cific, high-abundance expression and high-cell-count 

Fig. 4  Number of transcription factors (TFs) in each cluster in two Prunus 
species, Com and RLW. Com, almond; RLW, red leaf winter peach
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expression. For example, AtHDG5, an orthologous 
gene of the epidermal top 10 marker Prupe.5G029000, 
was predominantly expressed in the epidermal layer of 
shoot meristems and organs [33, 34], indicating that 

Prupe.5G029000 was also specially expressed in the 
epidermal layer in Prunus leaves, which was consistent 
with our analysis. AtIAA14, an orthologous gene of the 
top 10 parenchymal marker Prupe.1G027600, was found 

Fig. 5 (See legend on next page.)
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to be mainly expressed in the root pericycle, which was 
composed of a single layer of parenchymal cells [35], sug-
gesting that Prupe.1G027600 holds potential as a paren-
chymal marker in peach. The above findings underscore 
that Prunus species have unique characteristics com-
pared with Arabidopsis, making it necessary to perform 
the single-cell sequencing of Prunus leaves.

After the parenchymal cells construct the basic tissue 
of the leaf, the procambium gradually differentiates to 
form vascular tissues to meet the plant's needs for sub-
stance transportation and mechanical support [6, 36]. 
The consistency of the pseudo-time trajectories for both 
Com and RLW suggests that this developmental trend 
may be a characteristic manifestation of the procambial 
cells in peach and almond, providing insight into the 
development of procambial cells. Xylem cells differenti-
ated significantly earlier than phloem cells, indicating 
that this order was related to the priority needs of Prunus 
for water transportation. We infer that during the early 
stages of leaf development, water transport channels 
(xylem) need to be established rapidly to support cell 
expansion and the initiation of photosynthesis. In con-
trast, the enhancement of the phloem, which is respon-
sible for the translocation of organic substances, can be 
conducted at a later stage as the output of photosynthetic 
products becomes more crucial following the full expan-
sion of leaves [37, 38]. Based on the DEG profiles of RLW 
and Com, PpAPL was identified from gene modules to 
exhibit specific expression in the phloem cluster. GUS 
staining confirmed that PpAPL was highly expressed in 
the phloem of peach and almond leaf veins. It is known 
that AtAPL contributes to both promoting phloem dif-
ferentiation and repressing xylem differentiation dur-
ing vascular development [11]. As an orthologous gene 
of AtAPL in peach and almond, the results imply that 
PpAPL is a good candidate gene involved in phloem 
development, potentially enhancing the understanding of 
the dynamic process of the distribution of photosynthetic 
products, the precise transmission paths of signaling sub-
stances, and stress response mechanisms under adverse 
conditions.

We were able to identify DEGs at the cell cluster level, 
which made the transcriptome analysis more sensitive 
and accurate than the transcriptome analysis of the whole 
leaf. Through the heterologous expression of PpCER1 in 

Arabidopsis, we demonstrated that there was a positive 
correlation between the expression of PpCER1 and the 
synthesis of alkanes in the wax, indicating that PpCER1 
was a key enzyme regulating alkane synthesis. Because 
alkanes are the main components of cuticular wax [39], 
the enhanced drought resistance of transgenic PpCER1-
OE lines was due to the increased content of epidermal 
wax on the leaves and the reduction of water loss under 
drought stress. This effect was directly linked to the 
physiological protective responses observed in transgenic 
plants, including elevated CAT activity and reduced 
MDA levels. The reinforced wax layer not only mini-
mized water evaporation but also suppressed reactive 
oxygen species accumulation through maintaining cellu-
lar turgor pressure, which ultimately enabled the plants 
to retain a healthy morphology. Therefore, PpCER1 con-
fers drought resistance in plants by regulating alkane bio-
synthesis in cuticular wax, offering a valuable molecular 
target for drought-tolerant plant breeding.

Conclusions
This study obtained new insights into the cell clusters 
of peach and almond leaves and identified novel marker 
genes for further research. Pseudo-temporal analysis 
revealed further details regarding the differentiation pro-
cess of the procambial cells. The results showed that the 
vital gene PpCER1 regulates the cuticular wax of the leaf 
epidermis to enhance drought resistance, helping to elu-
cidate the mechanism of drought resistance in the epi-
dermis of almond and providing a molecular basis for the 
subsequent breeding of new drought-resistant varieties.

Methods
Plant materials and growth conditions
Com and RLW were collected from the Tianping Lake 
experimental base, Shandong Institute of Pomol-
ogy, Taian city, Shandong Province, China (117.08°E, 
36.20°N). The two accessions were cultivated in the 
field under standard local management practices for 
12 years. RLW was propagated by bud grafting onto ‘Ye 
Mao Tao’ rootstock in 2013. The young leaves of almond 
and RLW shoots were employed for leaf scRNA-seq 
experiments. Young leaf samples were collected from 
the developing leaf buds on detached branches grown in 
MS medium (pH 5.8) containing added indole-3-butyric 

(See figure on previous page.)
Fig. 5  A–B Cell clusters and differentiation state distributions of red leaf winter peach (RLW) following the pseudo-time trajectory of procambium devel-
opment. State 1, state 2, and state 3 are discrete cell states corresponding to distinct stages along the cell differentiation trajectory. Component 1, pseudo 
timeline; component 2, differences in cell subtype. C Heatmap showing the expression of branch-dependent genes over the pseudo-time trajectory. The 
colors on the left represent different gene modules. The branch point (shown in the middle of the heatmap) is the beginning of the pseudo-time trajec-
tory, while both sides of the heatmap represent the end of pseudo-time. The color bar indicates the relative expression level. D Expression pattern of two 
differentiation states in gene module 8 of the RLW heatmap along the pseudo-time trajectory. EPpAPL expression superimposed onto the pseudo-time 
trajectory, with colors indicating higher gene expression. F Expression of PpAPL in three cell clusters (procambium, phloem, and xylem) in RLW and two 
differentiation states along the pseudo-time trajectory. G GUS activity of PpAPL pro::GUS. UE, upper epidermis; LE, lower epidermis; Ph, phloem; Xy, xylem; 
bar = 10 μm
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acid (IBA) (0.1  mg/L) and 6-benzylaminopurine (6-BA) 
(1 mg/L) at 24  °C (16 h light/8 h dark, light intensity of 
80  mmol  m–1  s–1). Transgenic Arabidopsis thaliana 
(Col-0) plants were grown in a greenhouse at 22 °C (16 h 
light/8 h dark, 60% relative humidity).

Preparation of leaf samples for scRNA-seq
Leaf tip regions were collected into a 50-mL centrifuge 
tube using a wash solution (8% mannitol), which was 
added with the dissociation solution and then digested 
for 1 h at 24  °C on a track oscillator. A 40-μm cell filter 
was placed at the top of the centrifuge tube, and the fil-
tered protoplasts were suspended in the centrifuge tube. 
After centrifugation, the supernatant was discarded, and 
sufficient solution was retained to cover the protoplast 
precipitate. Protoplasts were resuspended in the wash 
solution, and the washing procedure was repeated twice. 
A blood cell count plate was used to determine the con-
centration of protoplasts, which were then placed on ice 
for subsequent analysis.

Quality control of scRNA-seq data and gene quantification
Quantitative quality control using Cell Ranger software 
revealed that the high-quality cell count distribution of 
Com was 5286, while that of RLW was 8245. After exclud-
ing dual cells, multicellular cells, and apoptotic cells, the 
final cell count distributions were 4059 (Com) and 7073 
(RLW). The raw data generated through high-throughput 
sequencing were subjected to data quality statistical anal-
ysis using 10 × Genomics software Cell Ranger (v5.0.0, 
https://www.10xgenomics.com/). ​C​o​m​p​a​r​e​d to the refer-
ence genome, this software quantifies high-throughput 
single-cell transcriptome data by identifying barcode 
markers that distinguish cells in the sequence and unique 
molecular identifier (UMI) markers for different mRNA 
molecules in each cell, thereby obtaining high-quality cell 
counts, gene medians, sequencing saturation, and other 
quality control statistical information.

Gene quantitative quality control and data preprocessing
Based on the preliminary quality control using Cell 
Ranger, the data underwent further quality control 

Fig. 6  Top 10 Gene Ontology (GO) terms in the biological process category for highly expressed genes in module 8 of the heatmap for red leaf winter 
peach (RLW). BP, biological process

 

https://www.10xgenomics.com/
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Fig. 7 (See legend on next page.)
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processing in the Seurat (v4.0.0) software package [40]. 
We filtered out low-quality cells based on the distribution 
of indicators such as nUMI, nGene, and the percentage of 
mitochondrial genes. Specific quality control thresholds 
were set to retain cells with gene numbers greater than 
200, UMI numbers greater than 1000, and a log10Gene-
sPerUMI value greater than 0.7 using Doublet-Finder 
(v2.0.2) software to remove dual cells [41].

Dimension reduction and clustering analysis
The mutual nearest neighbor (MNN) dimensionality 
reduction algorithm was employed to eliminate batch 
effects [20]. Then, based on the dimensionality reduc-
tion results obtained using MNN, the unified manifold 
approximation and projection (UMAP) algorithm was 
used to visualize the clustering of single-cell clusters. 
Finally, the shared nearest neighbor (SNN) clustering 
algorithm was used to obtain the optimal cell clustering.

Marker gene identification
The Find-All-Markers function (test.use = presto) in the 
Seurat package [40] was employed for the identifica-
tion of marker genes, which involved identifying genes 
that were upregulated for each cell classification relative 
to other cell populations. The presto test method was 
employed to perform a difference test between the speci-
fied cell population and all other cell populations with the 
screening conditions of a logfc.threshold greater than 0 
and a min.pct (gene expression proportion in all cells) 
value greater than 0.25 to obtain all marker genes for 
each cell population. The identified marker genes were 
visualized using the Vln-Plot and Feature-Plot functions 
in Seurat.

Identification of DEGs and enrichment analysis
The Find-Markers function (test.use = presto) in the 
Seurat package [40] was used to screen for DEGs, retain-
ing genes with significant differences at P < 0.05 and a 
difference multiple of greater than 1.5 times. Benjamini–
Hochberg [42] was applied for multiple testing adjust-
ments of P values during the selection of DEGs, after 
which the corresponding q-values were obtained. GO 
enrichment [43] and KEGG pathway [44] enrichment 
analysis of DEGs were performed using R based on the 
hypergeometric distribution.

Pseudo-time analysis
Based on the expression patterns of key genes, Monocle 
software [45] was used to examine the dynamic changes 
during the process of temporal development. First, cells 
displaying significant variations in expression were 
selected for spatial dimensionality reduction based on 
their expression profiles, after which a minimum span-
ning tree (MST) was constructed. The MST was used to 
identify the longest path representing the differentiation 
trajectory of cells with similar transcriptional features.

Generation of transgenic Arabidopsis and drought 
resistance analysis
The vector pBI121 was linearized, and the GUS gene 
was removed through SmaI and SacI double digestion. 
The coding sequence of PpCER1 was amplified from P. 
amygdalus L. using sequence-specific primers fused with 
orthologous recombination junctions (FW: 5’-​G​G​A​C​T​
C​T​A​G​A​G​G​A​T​C​C​C​C​G​G​G-3’; RV: 5’-​C​G​A​T​C​G​G​G​G- ​
A​A​A​T​T​C​G​A​G​C​T​C-3’) recombined into the linearized 
pBI121 through orthologous recombination reactions, 
and the amplified sequence was then transformed into 
Agrobacterium strain GV3101. Arabidopsis transforma-
tion was conducted according to the protocol of Zhang et 
al. [46]. Arabidopsis seedlings were transplanted 14 days 
after sowing. We ensured that each treatment included at 
least 20 individual plants, with 5 plants in each pot, and 
watering was performed every 4 days. A 14-day drought 
treatment was initiated 50  days after sowing, during 
which no water was supplied. Plant phenotypes were 
observed following drought treatment. The leaves of 20 
individual plants were collected from each treatment for 
the measurement of their drought tolerance indices.

PRO content was detected using a plant PRO extrac-
tion kit (Suzhou Mengxi Biomedical Technology Co., 
Ltd., Suzhou, China) according to the protocol of Mmf 
et al. [47]. In brief, leaf samples were collected and 
ground into powder with liquid nitrogen. The leaf pow-
der samples were homogenized in extraction solution at 
a ratio of 0.1 (g): 1 (mL). Each sample was then extracted 
by shaking at 90  °C for 10  min. After centrifugation at 
10,000 rpm for 10 min, the cooled supernatant was trans-
ferred to a microplate reader for analysis at a wavelength 
of 520  nm. The PRO content (μg/g) was calculated as 
(determined value − control value − 0.0047)/0.0209 × V1/
(sample mass × V1/V2), where V1 is the volume of sample 

(See figure on previous page.)
Fig. 7  A Phenotypes of wild-type (WT) Arabidopsis and transgenic lines overexpressing PpCER1 in normal conditions (50-d-old) and 14 d after drought 
treatment. Bar = 1 cm. B Physiological indicators of WT and PpCER1-overexpression (OE) lines after drought treatment: catalase (CAT) activity (left); soluble 
protein (middle left); proline (PRO) content (middle right); and malondialdehyde (MDA) content (right). C Scanning electron microscopy images of the 
upper and lower epidermis of WT Arabidopsis and transgenic line PpCER1-OE-4. The numbers in each line represent the magnification factor; the bar 
values corresponding to each line are 100 μm, 20 μm, and 5 μm. D Total wax content of WT Arabidopsis and transgenic PpCER1-OE lines (left); content of 
six alkane components in WT Arabidopsis and transgenic PpCER1-OE lines (right). Data presented are the means ± standard deviation of three replicates. 
Significant differences among different groups are determined using Student’s t-tests (*P < 0.05, **P < 0.01)
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added to the reaction system, and V2 is the volume of 
extract added.

MDA content was detected using a plant MDA extrac-
tion kit (Suzhou Mengxi Biomedical Technology Co., 
Ltd., Suzhou, China). In brief, leaf samples were col-
lected and ground into powder with liquid nitrogen. 
Powdered leaf samples were homogenized in extraction 
solution at a ratio of 0.1 (g): 1 (mL). After centrifuga-
tion at 10,000 rpm at room temperature for 10 min, the 
supernatant was collected, mixed with the reaction solu-
tion at a ratio of 100 (μL): 300 (μL), and heated at 92 °C 
for 30  min. The mixture was then cooled to room tem-
perature and centrifuged at 12,000 rpm for 10 min. Next, 
200 μL of supernatant was transferred to a 1-mL cuvette. 
Optical density (OD) values at 532 and 600  nm were 
obtained. The MDA content (μg/g) was calculated as 
(A532 − A600 + 0.0055) ÷ 0.025 × volume of the extraction 
solution/sample mass.

CAT activity was measured using a plant CAT extrac-
tion kit (Suzhou Mengxi Biomedical Technology Co., 
Ltd., Suzhou, China) according to the protocol of Johans-
son et al. [48]. Briefly, leaf samples were collected and 
ground into powder with liquid nitrogen. The powdered 
leaf samples were homogenized in extraction solu-
tion at a ratio of 0.1 (g): 1 (mL). After centrifugation at 
12,000 rpm and 4 °C for 10 min, 10 μL of the supernatant 
was mixed with 190 μL of reaction solution and trans-
ferred to the microplate reader for analysis at a wave-
length of 240  nm. The CAT activity (μmol/min/g) was 
calculated as (A1 − A2) × 918/sample mass, where A1 is 
the absorbance value at 10  s, and A2 is the absorbance 
value at 70 s.

The soluble protein content was measured using the 
Coomassie Brilliant Blue Method Micro-detection Kit for 
Protein Content (Suzhou Mengxi Biomedical Technol-
ogy Co., Ltd., Suzhou, China). In brief, leaf samples were 
collected and ground into powder with liquid nitrogen. 
The leaf powder samples were homogenized in extrac-
tion solution at a ratio of 0.1 (g): 1 (mL). After centrifu-
gation at 12,000 rpm and 4 °C for 10 min, 100 μL of the 
supernatant was mixed with 100 μL of reaction solution 
and transferred to the microplate reader for analysis at a 
wavelength of 620 nm. DdH2O was employed as a con-
trol. The soluble protein (mg/g) content was calculated 
as (A1 − A2 − 0.008) ÷ 6.0074 × volume of the extraction 
solution/sample mass, where A1 is the absorbance value 
of the sample, and A2 is the absorbance value of the con-
trol. Each experiment was independently repeated three 
times.

Cuticular wax analysis
Determination of total wax content  An appropri-
ate amount of the sample was added to chloroform and 
extracted at room temperature under shock treatment at 

120 rpm for 20 min. After the chloroform had completely 
evaporated, the surface wax content was calculated by 
measuring the mass of the container before and after the 
test and determining the difference.

Wax composition analysis  Chloroform (25  mL) 
was added to 65-d-old leaves collected from WT and 
PpCER1-overexpression (OE) lines, and extraction was 
conducted at 60  °C. The extract was collected, 40 μL of 
n-octadecane standard solution (1350  ppm) was added, 
and the resulting solution was concentrated to a volume 
of 1 mL under a nitrogen stream. The solution was then 
transferred to an injection vial and then dried under a 
nitrogen stream, followed by the addition of 100 μL of 
N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 
100 μL of pyridine, and derivatization was conducted at 
70  °C for 60 min. After drying, the product was diluted 
to a constant volume using 1.5 mL of chloroform, filtered 
through a membrane, and then injected into the Agilent 
gas chromatography-mass spectrometry (GC–MS) 8860-
5977B instrument. The parameters of the instrument were 
as follows: chromatographic column model: HP-5MS UI, 
30 m × 0.250 mm × 0.5 μm; flow rate: 1.0 mL/min; column 
temperature: held at 50  °C for 5  min, then increased to 
315 °C at a rate of 5 °C/min, and held for 20 min; injec-
tion port temperature: 290 °C; transfer line temperature: 
315  °C; and scanning mode: ion source temperature: 
230 °C and quadrupole temperature: 150 °C.

Statistical analyses of physiological indicators
Two-tailed Student’s t-tests were performed to analyze 
the significance of differences. All statistical analyses 
were conducted in Statistical Product and Service Solu-
tions (SPSS) software version 10.0 [49].
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