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ABSTRACT: Horticultural crops play a pivotal role in global agriculture by providing essential nutrients and 
bioactive compounds that contribute to human health, economic development, and environmental 
sustainability. However, understanding the complex genetic and molecular mechanisms underlying their 
growth, development, and stress responses remains challenging due to the inherent cellular heterogeneity in 
these organisms. The advent of single-cell transcriptome sequencing (scRNA-seq) has revolutionized the 
study of cellular heterogeneity, enabling researchers to uncover the regulatory networks governing critical 
traits, such as fruit quality, yield, and stress resilience in horticultural plants. This review provides a 
comprehensive overview of the scRNA-seq method, including its technological principles and workflow, and 
highlights its key applications in horticultural plant research. By bridging the gap between technological 
advancements and practical applications, this review aims to inspire further exploration and utilisation of 
scRNA-seq to unravel the complexities of horticultural crops and enhance their agricultural potential. 
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1. Introduction 

Plants have complex organic systems, hierarchically composed of different cell types, tissues, and 
organs [1]. Cellular heterogeneity is a prevalent feature of multi-cellular organisms, and cell-specific 
regulatory mechanisms play a key role in controlling plant cell differentiation, metabolic 
compartmentalization, and environmental response [2–4]. However, conventional transcriptome 
sequencing averages gene expression across all cells within an organ or tissue, making it difficult to identify 
the specificity and heterogeneity of cellular expression. Recently, scRNA-seq has been used to partially 
resolve this problem by effectively identifying the transcriptional characteristics of different cell types in a 
tissue, thereby providing a valuable tool for comprehensively elucidating the heterogeneity of gene 
expression among cells [5]. 

The scRNA-seq method was initially developed based on improvements in mRNA sequencing 
technology. It was first applied to mouse blastomeres in 2009 [6]. This study identified multiple previously 
unknown splice junctions, revealing the complexity of transcript variants in individual cells [6]. 
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Subsequently, scRNA-seq has been extensively employed to study various biological processes in 
mammals, including the development of tissues and organs, cellular immune responses, and pathogenesis 
of tumor diseases [7–10]. However, the application of scRNA-seq in plant research has been relatively 
delayed, primarily because of the challenges posed by the plant cell wall and the larger size of plant cells 
compared to animal cells [11]. In 2015, scRNA-seq analysis was successfully applied to the meiotic process 
in maize [12], in which researchers used a thin glass pipette system to manually separate four microspores 
from the same developing tetrad and destroy the cell wall, marking a significant breakthrough in plant 
single-cell genomics. 

Currently, analysis of scRNA-seq data provides unprecedented insights into the mechanisms 
underlying plant growth, development, and responses to environmental stress at the single-cell level [13]. 
This technological advancement has significantly advanced the research on cellular heterogeneity and 
developmental diversity in plants, particularly in horticultural species. Horticultural plants, as a large and 
economically valuable group within the plant kingdom, exhibit developmental diversity and heterogeneity 
at the level of whole plant, organ, tissue, and cell levels. These characteristics make horticultural plants, 
such as tomato, ideal materials for scRNA-seq studies [14]. 

Here, we provide a comprehensive overview of the technological developments in scRNA-seq and 
highlight the key progress in its application to horticultural plants. We not only outlined the general 
workflow of the scRNA-seq method, but also emphasized key considerations specific to plant research. 
Furthermore, we discuss the opportunities and challenges associated with this rapidly evolving technology 
and offer insights into its potential for identifying valuable targets for breeding and genetic engineering. To 
ensure a balanced and comprehensive literature base, we searched the Web of Science, PubMed, and 
Google Scholar for publications up to July 2026, using keywords covering single-cell technologies and 
horticultural plants. Additional papers were identified by cross-checking reference lists of the retrieved 
articles and relevant reviews. As this review is narrative in scope which focused on a critical appraisal of 
selected representative studies to offer a broad yet integrative perspective on the field. 

2. Technical Workflow and Methodological Advances of scRNA-Seq in Plants 

Generation and analysis of single-cell transcriptome datasets from plant samples involve a multi-step 
process. While the specific steps of scRNA-seq may vary depending on the biological question under 
investigation, the fundamental processes generally remain consistent, including sample preparation, library 
construction and sequencing, and data analysis [2]. 

Originally developed for animal cells, scRNA-seq protocols required significant adaptation to plant 
systems because of their cellular differences, particularly in protoplast extraction and cell isolation [6]. 
Recent technological advances in microfluidics, bioinformatics, single-cell isolation techniques, and next-
generation sequencing (NGS) have revolutionised high-throughput single-cell transcriptomics approaches 
in plants. To date, droplet-based and microporous scRNA-seq methods have been widely used in diverse 
plant tissues, including Arabidopsis roots [15–17], cotyledons [18], and leaves [19], as well as rice florets 
and inflorescence meristems [20]. The continuous updating of these methodologies has facilitated the 
widespread adoption of scRNA-seq in plant research, with applications now extending to horticultural plant 
species (Figure 1), including tomatoes and Chinese cabbage. 
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Figure 1. Timeline of major single-cell transcriptomics studies in model plants and horticultural plants. 

2.1. Sample Preparation Methods in Plants 

The success of scRNA-seq depends on obtaining high-quality single-cell suspensions, and proper 
sample preparation is the most critical initial step. This process requires careful optimisation of three key 
parameters: the plant developmental stage, tissue selection, and cell isolation method [2]. In the study of 
plant development, root-tip tissues, leaves, and floral organs serve as model systems because of their well-
characterized cellular differentiation patterns. For instance, to trace the trajectories of phloem parenchyma 
cells during root meristem formation in tomato (Solanum lycopersicum), fluorescence-activated cell sorting 
(FACS) was used to isolate individual cells from tomato internode I sections after enzymatic dissociation, 
ensuring high-quality samples for subsequent scRNA-seq analysis [21]. Parallel studies on specialised plant 
structures have revealed that the salt gland differentiation process in the recretohalophyte Limonium bicolor 
exhibits distinct developmental stages [22]. Notably, the first true leaf undergoes critical transitions in salt 
gland maturity between days 4 and 8 post-emergence, prompting researchers to focus on protoplast isolation 
from day 4 to 7 leaves for developmental trajectory analysis [22]. 

The selection of optimal temporal sampling points remains crucial in plant stress response studies, 
because plants rapidly activate a series of physiological and molecular responses to both abiotic and biotic 
stresses. For instance, Arabidopsis thaliana exhibits significant heterogeneity in the responses of different 
cell types to heat stress [23]. This temporal and spatial complexity was further demonstrated in comparative 
analyses of rice (Oryza sativa) varieties, in which scRNA-seq profiling of leaf sheath tissues from the brown 



Biobreeding 2026, 1(4), 10018. doi:10.70322/biobreeding.2026.10018 4 of 17 

 

planthopper (BPH)-susceptible TN1 and BPH-resistant YHY15 cultivars at 48 h post-infection revealed 
distinct transcriptional landscapes [24]. 

Advancements in plant cell isolation methodologies have led to significant progress in single-cell 
transcriptomics. Protoplast-based approaches have particular technical merits in their capacity to 
simultaneously capture nuclear and cytoplasmic RNA, typically yielding 3–5 times more detectable than 
single-nucleus RNA sequencing (snRNA-seq) under equivalent experimental conditions, thus providing a 
more comprehensive view of gene expression patterns and regulatory processes within a single cell [25–28]. 
However, due to cell walls and the effects of enzymatic digestion, isolating individual plant cells may 
introduce significant bias in gene expression [29]. snRNA-seq has a simpler experimental workflow that 
avoids the dissociation biases introduced by enzymatic digestion, thereby improving the accuracy of 
sequencing results. This technique has been successfully applied to various plant species and tissues, 
including Arabidopsis roots, tomato stem tips, and litchi flower organs [25,29–33]. These studies indicated 
that isolated nuclei can serve as an alternative to protoplasts for obtaining high-quality transcriptomic 
information from plant cells. However, snRNA-seq may miss valuable information regarding cytoplasmic 
RNA [32]. 

2.2. Library Construction and Sequencing 

Currently, FACS techniques are widely used in plant research to isolate and purify cells, thereby 
enriching specific target cell populations or reducing unwanted cellular debris [21,30,33–35]. For instance, 
in tomato, the FACS-mediated isolation of phloem parenchyma cells identified a transitional state indicative 
of incipient root meristem formation [21]. Similar applications in maize ears combined filtration with FACS 
to eliminate cellular debris and generate a comprehensive single-cell atlas for developing inflorescences 
[36]. Notwithstanding its utility, cell sorting introduces additional procedural complexity and extends the 
processing time, with efficiency markedly influenced by tissue characteristics, species-specific factors, and 
instrumentation platforms [2]. 

FACS-based approaches typically require integration with high-throughput sequencing platforms, such 
as the 10x Genomics system (Pleasanton, CA, USA), which is predominantly used for large-scale scRNA-
seq library generation across plant species [37]. Among single-cell platforms, 10x Genomics has been 
widely adopted for its high sensitivity and mature ecosystem, whereas BD Rhapsody (BD Biosciences, 
Franklin Lakes, NJ, USA) uses a microwell design that is gentler on cells and more effective at capturing 
low-mRNA cell types such as epidermal cells and meristem initials [38]. Rhapsody has been successfully 
applied to capture Arabidopsis callus cells for regeneration trajectory analysis [39] and rice inflorescence 
cells for studies of floret and meristem development [20]. For spatial transcriptomics, stereo-seq provides 
subcellular resolution and large capture areas suitable for whole-organ mapping, whereas 10x Visium offers 
a streamlined commercial workflow, with the upgraded Visium HD delivering substantially higher 
resolution [40]. 

2.3. scRNA-Seq Data Processing and Analysis 

scRNA-seq data processing and analysis constitute a multi-step process, typically involving data pre-
processing, dimensionality and clustering, and downstream analysis [41,42]. The initial step generally 
involves aligning reads to a reference genome and collapsing them using a unique molecular identifier 
(UMI) to generate a gene-cell matrix of integer feature counts. Due to the impact of non-barcoded cellular 
debris, mRNA multiplets, and batch effects, rigorous quality control and normalisation are essential to 
ensure data reliability. In plants, doublets and multiplets can be detected by SoCube [43]. Because each 
count in the matrix results from captured and reverse-transcribed mRNA molecules, technical variations 
may lead to differences in sequencing depth among cells. Normalisation corrects these discrepancies by 
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scaling the counts to accurately reflect relative gene expression abundance, thereby serving as a critical step 
in downstream analyses [42]. The high dimensionality and complexity of scRNA-seq data necessitate their 
projection into a lower-dimensional space for optimal representation. The DREAM technique was recently 
employed for dimensionality reduction in data analysis [44]. Downstream analysis of scRNA-seq data 
typically involves three major steps: clustering, trajectory inference, and cell-type annotation [45]. 
Clustering serves as the initial step in inferring cell identity and extracting biological information. It 
grouped cells based on similarities in their gene expression profiles [42]. However, variations in the 
clustering parameters can substantially affect the output and identification of sub-cell types, necessitating 
careful consideration [2]. However, pseudo-time analysis overcomes the intrinsic limitation of discrete 
clustering in capturing progressive cellular dynamics by reconstructing developmental trajectories through 
cell ordering based on expression pattern resemblance [46]. 

Although unsupervised clustering groups cells into distinct clusters, it typically lacks intrinsic 
biological interpretability. Cellular identities within each cluster were determined based on the distinctive 
expression of specific marker genes. Currently, manual annotation using canonical cell-type-specific 
markers remains the prevailing method for defining cell types in Arabidopsis thaliana roots [16,47,48]. 
scRNA-seq has been successfully employed to construct single-cell atlases and identify cell populations in 
various horticultural plants. However, the scarcity of well-characterised marker genes for diverse cell types 
and states in non-model crops complicates manual annotation efforts. No single analytical pipeline 
performed best for every single-cell dataset. The choice of the model and parameters depends on the 
experimental design, sequencing platform, tissue type, sample size, sequencing depth, and specific 
biological questions. An important issue is the risk of over-correction during batch integration. These 
methods help remove technical noise from replicates, batches, genotypes, stages, or platforms. However, 
when applied too strongly, they may eliminate the genuine biological differences [49]. This is particularly 
concerning when the cell states of interest are defined by specific genotypes, treatments, developmental 
stages, or stress responses. 

Recently, spatial transcriptomics has emerged as a powerful complement to scRNA-seq. It enables 
marker-free inference of cell identity and spatial organisation and thus helps elucidate tissue architecture 
and transcriptional context. This technology is particularly relevant for plants. Unlike many mobile animal 
cell populations, plant cells are constrained by rigid cell walls, generally maintain stable spatial positions 
within tissues. Consequently, cell identity, differentiation trajectory, intercellular signaling, and 
developmental fate are all closely linked to the tissue position. For instance, its application to the pitaya 
(Hylocereus undatus) pericarp has identified the central role of the early response transcription factor 
HuCMB1 in the senescence regulatory network [50]. Moreover, an integrated analysis combining snRNA-
seq and spatial transcriptomics identified rare cell subtypes and elucidated their critical functions in soybean 
nodule maturation and physiological processes [51]. The stereo-seq method has been employed to analyse 
the functions of key genes, including novel KNOX1 transcription factors that play roles in ovary 
development and floral sex determination [52]. Nevertheless, the accuracy of deconvolution for rare cell 
types is constrained not only by the low abundance of their transcriptional signals, but also by the mixed 
cellular composition inherent in each spatial spot. Therefore, any inference regarding the colocalisation of 
rare populations needs to be treated with care. Where feasible, orthogonal lines of evidence, such as high-
resolution spatial technologies, fluorescence imaging, RNA in situ hybridisation, or immunostaining, can 
provide valuable validation. Together, these complementary approaches offer a solid basis for 
understanding how rare cell types are spatially organised within plant tissues. Spatial transcriptomics 
revealed that light-induced chlorenchyma cells drive shoot regeneration via sugar driving target-of-
rapamycin (TOR) signaling in tomato [53]. This study revealed the specific expression of several genes in 
the lip and tepals, including AGL6-like genes, thereby systematically elucidating the molecular mechanisms 
underlying the complex floral organ development in orchids [54]. 
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3. Single-Cell Transcriptomics Studies in Horticultural Plants 

The exceptional diversity of horticultural plants—spanning vegetable-producing, fruit-bearing, 
ornamental, and beverage-producing plants and herbal medicinal plants—presents both a challenge and a 
unique opportunity for biological research [55]. This heterogeneity makes scRNA-seq a particularly 
powerful tool as it can precisely resolve the cellular composition and dynamic gene expression programs 
that govern the formation and function of diverse organs. By deconstructing complex tissues into their 
constituent cell types, scRNA-seq offers an unparalleled opportunity to elucidate the mechanisms 
underlying organ development, quality traits, metabolite biosynthesis, adaptive responses, and evolution in 
economically important species. This section discusses the applications and future directions of scRNA-
seq research in horticultural plants, with the plant species and corresponding tissues/organs investigated 
using each approach summarised in Table 1. 

Table 1. Overview of scRNA-seq studies in horticultural plants. 

Horticultural 
Category 

Species Organ/Tissue Method 
Library 

Construction 
Key Finding References 

Vegetable-
producing 

Allium sativum bulbs scRNA-seq 10x Genomics 
Clove organogenesis and 
garlic–virus interaction 

[56] 

Brassica 
campestris 

root tips 
snRNA-seq; 

snATAC-seq; 
spatial RNA-seq 

DNBelab C; 
Stereo-seq 

Salt stress; BcRAP2.11–
BcIRT2 in root hairs 

[57] 

Brassica rapa 
shoot apices and 

leaves 
scRNA-seq 10x Genomics 

Heat stress; subgenome 
dominance in mesophyll 

cells 
[58] 

Brassica rapa young leaves scRNA-seq Not specified 
Distinct palisade vs. 

spongy mesophyll cell 
functions 

[59] 

Brassica rapa leaf vasculature scRNA-seq 10x Genomics 
Xylem/phloem 
differentiation; 
BrNAC45.1/2 

[60] 

Brassica rapa young leaves scRNA-seq 10x Genomics 
Vernalization response at 

single-cell resolution 
[61] 

Cucumis sativus floral buds spatial RNA-seq Stereo-seq 
Floral bud development 
and sex determination 

[52]  

Ipomoea aquatica root tips scRNA-seq 10x Genomics 
Cd uptake between low-

/high-Cd cultivars 
[62] 

Solanum 
lycopersicum 

shoot-borne root 
primordia 

scRNA-seq mcSCRB-seq 
Shoot-borne root origin 

from phloem 
parenchyma 

[21]  

Solanum 
lycopersicum 

calli 
spatial RNA-seq; 

snRNA-seq 

Stereo-seq; 
BMKMANU 
S1000; 10x 
Visium; 10x 
Genomics 

Shoot regeneration via 
chlorenchyma cells 

[53] 

Solanum 
lycopersicum 

leaves scRNA-seq 10x Genomics 
ToCV infection; 

mesophyll transition and 
SKIP2–chlorophyll 

[63] 

Solanum 
lycopersicum 

apical hooks and 
hypocotyls 

snRNA-seq DNBelab C 
Cell-type-specific 

ethylene/TOR signaling; 
JA1 

[64] 

Solanum 
lycopersicum 

leaf, stem, root, 
flower, fruit 

scRNA-seq 10x Genomics 
PGPR-mediated 

metabolic rewiring 
[65] 
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Spinacia oleracea inflorescences spatial RNA-seq 
BMKMANU 

S1000 
Sex differentiation via 

MSI1/HDT2 
[66] 

Pisum sativum shoot apices scRNA-seq 10x Genomics 
B deficiency; mesophyll, 

guard, and SAM cell 
responses 

[67] 

Euryale ferox leaves scRNA-seq 10x Genomics 
Aquatic adaptation; 

epidermal flavonoid C-
glycosides 

[68] 

Fruit-bearing 

Prunus persica flower buds spatial RNA-seq 10x Visium 
Flower bud development 

and dormancy 
[69] 

Fragaria vesca leaves scRNA-seq 10x Genomics 
Botrytis cinerea; early-
responding epidermal 
and mesophyll cells 

[70] 

Hylocereus 
undatus 

pericarps 
scRNA-seq; 

spatial RNA-seq 
10x Genomics; 

10x Visium 
Fruit senescence via 

HuCMB1 
[50] 

Litchi chinensis 
resting buds; 

vegetative buds; 
floral buds 

snRNA-seq BD Rhapsody 
Floral transition; 
LcFT1/LcTFL1-2 

transport 
[31] 

Citrus jambhiri root apexes snRNA-seq 10x Genomics 
DOF2.4 in vascular 

development and 
immunity 

[71] 

Crataegus spp. leaves 
scRNA-seq; 
snRNA-seq 

BD Rhapsody; 
10x Genomics 

Leaf cell atlas; flavonoid 
biosynthesis 

compartmentalization 
[72] 

Prunus spp. young leaves scRNA-seq 10x Genomics 
Leaf development; 
PpAPL/PpCER1 

[73] 

Vitis vinifera lateral buds snRNA-seq 10x Genomics 
Autophagy/hormone 
signaling in tendril 

determination 
[74] 

Vitis vinifera leaves 
scRNA-seq; 

spatial RNA-seq 
10x Genomics; 

Stereo-seq 

Downy mildew defense; 
guard cell 

reprogramming 
[75] 

Malus domestica seedlings snRNA-seq DNBelab C 
Reference genome and 

cell-type annotation 
evaluation 

[76] 

 

Prunus mume petals scRNA-seq 10x Genomics 
Petal cell atlas; floral 

volatile synthesis 
[77] 

Phalaenopsis inflorescences spatial RNA-seq 10x Visium 
Flower organogenesis; 

anther development 
[54]  

Rosa hybrida petals scRNA-seq 10x Genomics 
Gray mold response in 

epidermal/Fra cells 
[78] 

Tillandsia duratii roots and leaves spatial RNA-seq 
BMKMANU 

S1000; Stereo-
seq 

Land-to-air adaptive 
evolution 

[79] 

Phyllostachys 
edulis 

basal root tips scRNA-seq Not specified 
Root atlas; 

PheWOX13a/b 
[80] 

Dendrobium 
devonianum 

flower buds scRNA-seq 10x Genomics 
Flower color 

differentiation 
(carotenoid/anthocyanin) 

[81] 

Dendrobium 
hybrid 

flower buds scRNA-seq 
Singleron 

GEXSCOPE 

Floral specialization; 
tepal/pigment cell 

programs 
[82] 



Biobreeding 2026, 1(4), 10018. doi:10.70322/biobreeding.2026.10018 8 of 17 

 

Rosa sericea leaves snRNA-seq 10x Genomics 
Alpine adaptation; 

trichome development 
[83] 

Beverage-
producing 

Camellia sinensis leaves scRNA-seq 10x Genomics 
Catechin (ECG) 

biosynthesis 
[84] 

Camellia sinensis root tips scRNA-seq 10x Genomics 
Theanine biosynthesis in 

pericycle/xylem cells 
[85] 

Camellia sinensis buds and leaves snRNA-seq Not specified 
Leaf development and 

flavor; CsmiRNA396b-
CsGRF 

[86] 

Camellia sinensis leaves snRNA-seq 10x Genomics 
Trichome development; 

CsCUT1/CsMYB4 
[87] 

Herbal medicinal 

Catharanthus 
roseus 

leaves scRNA-seq 10x Genomics 
MIA biosynthesis 

compartmentalization 
[88] 

Catharanthus 
roseus 

young leaves scRNA-seq 10x Genomics MIA biosynthesis [89] 

Limonium bicolor young leaves scRNA-seq 10x Genomics 
Salt gland cell fate 

determination 
[22] 

3.1. Exploring the Developmental Molecular Mechanism at the Cellular Level 

ScRNA-seq has been widely employed to dissect the cellular composition and developmental 
trajectories of roots during root development and regeneration. scRNA-seq was performed on tomato shoot-
borne at different developmental stages, depicting the developmental trajectories of phloem parenchyma 
cells as they form the root meristem, and addressed the question of the origin of shoot-borne roots [21] 
(Figure 2). Similarly, scRNA-seq analysis of moso bamboo (Phyllostachys edulis) basal roots constructed 
a single-cell transcriptome atlas that captured spatiotemporal developmental information, revealed the 
heterogeneity of bamboo root development, and identified the functions of the key regulatory factors 
PheWOX13a and PheWOX13b in plant root development [80]. In addition, the expression patterns of the 
SHR-SCR and euANT-WOX modules in S. kraussiana root tips were similar to those in A. thaliana root tips. 
However, differences in the molecular mechanisms regulating stem cells between the two species, including 
those involving the WOX and SHR-SCR modules, provide new insights into the evolutionary conservation 
of root tip stem cells [90]. 

 

Figure 2. Applications of scRNA-seq in dissecting plant development, specialized metabolism, and stress response at cellular 
resolution. (A) Cell-type-specific gene regulatory modules governing developmental programs of roots, leaves, and floral buds 
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are revealed to dissect tissue and organ differentiation. (B) Cell-specific metabolic gene expression patterns clarify the 
compartmentalized biosynthetic sites of diverse specialized metabolites. (C) Distinct response characteristics of cell populations 
from roots, leaves, and shoot apices interpret the tissue-specific adaptation mechanisms to multiple abiotic stresses. (D) Tissue-
specific cell defense cascades illustrate divergent immune regulatory modes under pathogen infection and heat-biotic combined 
stress. Created with BioRender. Agreement number: ZE2A2Q88DW [91]. 

For shoot apical meristem development and floral bud differentiation, an snRNA-seq study of the 
tomato shoot apex established a high-resolution expression atlas that revealed the spatiotemporal 
developmental trajectory of tomato shoot apex cells and identified key regulators during the developmental 
process [92]. The first snRNA-seq atlas of apical bud cells was established to identify genes related to floral 
transitions. Integrating snRNA-seq with RNA in situ hybridization revealed that LcFT1 and LcTFL1-2 
mRNAs were transported from the leaves to the shoot apical meristem (SAM), thus revealing a key 
molecular mechanism governing floral transition [31]. 

During leaf development and specialised cell differentiation, the cellular heterogeneity and 
transcriptional features of cassava leaves were revealed by scRNA-seq, which identified six genes 
associated with cell differentiation fate and analysed the structural and photosynthetic properties of cassava 
leaves, providing a paradigm for generating cellular atlases in non-model plants [93]. In the medicinal plant 
Nepeta tenuifolia, scRNA-seq analysis of leaves revealed the differentiation trajectories of specific 
glandular trichome cells, providing a basis for understanding the molecular regulatory network involved in 
glandular trichome initiation and development [94]. Furthermore, a study of Chinese cabbage leaf 
vasculature has revealed the developmental trajectories of the xylem and phloem through pseudo-time 
analysis, suggesting that auxin response elements (such as MP and LAX2) and ethylene response elements 
(such as ERF1 and ERF13) may be involved in early xylem development. Additionally, several NAC 
transcription factors (e.g., BrNAC45.1 and BrNAC45.2) have been identified as key candidate regulators of 
sieve elements and companion cell differentiation [60]. scRNA-seq analysis was employed to identify AG2 
(AGAMOUS 2), which served as a molecular marker for the ovule in Dendrobium devonianum [81]. 

3.2. Exploring Quality Trait Formation at the Cellular Level 

Quality traits, such as flower colour luster, flavour, and shape, are of significant economic importance in 
horticultural plants. With advances in scRNA-seq technology, elucidating the key metabolic processes 
underlying the formation of these quality traits and identifying their specific marker genes has become a major 
research focus in this field. In floral quality research, a pioneering single-cell atlas of mei (Prunus mume) 
petals was constructed, which identified six major cell types in the petals and revealed the expression 
dynamics of differentially expressed genes (DEGs) among different cell types at different floral 
developmental stages, shedding light on the molecular mechanisms of floral volatile synthesis [77] (Figure 
2). The combined application of scRNA-seq and spatial transcriptome sequencing revealed the function of 
the early response factor HuCMB1 in regulating fruit colour, water loss, lesion formation, and the senescence 
process, demonstrating that this gene plays a key role in the comprehensive regulation of post harvest fruit 
quality [50]. Furthermore, scRNA-seq has revolutionised the understanding of complex metabolic pathways. 
The unexpected discovery of catechin ester glucosyltransferases involved in ECG glucoside formation has 
enhanced understanding of the complex metabolic pathways of catechin esters in tea [84]. snRNA-seq 
combined with metabolomics revealed that key regulatory networks, including CsmiRNA396b-CsGRF and 
CsTCP3/CsTCP14, play a coordinating role in regulating leaf development and flavour compound 
biosynthesis, providing an important theoretical basis for quality improvement in tea plants [86]. 
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3.3. Elucidating Metabolic Compartmentalization at the Cellular Level 

The biosynthesis and storage of secondary metabolites in horticultural plants are typically confined to 
specific cell types and exhibit distinct metabolic compartmentalisation. Traditional methods only capture 
the average content at the tissue level, making it difficult to identify the cellular sources of these metabolites. 
In contrast, scRNA-seq allows for the precise localisation of metabolic pathway gene expression in specific 
cell subpopulations, thereby identifying the cells responsible for synthesising secondary metabolites. For 
example, scRNA-seq analysis has revealed that the biosynthesis of theanine exhibits a multi-cellular 
compartmentalisation, with its precursors and final products synthesised in different cell types. Specifically, 
CsTSI is primarily concentrated in pericycle cells, whereas CsAlaDC is highly expressed in xylem cells 
[85]. Similarly, by integrating scRNA-seq with multi-omics technologies, the first single-cell atlas of C. 
roseus leaves was constructed, revealing the compartmentalisation of the biosynthetic pathways of 
monoterpenoid indole alkaloids (MIAs). Specifically, MIA biosynthesis was found to be initialised in 
internal phloem-associated parenchyma (IPAP) cells, with intermediate enzymatic steps occurring in 
epidermal cells (ECs) and late steps preferentially localised in idioblast cells (ICs) [88,89] (Figure 2). These 
findings indicated that scRNA-seq technologies drive research on secondary metabolism at the single-cell 
level and offer new insights into the regulation of compartmenalised metabolic networks. 

3.4. Understanding Stress Response Mechanisms at the Cellular Level 

Horticultural plants face a variety of environmental stresses, both abiotic and biotic, during their growth 
and development. Different plant cell types exhibit marked heterogeneity in their responses to stress 
conditions, and scRNA-seq technology is an effective method for analysing cellular heterogeneity and 
identifying key stress-responsive genes. 

In abiotic stress studies, scRNA-seq has been successfully applied to various horticultural plants and 
non-model crops. scRNA-seq analysis of palisade mesophyll cells (PMCs) and spongy mesophyll cells 
(SMCs) in Brassica rapa showed significant functional differences. PMCs were related to photosynthesis, 
whereas SMCs responded to external environmental stress, providing important information for 
understanding the mechanism of leaf development under environmental stress in leafy vegetables [59] 
(Figure 2). Furthermore, an scRNA-seq map of Chinese cabbage leaves under high-temperature stress was 
constructed, revealing dominant subgenome expression and transcriptional regulatory networks at the 
cellular level in response to heat stress [58]. Additionally, a study on boron-stressed pea shoots revealed 
cellular heterogeneity among distinct cell types and identified key genes and regulatory factors that govern 
shoot development under boron stress, thereby shedding light on adaptation strategies to boron deficiency 
in plants [67]. scRNA-seq analysis of young leaves in the recretohalophyte (Limonium bicolor) revealed 
the expression characteristics of genes related to salt gland cell fate determination and the involvement of 
cytokinin, providing a basis for exploring the molecular mechanisms of plant salinity tolerance [22]. In 
addition, the integration of scRNA-seq and snATAC-seq data makes it possible to link cell type-specific 
open chromatin regions to the genes they may regulate, and to reconstruct transcription factor centered 
networks. This shifts the analysis from descriptive observations towards testable regulatory models. Salt-
stress responses in root hairs are used as a concrete example, tracing a complete analytical path from the 
identification of the transcription factor BcRAP2.11 to the coordinated changes in chromatin accessibility 
and in the expression of its downstream target BcIRT2 [57]. scRNA-seq data indicated that chilling 
triggered a biphasic transcriptional program in mesophyll cells and led to preferential enrichment of 
flowering transcripts in vascular tissues, with BrFLC identified as a key gene in the vernalization response 
[61]. Collectively, these studies revealed cell type-specific response mechanisms to abiotic stress. 

scRNA-seq has also demonstrated tremendous potential for biotic stress analysis. snRNA-seq analysis 
has revealed the immune response mechanism of rough lemon to Candidatus Liberibacter asiaticus and 
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identified the dual core function of the zinc finger transcription factor DOF2.4 in regulating vascular cell 
development and activating immune responses [71]. In strawberries, a single-cell atlas was constructed to 
analyse the distinct gene expression profiles of leaf cells infested with Botrytis cinerea at different 
pathogenesis stages. This study discovered dynamic changes in the expression of disease-related genes PR4 
and the peroxidase PA2 during lesion development, providing a broader perspective on the cellular 
heterogeneity and holistic dynamics of plant-pathogen interactions [70]. Recently, scRNA-seq analysis of 
healthy and chlorosis virus-infected tomato leaves depicted a single-cell transcriptome landscape and 
identified the F-box protein SKIP2, which plays a key role in chlorophyll maintenance during viral infection 
in tomatoes, providing new insights into cellular development and physiological functions under biotic 
stress [63]. Furthermore, another study revealed the cellular heterogeneity and molecular mechanisms 
underlying the response of rose petals to gray mold infection, identifying key cell types (e.g., epidermal/Fra 
cells) and genes (e.g., Fra, TIP2, EP3) [78]. Viral infection up-regulated glutathione synthase/reductase 
genes and altered glutathione metabolism, implicating this pathway in garlic antiviral immunity [56].  

3.5. Resolving Evolutionary Conservation and Divergence at the Cellular Level 

Analyses of scRNA-seq data have revealed both conserved and divergent features of regulatory 
networks between horticultural plants and model species. A comparative single-cell atlas of guard cells 
across Arabidopsis, tomato, soybean, rice, and sorghum revealed that, despite substantial evolutionary 
distance, these species share a core guard-cell transcriptome enriched for genes involved in stomatal 
movement, ABA signaling, reactive oxygen species metabolism, and ion transport, including the 
transcription factors MYB60 and FAMA, and transporters KAT1 and SLAC1. This indicated a high degree 
of functional conservation at the key cell type level [95]. At the same time, the study uncovered species-
specific regulatory modules, indicating that lineage-specific divergence has occurred on top of the 
conserved core program. These findings suggest that conserved orthologous marker genes and regulatory 
modules can serve as useful references for identifying major cell types and developmental programs across 
species. However, the direct transfer of cell identities or regulatory relationships from model plants to 
horticultural species should be undertaken with caution. Even when major cell types are evolutionarily 
conserved, their underlying transcriptional programs and regulatory logic may show species- or lineage-
specific features, making experimental validation of target species indispensable. 

4. Challenges and Perspectives 

Horticultural plants are domesticated to meet various human needs and have substantial economic 
value. Therefore, understanding single-cell-level heterogeneity is crucial for studying growth, development, 
and differentiation. Future research in this field will focus on several aspects, including the developmental 
trajectories of plant cell lineages in key tissues (e.g., tuberous roots and tubers); the fine-scale gene 
regulatory networks and epigenetic modifications of fruits and seeds; and the molecular mechanisms of 
trichome formation and development. 

Beyond these fundamental questions, single-cell technologies can support breeding in multiple ways: 
identifying cell type-specific genes for marker development, providing tissue-specific promoters for 
targeted expression, and providing precise genome editing. In kiwifruit, scRNA-seq of cold-tolerant versus 
cold-sensitive leaves revealed a striking difference in the guard cell proportion (2% vs. 40%), identified 
AaTIFY as a negative regulator of cold tolerance, and enabled its use as a CRISPR/Cas9 target for breeding 
cold-hardy cultivars [96]. Spatial transcriptomics of floral buds identified KNAT2-like1 as the master switch 
for receptacle expansion and inferior ovary formation in cucumbers, offering both a promoter resource for 
fruit shape engineering and an entry point for dissecting complex developmental traits [52].  
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In addition to identifying candidate genes and regulatory elements, single-cell technologies allow 
functional validation through transgenic and gene editing approaches. For example, scRNA-seq has been 
used to identify the key regulators of regeneration and stress responses in horticultural species. The 
functions of these regulators were verified using CRISPR/Cas9 knockout and transgenic overexpression. 
This workflow moves from cell type-specific discovery to targeted mutagenesis or ectopic expression. This 
helps establish causal links between regulatory networks and important agronomic traits. Although this 
integration of single-cell profiling and reverse genetics is still emerging in horticultural plants, it provides 
a promising method to convert descriptive cell atlases into practical targets for breeding and biotechnology. 

Continuous advancements in high-throughput sequencing technology will accelerate research into the 
principles, patterns, and mechanisms of horticultural plant growth and development. scRNA-seq offers 
high-resolution transcriptional profiling at the single-cell level, yet its success hinges on efficient protoplast 
isolation, a step that can introduce cell-type bias and trigger stress-related transcriptional changes. snRNA-
seq, in contrast, addresses many of these issues and is better suited for recalcitrant tissues, including 
lignified, mature, frozen, or metabolite-rich horticultural samples, although it captures primarily nuclear 
transcripts and may not fully reflect cytoplasmic mRNA pools [14]. However, tissue dissociation methods 
can lead to loss of spatial information and alterations in cell type proportions. Furthermore, spatial 
transcriptomics retains the anatomical context, which is critical for studying plant development and tissue 
patterning, but its practical utility is still constrained by limited resolution, moderate sensitivity, and 
relatively high costs. Single-cell multi-omics offers a route to uncover regulatory relationships that 
transcriptome-only approaches miss, but it demands specialised computational skills, complex data 
integration, and substantial financial resources. Combining multi-disciplinary knowledge from genomes, 
transcriptomes, epigenomes, proteomes, and metabolomes will provide an unprecedented perspective for 
understanding cellular heterogeneity in horticultural plants. Despite facing many challenges, such as low 
resolution and low sequencing depth, single-cell multi-omics analysis will increasingly become a vital tool 
in horticultural plant research as the technology continues to develop and mature. 
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