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ABSTRACT
The generation of complex traits involves the coordinated interplay of multiple gene networks. Elucidating the function of tran-
scriptional cis-regulatory elements (CREs) in regulating gene expression is crucial for understanding complex regulatory path-
ways and improving our ability to modify macro-phenotypes. While traditional bulk sequencing approaches rely on tissue or cell 
population aggregates, single-cell transcriptomics provides a more precise perspective by capturing cell-type-specific informa-
tion. The integration of single-cell technology with genome-wide genetic screening, particularly through the single-cell CRISPR 
(scCRISPR) system, enables the identification of critical regulatory elements and provides novel insights into gene-expression 
control mechanisms. Here, we summarise recent advances in diverse strategies for functional genome analysis using the sc-
CRISPR system, with an emphasis on its potential to revolutionise single-cell genetic screening of CREs. We also explore the 
challenges and opportunities for applying these approaches in plant research.

1   |   Decoding Plant Cis-Regulatory Elements: 
Traditional Challenges and Single-Cell 
Opportunities

The emergence of diverse plant cell states and types stems from 
an intricate regulatory gene network governing cellular differ-
entiation, developmental programming, and environmental 
responsiveness. Gene expression patterns are subject to differ-
ential regulations, exhibiting high cell-type specificity and spa-
tial–temporal dynamics to align with the plant's growth cycle 
and environmental conditions. This transcriptional regulation 
is mediated by cis-regulatory elements (CREs), the specific ge-
nomic non-coding DNA sequences. CREs are broadly classified 
as promoters, enhancers, silencers, and insulators, alongside 
various incompletely characterised elements such as tethering 
elements (Batut et al. 2022).

1.1   |   Diversity and Complexity of Plant CREs

CREs play indispensable roles in diverse physiological pro-
cesses, including growth and development (Xin et  al.  2024), 
morphogenesis (Liu et al. 2024), metabolic homeostasis (Jung 
et al. 2024) and stress response (Azodi et al. 2020). CREs gov-
ern the spatial, temporal, and amplitude-specific expression 
patterns of target genes by integrating endogenous signalling 
molecules (e.g., phytohormone gradients; Batut et  al.  2022) 
and exogenous stimuli (e.g., photoperiodic signals; Lanctot 
et al. 2025; Wang et al. 2024), micronutrient availability (Guo 
et al. 2024), and temperature fluctuations (Xu et al. 2022) to 
assemble transcriptional regulatory complexes (Rodríguez-
Leal et  al.  2017). Some structural and functional charac-
terizations of them have been achieved. Numerous studies 
have documented regulatory mechanisms governing plant 
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growth and development, encompassing pivotal processes 
such as root formation (Franssen et al. 2017), floral initiation 
(Alvarado et al. 2011), and fruit maturation (Song et al. 2022; 
Díaz-Valenzuela et al. 2020).

Research on plant genomes has long pursued a comprehen-
sive understanding of genetic regulation (Sun et  al.  2022; Xie 
et al. 2024), with persistent endeavours to annotate CREs within 
these systems. However, genomic sequences alone are insuffi-
cient to characterise CREs activities across plant physiological 
contexts, as their regulatory functions also manifest through 
dynamic local chromatin modifications. Specific promoters and 
enhancers mediate precise spatiotemporal regulation of down-
stream genes through the formation of transcription complexes 
via transcription factor (TF) binding. Eukaryotic CREs typically 
exhibit nucleosome depletion (Marinov and Shipony  2021), a 
biophysical property leveraged by recent chromatin accessibility 
profiling techniques to achieve genome-wide functional annota-
tion of regulatory elements. High-throughput chromatin accessi-
bility assays such as Assay for transposase-accessible chromatin 
with high throughput sequencing (ATAC-seq) (Buenrostro, Wu, 
Chang, and Greenleaf 2015) exploit the enzymatic preference of 
Tn5 transposase for cleaving protein-unprotected genomic re-
gions (Luo et al. 2022). This enables genome-wide mapping of 
CREs and context-specific chromatin state profiling.

The functional state of CRE is resolved through profiling DNA-
protein interactions, including histone modifications (Deb 
and Kundu 2015) (e.g., H3K4me3 and H3K27ac; Angeloni and 
Bogdanovic 2019), TF-binding, and chromatin remodeler occu-
pancy. In zebrafish, the H3K27ac-region in the enhancer provides 
binding sites for stage-specific transcription factors (Bogdanovic 
et al. 2012). Techniques such as chromatin immunoprecipitation 
sequencing (ChIP-seq) (Ernst et al. 2011; Park 2009), cleavage 
and tagging under target (CUT&Tag) (Kaya-Okur et al. 2019), 
and cleavage and release under target (CUT&RUN) using nu-
clease (Skene and Henikoff 2017) allow to probe histone mod-
ifications on DNA and to differentiate between the inducing or 
deterring activity of CREs (Wang et al. 2021).

The distinctive features of plant CREs, including their spatially 
dispersed genomic arrangement and chromatin-mediated re-
sponsiveness to environmental signals, have shifted the focus 
of relevant research from static mapping toward the reconstruc-
tion of dynamic regulatory networks. This transition aims to 
elucidate CRE-regulatory dynamics across specific cell types 
and defined environmental contexts.

1.2   |   Functional Analysis Solution for CREs

Research on plant genomes and CRE has been progressively 
advancing. Early studies were conducted at the level of tissue, 
primarily employing mutagenesis protocols to assess the effects 
of non-coding chromosomal region mutations on reporter gene 
expression or phenotypic consequences, such as the characteri-
sation of the cis-regulatory region governing expression of the 
floral regulatory gene FT in the phloem of Arabidopsis leaves 
(Adrian et al. 2010), and the functional characterisation of up-
stream silencers regulating the grain yield-associated gene FZP 
in rice (Bai et  al.  2017). The reporter gene system described 

above provides an intuitive functional readout, enabling direct 
inference of regulatory activity from phenotypic data. However, 
its utility is constrained by several limitations, including the 
absence of native chromatin context, low throughput, and a 
frequent divergence from endogenous regulatory states. These 
factors collectively limit their broader applicability in functional 
genomics.

Population-level genetic association studies leveraging omics 
technologies such as ATAC-seq substantially enhance the ex-
perimental scale per study round. Nevertheless, they gener-
ally lack cellular resolution and yield correlative rather than 
causal evidence. Traditional genetic breeding strategies em-
ploy tissue culture-based regeneration to generate mutant 
lines, as exemplified by soybean mutants exhibiting enhanced 
symbiotic nitrogen-fixing nodule formation (Bai et  al.  2020), 
and the suppression of stomatal regulatory genes in rice (Yin 
et al. 2017). However, these techniques remain constrained by 
notable limitations, including protracted in  vitro culture pe-
riods, technically demanding protocols, and low-throughput 
phenotypic screening. Employing cell populations directly 
(e.g., protoplast-based systems or tissue culture platforms) di-
minishes procedural timelines while marginally enhancing 
operational efficiency in plant biotechnology workflows. For 
example, targeting the RY element (CATGCATG) upstream of 
the FAD2 gene in peanut increases oleic acid concentration in 
seed (Neelakandan et al. 2022). Though CRISPR-based genetic 
screening resolves causal relationships in functional studies, its 
current lack of population-level implementation thus hampers 
a systems-level understanding of how CREs operate across dis-
tinct cell types and tissues.

1.3   |   Single-Cell Opportunities of CRE-Regulatory 
Function Recognition

A central challenge in exploiting the functional potential of 
CREs lies in precisely linking sequence variants or perturba-
tions to their molecular and cellular phenotypic outcomes, such 
as transcriptional shifts, surface protein expression, and cell-
state transitions, within specific cell types. Single-cell strategies 
offer a promising avenue to address this gap. Generated through 
bulk tissue analysis, this histological dataset provides macro-
scopic phenotypic; conversely, single-cell resolution is more 
indispensable for investigating natural selection, evolutionary 
trajectories, and rare cellular phenotypes within specific genetic 
lines, given the pivotal roles of cell type-specific genes and reg-
ulatory elements in cellular differentiation processes. For exam-
ple, single-cell transcriptomic profiling of Arabidopsis seedlings 
elucidated cell-type-specific regulatory responses to light, re-
vealing a molecular model of cell development and differentia-
tion during seedling de-etiolation (Han et al. 2023).

High-throughput single-cell epigenomics platform employing 
microfluidics and combinatorial indexing enables genome-
wide chromatin accessibility profiling at single-cell resolution 
under both steady-state and spatially defined microenviron-
mental conditions. Deconvolution of epigenetic heterogeneity 
across cell populations permits precise delineation of cell-type 
and state-restricted accessible chromatin domains, enabling 
comprehensive reconstruction of cis-regulatory networks that 
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orchestrate gene expression (Movahedi et al. 2011). For instance, 
scATAC-seq analysis of rice root tip cells across developmental 
timepoints revealed spatiotemporal chromatin dynamics during 
cellular differentiation, achieved through nuclear chromatin 
profiling (Feng et al. 2022).

Single-cell epigenomic approaches offer distinct technological 
advantages by resolving phenotypic heterogeneity, delineating 
cell-type-specific regulatory elements, and ultimately eluci-
dating transcriptional regulatory networks (Jaitin et al. 2014). 
Despite these advantages, platforms such as scATAC-seq re-
main observational in nature, thereby impeding mechanistic 
validation of CRE-mediated gene regulation. Perturbation 
assays targeting CREs can elucidate causal relationships 
between regulatory element function and transcriptional 
changes. Though comparatively understudied, CREs consti-
tute modular chromatin units functionally analogous to genes. 
This equivalence establishes a conceptual basis for integrating 
CRE-analysis into functional genomics research frameworks. 
The CRISPR/Cas screening system has therefore been inno-
vatively leveraged for genome-scale functional characterisa-
tion of CREs (Gilbert et  al.  2013). The CRISPR/Cas system, 
which utilises guide RNAs (gRNAs) to direct Cas proteins to 
target sequences, causes cleavage of DNA strands. Relying 
on the cell's DNA reparation mechanism (Puchta et al. 1996; 
Salomon and Puchta  1998), it leads to mutations in specific 
segments (Wolter and Puchta 2018).

However, to realise scCRISPR screening in plants, several core 
technical obstacles must be surmounted: (1) A high-throughput 
perturbation strategy: This necessitates CRISPR libraries with 
the ability to simultaneously perturb a larger set of CREs; (2) 
Precise linkage between perturbations and phenotypes: It is 
essential that the transcriptomic readout of each cell can be 
accurately traced back to the specific gRNA perturbation it re-
ceived; (3) Single-cell-level ‘one-to-one’ delivery: An optimal 
delivery system must guarantee that each cell receives only a 
single unique gRNA vector, thereby avoiding interpretive am-
biguity arising from multiple perturbations (Shalem et al. 2015; 
Hsu et al. 2014; Chen et al. 2015). Plasmid-based delivery sys-
tems utilising protoplasts may present certain limitations; nev-
ertheless, virus-like vector systems offer a promising approach 
to overcome this challenge.

2   |   CRISPR-Mediated Genetic Screening of Single 
Cells

CREs modulate transcription of genes critical for plant physi-
ological integrity. Notwithstanding considerable advancements 
such as screening of plant physiological hormone-specific 
CREs (Wu et al. 2021) and mapping of upstream effective ele-
ments for senescence genes (Vatov et al. 2021), key regulatory 
paradigms require further elucidation. However, the nonlinear 
relationship between CREs, transcriptional regulation, and 
phenotypic outcomes renders current cis-regulatory models 
inherently incomplete. Substantial obstacles, including resolu-
tion and identity limitations in perturbation assays and cellu-
lar heterogeneity, continue to restrict systemic analysis. These 
limitations stem from fundamental characteristics of CREs: as 
non-coding genomic sequences, they lack direct gene products. 

Their functional output instead depends on dynamic transcrip-
tion factor binding and the propagation of epigenetic modifica-
tions affected by hereditary factors and environmental factors. 
Conventional molecular biology approaches, such as mRNA 
quantification with qPCR or protein expression analysis with 
Western blot, fundamentally assess gene expression outputs 
rather than regulatory mechanisms. Consequently, these meth-
ods cannot directly resolve CRE operational dynamics, necessi-
tating indirect characterisation through proxy measurements of 
regulatory activity. Cellular heterogeneity presents another fun-
damental constraint: CRE functionality is intrinsically linked 
to cell lineage identity, type-specific programming, and dy-
namic state transitions within native biological contexts (Chiou 
et al. 2021).

As established, CRISPR/Cas-based genome-wide screening has 
emerged as a core strategy for unbiased functional characterisa-
tion, identifying key genes and regulatory elements underlying 
specific phenotypes through forward genetics (Li et  al.  2013; 
Nekrasov et  al.  2013; Shan et  al.  2013). However, traditional 
screens predominantly measure coarse phenotypic parame-
ters (e.g., cell survival, osmotic stress response, or individual 
molecular markers), limiting their ability to resolve cascading 
molecular network effects or cell type-specific regulatory mech-
anisms arising from genetic perturbations (Shalem et al. 2015; 
Hsu et al. 2014; Chen et al. 2015). Therefore, we introduce an 
integrated strategy coupling CRISPR editing with single-cell 
genomics to simultaneously capture genetic perturbations and 
multimodal molecular profiles at single-cell resolution (Ma 
et al. 2020).

Single-cell CRISPR (scCRISPR) screening leverages the cell 
membrane as a natural compartmentalization barrier, enabling 
individual cells to serve as discrete units for differential genetic 
perturbation, isolation and analysis. The experimental workflow 
comprises three integrated modules: (1) Design and construc-
tion of gRNAs (Figure 1A); (2) Vectors delivery and cell sorting 
(Figure 1B); (3) Single-cell multi-omics sequencing and compu-
tational analysis (Figure 1C,D). This platform realises combina-
torial barcoding of multiplexed genetic perturbations through 
collecting information of gRNAs targeting diverse genomic loci, 
coupled with single-cell identity and phenotype. By correlating 
gRNA barcodes (perturbation identities) with multimodal mo-
lecular readouts (e.g., transcriptomic, Dixit et al. 2016; Frangieh 
et  al.  2021; epigenomic, Rubin et  al.  2019; proteomic states, 
Frangieh et  al.  2021; Chen, Kibayashi, et  al.  2025). scCRISPR 
directly resolves the interplay between genetic variation and 
phenotypic plasticity at single-cell resolution. This approach 
systematically integrates cellular heterogeneity with perturba-
tion outcomes, establishing causal genotype-to-phenotype re-
lationships within complex biological systems, and has already 
assisted in resolving some practical issues (Figure 1E).

scCRISPR auxiliary analysis diverse biological processes in an-
imal models with high-resolution, including immune response 
(Chen et  al.  2021), developmental programming (Umhoefer 
et al. 2025), and genetic variation (Rubin et al. 2019). The inher-
ent inaccessibility and molecular sparsity of single cells intro-
duce inevitable complexities in scCRISPR experimental design, 
particularly across three critical dimensions: (1) CRISPR per-
turbation strategy targeting CREs; (2) Delivery and disturbance 
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in plant systems; (3) Co-capture of gRNA and the cellular tran-
scriptome; (4) Noise assessment of single-cell data. Here we 
provide a brief introduction, including the reasons why these 
problems arise and the solutions available.

2.1   |   CRISPR Perturbation Strategy 
Targeting CREs

In knockout screening experiments, editing tools play a crit-
ical role in shaping the interpretation of knockout outcomes. 

The conventional CRISPR-Cas9 system generates double-
strand breaks in DNA by directing SpCas9, resulting primar-
ily from small insertions or deletions (indels) introduced via 
the error-prone non-homologous end-joining (NHEJ) repair 
pathway. This approach remains the benchmark for gene 
knockout studies. By introducing indels into the upstream 
non-coding region of CLV3, expression levels were fine-tuned, 
enabling quantitative modulation of fruit locule number 
(Rodríguez-Leal et  al.  2017). However, for most CREs, ran-
dom, small-scale sequence mutations are often insufficient 
to completely disrupt their function due to the presence of 

FIGURE 1    |    scCRISPR process overview and practical applications. (A) The process of viral infection. Cells in culture are infiltrated using vec-
tors such as lentiviruses (Chen, Kibayashi, et al. 2025; Shifrut et al. 2018) to deliver gRNA components into the cells. Vectors can be single-target or 
multi-target, and different types of vectors have different infiltration efficiencies (Choo et al. 2021). Three different gRNA design options are used 
in order to subsequently read the gRNA counterpart information from the sequencing data. (B) Cell sorting. Sorting of already infiltrated cells to 
screen out infiltration failures to reduce experimental error. Common sorting protocols include the following: Pressure screening (e.g., osmotic pres-
sure or antibiotics, Shifrut et al. 2018), Fluorescence-Activated Cell Sorting (Chen, Kibayashi, et al. 2025) and Magnetic-Activated Cell Sorting. (C) 
Microfluidic system. Microfluidic systems use magnetic beads and cells that enter from different channels and are encapsulated by oil to form oil 
droplets, with individual cells and individual magnetic beads encapsulated in a single oil droplet (Dixit et al. 2016). (D) Libraries sequencing. Four 
different sequencing libraries are available, gRNA libraries, scRNA libraries, scATAC libraries and antibody-specific libraries. (E) Application of 
scCRISPR in animal systems. Aids in resolving immune responses and refining immune agents (Chen, Kibayashi, et al. 2025); mines key nodes in 
cell development and differentiation (Loo et al. 2020); maps gene regulatory networks and interplay factors.
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multiple, dispersed transcription factor binding sites, thereby 
leading to confounding results.

Recent studies have highlighted the CRISPR-Cas12a promoter 
editing system for crop improvement, a system that generates 
mismatched double-strand breaks (DSBs) thereby resulting in 
larger deletions (Zhou et al. 2023; Tang et al. 2016). Cas12a cre-
ates double-stranded DNA breaks resulting in sticky ends. By 
designing a pair of gRNAs targeting both sides of a CRE, Cas12a 
can efficiently mediate the deletion of large DNA fragments, 
leading to the complete removal of the entire CRE module. For 
instance, in rice, a continuum of grain size traits was achieved 
through promoter editing of OsGBSS1 (Zhou et  al.  2023). 
Recently, dCas9 has achieved widespread application by target-
ing promoter or enhancer regions to reversibly, controllably, and 
without altering DNA sequences, repress or enhance transcrip-
tion initiation and elongation.

Notably, early CRISPR interference/activation (CRISPRi/a) 
systems in plants exhibited suboptimal efficacy when directly 
adapted from animal models. CRISPR activation (CRISPRa) 
and interference (CRISPRi) systems enable the regulation of 
endogenous gene expression by fusing catalytically inactive 
Cas proteins (dCas9) with transcriptional activation or repres-
sion domains. However, directly applying CRISPRa/i to analyse 
CRE function remains challenging, as the efficacy of activation 
or inhibition is critically dependent on the precise positioning of 
gRNAs within the CRE. For example, when targeting promoter 
regions, it is essential to avoid occupying repressive elements to 
ensure successful activation (Li et  al.  2017). Additionally, the 
design of highly efficient CRISPRi systems for plant systems re-
mains suboptimal (Pan et al. 2021).

Therefore, the current and more clearly defined role of 
CRISPRa/i in CRE research is as an indirect perturbation tool, 
whereby targeting TFs disrupts upstream regulators within the 
transcriptional regulatory network and subsequently enables 
observation of changes in downstream CRE activity and target 
gene expression (Oikawa et al. 2015). This strategy places CREs 
within their native regulatory context, thereby allowing infer-
ence of regulatory relationships between specific TFs and their 
target CREs through the systematic activation or inhibition of 
different TFs (Piatek et al. 2015), ultimately enabling the con-
struction of a transcriptional regulatory network. This indirect 
strategy of perturbing TFs to read out CRE activity circumvents 
the technical uncertainties associated with directly targeting 
CREs, offering a viable approach for deciphering the dynamic 
regulatory logic of CREs.

Furthermore, most naturally occurring CRE variants occur 
as single nucleotide polymorphisms (SNPs). For detailed func-
tional dissection of key SNPs within CREs, base editors have 
been utilised in the context of knockout experiments. Base 
editors combine the targeting specificity of CRISPR systems 
with the catalytic activity of deaminases, enabling precise nu-
cleotide conversion without inducing double-strand breaks in 
DNA (Lapinaite et al. 2020). By introducing single-base changes 
within transcription factor binding motifs, the individual con-
tribution of each SNP to transcription factor recruitment and 
transcriptional output can be evaluated. In recent years, base 
editors have been successfully implemented in several crops (Li 

et al. 2024), for example, the recently developed Cas12a-based 
base editor has achieved highly efficient multiplex gene editing 
in rice (Cheng et  al.  2023). Their potential for the functional 
analysis of CREs is increasingly being explored, thereby offer-
ing new avenues for establishing refined genotype–phenotype 
associations.

2.2   |   Delivery and Disturbance in Plant Systems

However, the extended application of single-cell technology in 
plant systems is limited by unique structural constraints, partic-
ularly the cell wall, which is a flexible but highly elastic matrix 
composed of complex polysaccharides (Pu et al. 2025). The plant 
cell wall impedes direct gRNA vector delivery, necessitating 
enzymatic digestion to achieve cellular access. Here, we briefly 
outline experimental approaches that may prove effective.

The protoplast system serves as a core platform for transient ex-
pression in plants and single-cell omics research by modulating 
cell membrane permeability to facilitate the entry of exogenous 
carriers (Figure  2A). In scCRISPR screening, the protoplast-
based approach offers distinct advantages: it enables the batch 
preparation of large quantities of protoplasts and is relatively 
simple to perform. However, enzymatic digestion substantially 
compromises cellular viability. Treated plant cells exhibit rapid 
metabolic decline within 24 h, which precludes extended trans-
formation protocols (Yan et al. 2023). Further consideration is 
that when mixing gRNA libraries with protoplast suspensions, 
individual cells may take up multiple distinct gRNA plasmids, 
resulting in multiple perturbations within a single cell. Under 
these circumstances, the observed transcriptomic changes can-
not be unambiguously assigned to the perturbation of specific 
CREs, thereby confounding signal interpretation and compli-
cating downstream data analysis. Although optimising plasmid 
concentration and transfection conditions can partially reduce 
the probability of multiple transfections, achieving true ‘one-
perturbation-per-cell’ remains challenging when library com-
plexity is high.

An alternative approach involves the use of viral vector delivery 
systems. Plant viruses, functioning as natural nucleic acid carri-
ers, are capable of infecting plant cells with high efficiency and 
subsequently replicating within them (Shen et al. 2024). Among 
these, Agrobacterium tumefaciens, a gram-negative bacterium, 
is extensively utilised in plant genetic engineering for the deliv-
ery of expression plasmids in plant tissue culture experiments. 
For instance, in maize, the transformation and genome editing 
efficiency of the inbred line B104 was enhanced by optimising 
the Agrobacterium-mediated transformation method using a 
ternary vector system (Kang et al. 2022). Notably, recent stud-
ies have highlighted avenues for high-throughput gene function 
screening using viral vectors (Zhu et al. 2025), and viral delivery 
systems have been refined for plants, thus facilitating efficient 
genome editing across multiple species (Lowensohn et al. 2026). 
Collectively, these advances suggest that viral vector delivery 
systems could provide the technical foundation for scCRISPR 
screens.

Comparing the two delivery strategies, the protoplast system 
offers higher throughput and shorter experimental cycles but 
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requires careful evaluation and correction of noise introduced 
by multiple perturbations. The viral vector system, in contrast, 
holds a theoretical advantage in achieving ‘one-to-one’ pertur-
bations and may be more suitable for studies involving highly 
complex libraries. Other alternatives, such as plant suspension 
cell lines, callus tissue, or embryonic cells, require selection 
based on the specific characteristics of different plant species 

(Figure  2A). Suspension cell lines, established by agitating 
callus tissue in liquid medium, exhibit rapid proliferation and 
a high degree of homogeneity (Ge et  al.  2023). Embryogenic 
cells, derived from embryogenic callus or suspension cultures, 
possess high division and regeneration potential, making 
them an optimal material for obtaining totipotent protoplasts 
in grass crops.

FIGURE 2    |    Possible approaches of scCRISPR in plants. (A) Isolation and separation of single plant cells following infection. Several single-cell 
infection and isolation protocols are commonly used in plant cells. Agrobacterium dissociates plant tissue after infection; extraction and isolation of 
protoplasts (Chen et al. 2023); laser microdissection (Woronik et al. 2022); laser microdissection and pressure catapulting and laser capture micro-
dissection (Hildebrandt et al. 2023). (B) Capture and analysis of gRNA and single-cell data. gRNA capture includes: indexing and capture; library 
separation and alignment. Brief data analysis steps: read alignment, distribution fitting, linear model, expression normalisation, association testing.

1      2      3     4      5      6      7      8      9    10    11   12

）
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Other plant single-cell acquisition methods, including laser mi-
crodissection (LMD), laser microdissection and pressure cat-
apulting (LMPC), laser capture microdissection (LCM), and 
tissue culture-derived suspension cell lines, exhibit inherent 
throughput limitations such as slow cell acquisition (Figure 2A). 
Methodological efficiency for single-cell acquisition exhibits 
substantial interspecies variation across plant systems, necessi-
tating protocol optimisation and workflow adaptation to reduce 
experimental duration while ensuring enhanced viability-
preserving cell recovery.

2.3   |   Co-Capture of gRNA and the Cellular 
Transcriptome

Accurate cell identity annotation is foundational to single-cell 
experimental design, which is the basis of biologically meaning-
ful interpretation of heterogeneity and perturbation responses. 
For the design of scCRISPR, identification of gRNA determines 
the specific perturbation effect introduced. Consequently, es-
tablishing a precise and comprehensive mapping between cells 
and their associated gRNAs is essential. However, the absence 
of polyA-tail in gRNA prevents their synchronous capture with 
cellular transcripts using standard scRNA-seq protocols. This 
limitation complicates the precise assignment of specific gRNAs 
(and relevant perturbations) to different cells.

gRNA-specific capture technologies offer novel strategies to 
address this limitation. Here describes three predominant 
gRNA design strategies for gRNA-phenotype co-localisation 
(Figure 1A): (1) Dual-promoter co-expression: This system em-
ploys separate U6 and EF1α promoters driving independent 
expression cassettes: one for the gRNA transcript and another 
for reporter genes fused to a gRNA barcode (GBC). This archi-
tecture enables detection of the gRNA identity within single 
cell. GBCs exhibit strict one-to-one correspondence with their 
cognate gRNAs (Dixit et al. 2016). Co-captured with the single-
cell transcriptome, they enable perturbation traceability at 
single-cell resolution without requiring additional sequencing. 
(2) LTR recombinant engineering: This approach integrates a 
U6-gRNA expression cassette into the functionally inert region 
of the viral 3′ long terminal repeat (3′LTR) (Pierce et al. 2021; 
Liang et al. 2023; Liscovitch-Brauer et al. 2021). This enables co-
encapsulation of polyadenylated gRNA transcripts within viral 
particles, permitting synchronous capture alongside the cellu-
lar transcriptome in standard scRNA-seq workflows. (3) Direct 
gRNA capture: This strategy employs engineered gRNA scaf-
folds containing custom affinity tags or structural motifs within 
their backbone architecture (Replogle et al. 2020). By obviating 
the need for engineered barcode sequence, this direct capture 
approach mitigates risks of cellular toxicity, off-target effects, 
or transcriptional interference inherent to alternative systems. 
Furthermore, recently developed single-cell multi-omics plat-
forms (e.g., CITE-seq, Frangieh et al. 2021; TEA-seq, Swanson 
et al. 2021) have demonstrated utility in concurrent genotype–
phenotype profiling through the introduction of antibody-
labelled gRNA capture probes (Frangieh et al. 2021).

Despite their utility, the inherent divergence between animal 
and plant systems often results in suboptimal efficiency when 
such tools are directly applied in plants. Consequently, adapting 

and optimising key components of these methodologies for 
plant-specific contexts represents a critical pathway toward 
their effective implementation. First is intracellular PCR label-
ling (Figure 2B): delivering a plasmid library carrying identical 
gRNA with distinct random barcodes into cells, then adding 
barcode to the gRNA via intracellular PCR before sequencing. 
This may be one of the most feasible approaches for implemen-
tation in protoplasts (Satpathy et al. 2019). Second, refer to the 
capture protocols used in animal (Radtke et al. 2022), concate-
nating gRNA with a barcode sequence transcribable by Pol II, 
enabling direct capture using single-cell library preparation 
reagents. Finally, modifying specific plant viral vectors such as 
tobacco mosaic virus to impart functionality comparable to an-
imal systems like lentivirus holds immense potential. Such en-
gineered plant viral vectors could potentially overcome cell wall 
barriers to achieve efficient delivery and diffusion.

2.4   |   Noise Assessment of Single-Cell Data

Screening analyses for scCRISPR can be unified as a two-stage 
framework comprising data standardisation and association 
inference (Wang  2021) (Figure  2B). Data standardisation pri-
marily processes raw sequencing data to mitigate or eliminate 
technical artefacts originating from experimental or sequencing 
procedures, thereby preserving true biological variation and 
ensuring subsequent analytical accuracy; association inference 
is used to analyse the relationship between different variables, 
which is highly superior when dealing with large-scale experi-
mental data. However, critical analytical limitations continue to 
impede robust interpretation of single-cell genomics data. For 
instance, in comparative assessments of phenotypically distinct 
cell populations post-clustering, CREs may exhibit differential 
activity across subpopulations. Such heterogeneous activity 
patterns can drive divergent cellular responses to identical reg-
ulatory stimuli, thereby introducing additional biological varia-
tion (Buenrostro, Wu, Litzenburger, et al. 2015; Zamanighomi 
et al. 2019).

The intrinsic biological features of single-cell experimental 
designs (e.g., replicate observations absence and cellular het-
erogeneity) combined with technical platform limitations (e.g., 
capture efficiency and library preparation protocols) generate 
diverse and complex noise sources (Datlinger et al. 2021). This 
multidimensional constellation of confounding factors neces-
sitates implementing multiscale quality control frameworks to 
achieve high-fidelity signal extraction. Development of noise 
assessment frameworks critically depends on computational 
biology advances. The MIMOSCA framework, introduced in 
Perturb-seq, enables technical noise and biological signal disen-
tanglement through latent variable modelling (Dixit et al. 2016). 
The MAGeCK series developed for scCRISPR incorporates 
three algorithmic sets to successively optimise gRNA signifi-
cance definition, gene prioritisation, and intracellular gene per-
turbation effect identification (Yang et al. 2020; Li et al. 2014, 
2015). These algorithms further enable the unbiased reconstruc-
tion of hierarchical regulatory sequence–functional gene–phe-
notypic networks. For challenges including unquantified raw 
cellular expression profiles and heightened sample heterogene-
ity, iterative Expectation–Maximisation (EM) algorithms may 
likewise be employed to estimate the true cluster proportions 
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of perturbed cells alongside their cellular responses (Meng 
et  al.  2024). Interactive computational platforms housing ex-
tensive datasets are additionally accessible for reference (Yang 
et al. 2025).

2.5   |   scCRISPR Deciphers Plant Cis-Regulatory 
Networks

The advancement of single-cell histology, coupled with the 
CRISPR/Cas system, presents novel possibilities for refining the 
causal regulatory network of CREs. Single-cell transcriptom-
ics, the first modality integrated into CRISPR/Cas platforms, 
has played a pivotal role in elucidating key genes and regula-
tory pathways in animal systems (Figure 1E). Recent advances 
enable the simultaneous sequencing of gRNAs, transcriptomes, 
and epigenomes, providing comprehensive intracellular ge-
nomic data (Ma et  al.  2020). This significantly enhances the 
functional characterisation of CREs, particularly in human 
disease research. It enables the characterisation of immune re-
sponses, the development of immunotherapeutics, and provides 
critical insights into the regulatory mechanisms governing im-
mune cell differentiation (Figure  1E), highlighting its signifi-
cant applied value.

scCRISPR technology was initially pioneered in animal model 
systems and has undergone substantial methodological innova-
tion since its inception. Nevertheless, for this technology still in 
its nascent stage within plant systems, a significant translational 
gap persists between methodological development and the der-
ivation of substantively meaningful biological insights. The dy-
namic regulatory network of CREs is an integral part of the gene 
regulatory pathway, precisely regulating plant growth, develop-
ment, environmental response and adaptive evolution. CREs 
are involved in plant sensing and responding to environmental 
changes, such as light, water and temperature, to enhance stress 
tolerance. In addition, they play an important role in the evolu-
tionary process, revealing the evolutionary history and potential 
adaptive mechanisms. The capacity to profile the epigenome at 
single-cell resolution offers a unique perspective in plant sci-
ence for deciphering cell fate determination in complex tissues. 
It facilitates temporal tracking of chromatin accessibility repro-
gramming and its coupling to transcriptional regulatory net-
works in defined cellular contexts. As an illustration, single-cell 
resolution profiling of the maize regulatory architecture reveals 
both evolutionarily conserved and lineage-specific chromatin 
remodelling dynamics at CREs (Marand et  al.  2021). Further 
integration with multimodal omics analyses (e.g., scATAC-seq 
+ RNA-seq co-profiling) enables comprehensive delineation of 
the spatiotemporal dynamics governing the chromatin accessi-
bility–transcription factor binding–gene expression regulatory 
cascade. This provides mechanistic insights into the molecular 
basis of plant developmental plasticity and environmental ad-
aptation. The following outlines several prospective avenues 
through which this technology could contribute to elucidating 
plant cis-regulatory networks.

Revealing cell type-specific functions of CRE. A given CRE can 
mediate distinct functions across cell types by regulating differ-
ent target genes, depending on cell-specific chromatin contexts 
and transcription factor combinations. For example, by mapping 

high-resolution root single-cell atlases in Arabidopsis, we di-
rectly identified numerous cell type-specific enhancer candidate 
sequences (Shulse et  al.  2019). Perform scCRISPR screening 
within specific cell populations to project transcriptional re-
sponses onto cell clusters, observing whether CRE perturbation 
effects are specific to a particular cell type.

Analysing CRE hierarchical regulation and synergistic effects. 
The same CRE can execute distinct functions across cell types 
by regulating different target genes, depending on variations 
in chromatin accessibility and TF occupancy. Previous studies 
have demonstrated that CRISPRi can be used to screen for multi-
ple enhancers (Xie et al. 2017), which found that most enhancers 
exert independent and additive effects on gene expression, but 
specific combinations exhibit synergistic effects. scCRISPR en-
ables the simultaneous delivery of multiple gRNAs targeting 
distinct candidate CREs within the same locus. By comparing 
transcriptional outcomes following single versus combinatorial 
perturbations, the functional relationships among these ele-
ments, such as synergy, additivity, or redundancy, can be sys-
tematically determined.

Constructing cell state-specific gene regulatory networks. 
Unlike traditional correlation-inferred gene regulatory net-
works, scCRISPR establishes direct causal links through per-
turbation–response pairing. This enables the reconstruction of 
higher-resolution regulatory networks with inherent hierarchi-
cal information. For example, the MAESTRO algorithm (Jin 
et al. 2020) integrates scCRISPR screening data and scRNA-seq 
data to construct cell type-specific regulatory networks and 
identify key regulatory factors.

3   |   Application of scCRISPR in Deciphering Plant 
Cis-Regulatory Network

scCRISPR integrates CRISPR gene editing strategies and single-
cell sequencing technologies, offering unique advantages for 
biological research and translational applications through its 
unique high-resolution profiling and specific targeting capa-
bilities, which can reveal cell type-specific functions obscured 
by population averaging effects, but may entail higher costs 
and more complex data integration. Over the past decade, sc-
CRISPR has evolved into a key method for large-scale pertur-
bation screening to study genomic function. To date, more than 
six thousand relevant studies have been published, which have 
been conducted mainly in animal systems.

Technological breakthroughs in plants will directly impact the 
resolution of core biological questions unique to plants. As ses-
sile organisms, plants cannot move freely, which endows them 
with complex pathways for responding to environmental sig-
nals. scCRISPR facilitates the direct resolution of which CREs 
become activated and which target genes are reprogrammed in 
specific cell types under defined environmental or developmen-
tal conditions. This capability enables the precise mapping of 
cell type–specific regulatory networks in response to external 
signals. In meristematic tissues, which retain developmental 
plasticity throughout the life cycle, scCRISPR enables the iden-
tification of key CREs governing cell fate decisions at single-
cell resolution. This approach provides a novel mechanistic 
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perspective for dissecting plant developmental physiology. The 
precise targeting capacity of scCRISPR further enables specific 
disruption of homologous CREs derived from particular ances-
tral subgenomes in polyploid crops such as wheat and cotton. 
This approach permits the analysis of subgenome-preferential 
CRE activity and allele-interaction logic at single-cell resolution, 
yielding mechanistic insights that can inform precision editing 
strategies in polyploid crop improvement.

scCRISPR holds significant potential for plant research by en-
abling mechanistic dissection of cell cycle regulation and differ-
entiation determinants through cell type-resolved interrogation 
of cis-regulatory landscapes across developmental trajectories. 
This platform empowers targeted genomic perturbations to 
optimise biosynthetic pathways, amplify agronomic traits, and 
fortify stress tolerance while enabling comprehensive func-
tional genomics interrogation. We provide a concise overview 
of scCRISPR applications targeted, including plant growth and 
development regulation, photosynthetic efficiency, plant me-
tabolism, biotic and abiotic stress response, and plant rhythms. 
Collectively, these approaches enable dissection of evolution-
ary divergences across species and mechanistic validation of 
phenotype-CRE functional relationships.

Plant developmental ontogeny and growth dynamics 
(Figure  3A). CREs undergo dynamic regulation throughout 
plant ontogeny, including vegetative growth, floral development, 
and fruit ripening, thereby orchestrating stage-specific expres-
sion of developmental genes at critical transitions. For instance, 
conserved noncoding sequence (CNS) motifs within tomato pro-
moter regions modulate flowering regulation by altering tran-
scriptional activity of UFO, a conserved floral regulator (Lanctot 
et  al.  2025); similarly, targeted modification of the tomato 
KLUH promoter modulates fruit-size phenotypes through cis-
regulatory engineering (Li et al. 2022). Cis-regulatory regions in 
plant genomes harbour valuable reservoirs of regulatory varia-
tion. Yet a single type of plant tissue inherently comprises pheno-
typically and functionally diverse cell populations. This cellular 
heterogeneity poses distinct challenges for elucidating the dy-
namic mechanisms governing complex physiological activities 
in plants. scCRISPR enables single-cell resolution perspectives, 
which unlock new possibilities for exhaustively analysing the 
spatiotemporal dynamics of plant physiology.

Photosynthetic performance enhancement (Figure  3B). 
Photosynthesis constitutes a fundamental biochemical pro-
cess in plants and an integral component of Earth's terrestrial 

FIGURE 3    |    Future applications of CRE regulation network. This figure synthesises the objectives and exemplary applications of scCRISPR for 
interrogating CRE-functions across three distinct plant research domains: (A) Cellular development and morphogenesis, (B) Material migration and 
energy conversion, and (C) Environmental response and survival strategies. Specifically including photosynthetic efficiency, plant metabolites, stress 
response, plant immunity, cell differentiation, cell cycle, and plant development.
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carbon cycle. The RuBisCO-catalysed C3 pathway generates 
photorespiratory byproducts under elevated temperatures, re-
ducing photosynthetic efficiency, and thus the decline in pho-
tosynthesis capacity due to global warming is one of the major 
challenges facing plants. Throughout the long evolutionary pro-
cess, plants have developed divergent photosynthetic pathways 
(Tu et al. 2022). The C4 pathway is evolutionarily derived from 
C3 photosynthesis, with key enzymatic and genetic components 
originating from C3 ancestors (Matsuoka et al. 1994, 1993). As 
part of the plant genome, CREs potentially mediate this evolu-
tionary transition (Mendieta et al. 2024; Kajala et al. 2012). For 
instance, the C4 photosynthetic enzyme genes in E. baldwinii 
deploy environmentally responsive and cell type-specific CREs 
to achieve adaptive integration of environmental sensing, devel-
opmental programming, and metabolic optimisation—exempli-
fying tripartite co-evolutionary dynamics (Chen, Jia, et al. 2025). 
In C4 plants, CO2 storage and utilisation take place in separate 
cells, so cell type has an equally crucial effect on photosynthetic 
efficiency. scCRISPR helps identify CREs that have been re-
newed during evolution and determines the cellular-level com-
partments in which they mediate the spatiotemporal regulation 
of photosynthetic genes and enzyme activities, with important 
implications for existing C3-to-C4 engineering to achieve the 
crossing of key technological barriers.

Metabolic network engineering (Figure  3B). Plant metabolism 
constitutes a crucial bridge between genotype and phenotype. 
These metabolites not only underpin fundamental physiological 
processes but also serve as essential precursors for pharmaceu-
tical and industrial applications (Venegas-Molina et  al.  2021), 
exemplified by vinblastine, a potent cytokinesis inhibitor 
widely utilised in antineoplastic therapy (Caputi et  al.  2018). 
Cis-regulatory motifs serve as binding sites for transcription 
factors, orchestrating the biosynthesis and spatiotemporal accu-
mulation of specialised plant metabolites (Huffaker et al. 2011). 
For instance, transcriptional activation of isopentenylflavane 
and picric acid biosynthetic genes in hops requires combina-
torial control by multiple cis-regulatory elements (Duraisamy 
et  al.  2016). Biosynthetic pathways for plant metabolites are 
precisely regulated through both cell-type specificity and spa-
tial–temporal dynamics. scCRISPR enables single-cell CRE 
perturbation profiling across environmental contexts, provid-
ing transformative insights into cell-type-specific metabolite 
biosynthesis patterns and advancing human utilisation through 
metabolic engineering.

Stress response (Figure  3C). The fixed nature of plants pre-
cludes escape from environmental stress, necessitating adaptive 
adjustments in morphology, physiology, biochemistry, and me-
tabolism to adapt to changing conditions (Sharma et al. 2022). 
For example, under drought conditions, the phytohormone ABA 
coordinates stomatal closure to reduce transpiration (Brenner 
and Schmülling  2012). The binding of CREs to transcription 
factors is an important component of the plant stress pathway, 
which makes them an important target for the engineering of 
stress-tolerant plants. The interaction between CREs and tran-
scription factors constitutes an integral component of plant 
stress signalling pathways, positioning CREs as prime targets 
for engineering stress-resilient plants. For instance, a 108 bp 
insertion within the promoter of wheat drought-responsive 
gene NAC 071A significantly altered its transcriptional output 

(Mao et al.  2022). Cellular stress responses include disruption 
and re-establishment of homeostasis. Precise regulation of cell-
type-specific chromatin states is therefore essential to resolve 
signalling dynamics, spatiotemporal organisation, and turnover 
kinetics of stress-responsive CREs, thereby enabling rapid, high-
fidelity adaptation to environmental perturbations.

Circadian rhythm. Environmental systems exhibit cyclical 
variations, exemplified by seasonal oscillations and circadian 
rhythms (Wang et al. 2020). The endogenous circadian oscilla-
tor orchestrates physiological processes in plants, including bud 
formation and floral initiation (Miwa et al. 2006). Genetic regu-
latory mechanisms mediate the entrainment of endogenous cir-
cadian rhythms to external Zeitgebers, enabling plants to achieve 
adaptive synchronisation with cyclical environmental changes. 
The circadian oscillator is regulated by interconnected feed-
back loops, with CREs constituting integral components. For 
example, the evening element (EE) motif is enriched in promot-
ers of evening-phase circadian genes (Harmer and Kay 2005). 
This enables environmental regularity of physiological pro-
cesses through changes in transcript abundance (Greenham 
et  al.  2020). Notably, CREs coordinating co-expressed circa-
dian genes exhibit high evolutionary conservation (Movahedi 
et al. 2011; Noda et al. 2025). Reprogramming CREs to modulate 
circadian gene networks enables precise tuning of core physi-
ological pathways, thereby enhancing phenotypic plasticity for 
adaptation to diverse edapho-climatic conditions and mitigating 
region-specific cultivation failures.

4   |   Future Challenges, Opportunities, and 
Plant-Specific Development Pathways of scCRISPR

The transition of plant scCRISPR screening from a conceptual 
framework to practical implementation confronts considerable 
hurdles. The foregoing comprehensive discussion of CRISPR 
tools, delivery systems, single-cell capture techniques, and the 
generation and analysis of data noise suggests that, despite sig-
nificant progress in each of these areas, future breakthroughs 
will increasingly hinge upon the judicious selection of modules 
specifically tailored to the unique characteristics of plant sys-
tems. This approach is directed toward achieving core break-
throughs and pioneering novel integrated solutions.

The primary challenge at present is establishing efficient and 
reliable standardised processes, with the core focus on the co-
ordinated optimisation of three key stages: delivery, capture, 
and parsing. (1) Enhancing conversion efficiency and authen-
ticity: Existing plant protoplast systems exhibit significant 
issues with high cellular wounding stress and difficulties in 
preservation and regeneration, directly impacting the relevance 
of screening results. Developing milder cell wall enzymatic hy-
drolysis protocols, utilising cell nuclei instead of whole cells, 
or creating delivery systems capable of penetrating cell walls 
all hold promising potential. Meanwhile, the CRISPR system 
still requires refinement to provide stable and controllable gene 
regulation at the single-cell level. (2) Developing a plant cell 
identification solution: This is the key bottleneck for achieving 
large-scale, high-complexity screening. As mentioned earlier, 
systems that demonstrate excellent efficacy in animals prove 
extremely inefficient in plants, necessitating the exploration of 
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new approaches. (3) Preservation of cellular spatial positioning 
information: Conducting CRE research under conditions closer 
to the natural state remains one of the ultimate goals, which ne-
cessitates overcoming the limitations of the protoplast system. 
The combination of tissue dissociation with snRNA-seq may 
serve as an alternative strategy to achieve in situ perturbation 
and nuclear readout within specific tissues. The integration of 
scCRISPR with spatial transcriptomics may hold greater explor-
atory value, enabling precise localisation of CRE perturbation 
effects to specific cellular layers and spatial microenvironments.

Technological advances deepen scientific understanding. sc-
CRISPR screening will propel plant functional genomics to-
ward predictive design paradigms, catalysing the generation 
of large-scale, high-resolution datasets on genomic regulation. 
This will forge links between CREs, TFs, target gene outputs, 
and cellular phenotypes. Further integration with machine 
learning will enable models to predict CRE activity in specific 
cell types and environments, as well as their response patterns 
to external perturbations, based on DNA sequence features and 
chromatin states. In the future, tracking the dynamic regulatory 
changes of CREs during plant development and under various 
environmental stresses, establishing quantitative relationships 
between sequence variations and expression outputs, and 
reverse-engineering artificial CRE elements to achieve specific 
expression patterns may all become achievable.

In the future, tracking the dynamic regulatory changes of 
CREs during plant development and under various environ-
mental stresses, establishing quantitative relationships between 
sequence variations and expression outputs, and reverse-
engineering artificial CRE elements to achieve specific ex-
pression patterns may all become attainable. Ultimately, these 
capabilities will not only help elucidate the fundamental prin-
ciples governing plant development and adaptation, such as 
the regulatory codes underlying core biological processes like 
cell fate determination, organogenesis, and environmental re-
sponses, but also provide transformative technological solutions 
to pressing global challenges, including food security and sus-
tainable agriculture. scCRISPR will truly become the pivotal 
bridge connecting genotypes to phenotypes and linking funda-
mental research to breeding applications, propelling plant sci-
ence into an era of dynamic, quantitative, and causal analysis at 
single-cell resolution.
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