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Abstract

The definition of plant cell identity can be expanded beyond transcriptomes through the
development of cell-type-specific metabolic fingerprints—distinct sets of metabolites that act as
chemical markers for cell identity. Current approaches in metabolomics often rely on transcriptomic
data, but evidence shows that metabolites like pigments and lignin precursors encode cell structure
and function. By integrating techniques such as histology, mass spectrometry imaging, and
computational synthesis, these metabolic signatures can enhance our understanding of plant single-
cell biology, providing valuable insights alongside traditional transcriptomics.
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Single-cell biology has fundamentally transformed our understanding of plant systems. Over
the past decade, advancements in transcriptomics at the cellular level have unveiled that what once
appeared as uniform tissues are, in fact, intricate mosaics of diverse and dynamic cell types. This
groundbreaking perspective has catalyzed a revolution in plant biology, illuminating developmental
trajectories, stress responses, and lineage hierarchies that remained obscured by traditional bulk
analysis methods. By peeling back the layers of cellular complexity, we are now equipped to explore
the rich diversity of cellular behavior and organization within plants, ultimately challenging long-
held assumptions and opening new avenues for research and application in plant science (Rusnak et
al., 2024). Despite the rapid advancements in single-cell genomics, epigenomics, and transcriptomics,
single-cell metabolomics is gradually emerging as a formidable contender in this evolving landscape,
challenging the dominance of its counterparts in profound and intriguing ways.

Plant metabolites, the vital molecules that directly influence biological function, are not just
passive players; they orchestrate energy distribution, shape interactions between plants and their
environments, and are pivotal in determining crucial traits such as crop yield and medicinal efficacy
(Shen et al., 2023). Understanding the spatial and cell-type distribution of metabolites is essential for
advancing our knowledge in the field. Yet, it is paradoxical that single-cell metabolomics relies
heavily on transcriptomics to establish cell identity, a fundamental task. This reliance not only
hampers accessibility and raises costs but also undermines the conceptual independence needed for
innovation (Pandian et al., 2023). The time has arrived to redefine our approach to plant cell identity
through the innovative concept of cell-type-specific chemical fingerprints. These chemical
fingerprints, consisting of reproducible sets of metabolites that are uniquely enriched in specific plant
cell types, promise to serve as vital identity markers, complementing or even surpassing
transcriptomic data. While these metabolic signatures may begin as phylogenetic clade-specific or
lineage-restricted, their expansion and comparison across various plant groups could establish a
stable and accessible framework for defining cell identities. By harnessing this concept, we not only
deepen our understanding of plant biology but also lay the groundwork for transformative
advancements in agricultural biotechnology and ecological conservation, pushing the boundaries of
what we can achieve in plant science.
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Why Are Transcriptomes Not Enough?

Transcriptomics has long been the go-to method for classifying plant cell types, yet its
shortcomings are becoming increasingly clear. The plasticity of plant transcriptomes is remarkable;
they can change rapidly in response to developmental stages, circadian rhythms, and environmental
stressors. For instance, a root cortical cell can dramatically alter its gene expression within mere hours
of drought stress, highlighting the dynamic nature of plant responses. Furthermore, homologous
tissues across different lineages may utilize entirely distinct regulatory mechanisms, challenging the
assumptions of a uniform classification based on transcriptomic data (Rusnak et al., 2024; Yu et al.,
2025) This variability complicates the notion of a “canonical” transcriptome for any given cell type.
Transcriptomics presents considerable challenges, as it is both costly and reliant on extensive
infrastructure. The high-throughput single-cell sequencing demands specialized platforms, intricate
computational pipelines, and robust data management systems. This high barrier to entry often
excludes many laboratories, especially those in biodiversity-rich yet resource-limited areas of the
Global South, effectively sidelining them from the transformative single-cell revolution (Wen et al.,
2022). Finally, metabolomics remains tethered to transcriptomics for identity assignments. If this
dependence continues, single-cell metabolomics risks remaining a satellite field, defined and
constrained by the most resource-intensive omics layer.

Chemistry as Identity

Plants already provide strong evidence that chemistry encodes identity. Photosynthetic
pigments such as chlorophylls are strictly localized to mesophyll and guard cells, while flavonoid
glycosides are enriched in epidermal cells, where they confer UV protection (Misra et al., 2014). Xylem
cells are distinguished by their deposition of lignins and lignan precursors, and Organic acids such
as malate and citrate not only contribute to metabolic flux but also buffer pH across developmental
tissues, with their levels adjusting predictably in line with spatial and physiological gradients
(Igamberdiev and Bykova, 2018; Liu, 2012) Meanwhile, lipid derivatives such as cuticular waxes —
synthesized by epidermal cells from very-long chain fatty acids—and suberin—strategically
deposited in the endodermis—forcibly impose hydrophobic boundaries that not only demarcate cell-
layer identity but also provoke a reconsideration of how structure governs biological function
(Philippe et al., 2022). Even without sophisticated tools, autofluorescence microscopy reveals distinct
intrinsic patterns: chlorophyll glows red, lignin blue, phenolics green. These examples demonstrate
that plants already encode aspects of cell identity chemically. The challenge is to move from anecdotal
observations to a formalized chemical fingerprint framework, consisting of consistent sets of
metabolites that define major plant cell classes across contexts and species.

Routes Towards Metabolic Barcodes

Uncovering metabolic fingerprints demands a bold synthesis of classical plant biology and
cutting-edge analytical chemistry. Histology anchors our understanding in anatomical context, while
adjacent sections subjected to mass spectrometry imaging (MSI) divulge metabolite distributions at
cellular resolution, provoking a reassessment of cellular identity through chemical cartography
(Boughton et al., 2016). Autofluorescence in microscopy adds an additional layer, as cells often
display distinctive emission patterns under UV illumination; these signals can be recorded on the
same section destined for MSI, allowing direct alignment of chemical and structural identity (Figure
1D). Laser capture microdissection (LCM) provides another approach, enabling targeted excision of
specific cells or tissues for metabolomics by GC-MS, LC-MS, or NMR (Misra et al., 2014; Pandian et
al., 2023). Such analyses yield “ground-truth” signatures that can validate candidate markers. In
addition, curated single-cell datasets are emerging where metabolites are paired with transcriptome-
based annotations (Yu et al., 2023). Mining these systematically could reveal recurrent associations
between specific metabolites and defined cell types. Together, histology, autofluorescence, MSI,
LCM, and curated data form a triangulation strategy, structural identity, intrinsic signals, spatial
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mapping, and targeted validation that can be harnessed to identify robust cell-type-specific metabolic
fingerprints (Figure 1E).
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Figure 1. Conceptual workflow for developing cell-type specific chemical fingerprints in plants. The
framework for identifying chemical fingerprints integrates biological diversity, tissue context, analytical tools,
and computational analysis. (A) Plant diversity across lineages provides an evolutionary basis for comparing
cell-type specific metabolism. (B) Developmental stages, from seeds to vegetative and reproductive phases,
reveal dynamic metabolic changes that shape cell identity. (C) Different organs (leaves, stems, roots) and their
cell-type architectures contribute unique metabolic signatures. (D) Histology guides cell-type identification
through organ sectioning, staining, and autofluorescence microscopy, enabling alignment of anatomical and
chemical features. (E) Multiple analytical platforms capture metabolites at single-cell or tissue resolution,
including laser-capture microdissection, high-resolution mass spectrometry imaging (MSI), GC-MS, LC-MS,
NMR, protoplast-based analyses, and integration with single-cell transcriptomics. (F) Computational pipelines
synthesize these heterogeneous datasets, from preliminary data analysis to co-integration workflows,
ultimately defining reproducible cell-type specific metabolic barcodes. Together, these fingerprints can be used
to construct universal frameworks of plant cell identity that complement transcriptomic atlases and provide a
chemical grammar for plant single-cell biology.
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Beyond the “Universal”: Clade-Specific Opportunities

A universal barcode spanning all of plant phylogeny is an ambitious long-term goal. But
progress does not require universality from the outset. Even lineage- or clade-specific barcodes
would represent transformative tools (Figure 1A). Bryophyte-specific signatures could illuminate
how the earliest land plants partitioned metabolism at the cellular level. Monocot-specific markers
would directly aid cereal research, where single-cell omics is rapidly advancing. For angiosperms,
major flowering plant orders such as Poales, Fabales, or Solanales could be prioritized for crop-
focused applications. Such partial frameworks would guide evolutionary comparisons while also
delivering immediate translational value for crop improvement, stress biology, and synthetic biology
(Daloso et al., 2023; Nobori, 2025). Over time, integrating clade-specific panels may reveal deeper
conserved signatures, the hidden universality within what we call “cell-type specific” chemical
fingerprints.

From Data to Knowledge: Computational Integration

Defining chemical fingerprints will not emerge automatically from instrumentation; it requires
computational synthesis. Bioinformatics pipelines must integrate MSI maps, LCM datasets,
autofluorescence cues, and curated metabolomics data into coherent cell-type atlases (Figure 1F)
(Birnbaum et al., 2022). Machine learning models are well suited to detect recurrent patterns that
correlate with identity across species and contexts (Shen ef al., 2023). Emerging tools such as chemical
tagging MS and large language models could further accelerate discovery by mining scattered
literature for references to cell-specific metabolites and connecting them into candidate chemical
fingerprint panels (Lu et al., 2023). As Nobori (2025) recently argued, integrating spatial omics with
metabolomics is crucial for unlocking plant single-cell biology at scale. This convergence of
instrumentation and computation makes the discovery of chemical fingerprints both timely and
feasible.

Why Now?

Three converging trends make this the moment to pursue chemical fingerprints. First, technical
readiness: high-resolution MSI and single-cell sampling methods now allow detection of hundreds
of metabolites at micrometer resolution(Boughton et al., 2016, Yamamoto et al., 2016). Second,
computational maturity: algorithms for multimodal integration, trajectory inference, and Al-driven
annotation are already being applied in mammalian and clinical contexts, and are ready to extend to
plants (Wen et al., 2022). Third, equity: by reducing reliance on transcriptomics, chemical fingerprints
could democratize single-cell research. For biodiversity-rich regions with limited sequencing
infrastructure, this shift would open new opportunities for discovery and participation in global
plant science (Passi et al., 2025). Without such a shift, plant single-cell metabolomics risks remaining
permanently dependent on transcriptomics. With it, the field can establish its own identity:
independent, accessible, and future-facing.

A Call to Collaboration

Achieving this vision requires broad collaboration across the plant sciences. Classical botanists
and plant physiologists bring essential knowledge of cell anatomy, structure, and function. MSI
specialists and analytical chemists provide technical expertise in spatial detection (Boughton et al.,
2016). Natural product chemists contribute decades of insight into metabolite diversity and structural
elucidation. Single-cell experts in genomics, transcriptomics, and metabolomics offer critical
perspectives on data generation, annotation, and integration (Yu et al, 2023). Finally,
bioinformaticians and computational scientists contribute the pipelines, machine learning
frameworks, and Al-driven models needed to translate raw data into reproducible chemical
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fingerprints (Birnbaum et al., 2022). Only by uniting these communities can we establish robust, cell-
type specific chemical fingerprints for plants (Figure 1).

Looking Forward: A Chemical Grammar of Plant Cells

Imagine a future where plant cell identity is not inferred from thousands of transcripts but read
directly from a handful of stable metabolites: mesophyll cells identified by chlorophyll and
flavonoids, xylem cells by lignin precursors, epidermal cells by flavonoids and cuticular lipids. Each
cell type is defined by its own chemical fingerprint, reproducible, stable, and accessible. Such a
system would not replace transcriptomics but complement and liberate it. Transcriptomes will
remain essential for exploring regulatory nuance, but metabolic barcodes would provide the anchor,
the grammar to assemble these insights into a shared language of plant cell identity. The time is right,
the tools are here, and the need is urgent. If transcriptomes have given us the dictionary of plant cell
types, chemical fingerprint could become the grammar — simple, universal in principle, and
accessible to all.
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