
Journal of Experimental Botany, Vol. 77, No. 7 pp. 2045–2058, 2026 
https://doi.org/10.1093/jxb/eraf294 Advance Access Publication 28 June 2025                                                                                                                                                      

EXPERT VIEW

Advances in seed omics

Lucas Auroux1,2, , Lim Chee Liew1,2, , James Whelan3,4, , and Mathew G. Lewsey1,2,5,6,7,*,

1 La Trobe Institute for Sustainable Agriculture and Food, AgriBio, La Trobe University, Melbourne, VIC 3083, Australia
2 La Trobe Institute for Molecular Sciences, La Trobe University, Melbourne, VIC 3083, Australia
3 State Key Laboratory of Plant Environmental Resilience, College of Life Sciences, Zhejiang University, Hangzhou, 310058, P.R. China
4 Provincial International Science and Technology Cooperation Base on Engineering Biology, Zhejiang University, Haining, 314400, P.R. China
5 Australian Research Council Industrial Transformation Research Hub for Medicinal Agriculture, AgriBio, La Trobe University, Melbourne, 
VIC 3083, Australia
6 Australian Research Council Centre of Excellence in Plants for Space, AgriBio, La Trobe University, Melbourne, VIC 3083, Australia
7 Australian Research Council Industrial Transformation Research Hub for Protected Cropping, La Trobe University, Melbourne, VIC 3083, 
Australia

* Correspondence: M.Lewsey@latrobe.edu.au

Received 12 March 2025; Accepted 23 June 2025  

Editor: Christophe Bailly, Sorbonne Université, France

Abstract

Seeds provide 70% of the global food supply, making them crucial for food security. Understanding the molecular mecha
nisms governing seed development, dormancy, and germination has become increasingly urgent as climate change impacts 
crop productivity. Over the past 3 years, omics technologies have transformed our understanding of seed biology through 
comprehensive molecular profiling at unprecedented resolution. This review synthesizes recent advances in seed biology 
enabled by cutting-edge omics applications in Arabidopsis and crops. We examine how the integration of epigenomics, gen
omics, transcriptomics, proteomics, and metabolomics analysis has enabled reconstruction of the complex regulatory net
works controlling seed development, dormancy, and germination. The recent emergence of single-cell and spatial 
technologies has been revolutionary, uncovering previously unknown cell types and tissue-specific regulatory mechanisms. 
Key discoveries include the identification of critical phosphorylation networks, metabolic transitions, and hormone signalling 
activity in seeds. Advanced genomic approaches have provided insights into crop domestication and trait control, while pro
teomics and metabolomics have been used to characterize essential regulatory modules controlling dormancy release and 
germination. These findings provide valuable molecular frameworks for developing climate-resilient crops and enhanced 
seed vigour through targeted genetic improvements, as well as optimized agricultural practices for ensuring global food 
security.
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Introduction

Seeds are nature’s solution for plant reproduction and species dis
persal, encapsulating both the genetic information and nutritional 
reserves necessary for the successful development of offspring. 
Beyond their evolutionary significance, seeds serve as the world’s 
primary food source, accounting for 70% of human caloric 
intake, either directly or indirectly through livestock feed. The 
transition from embryonic to vegetative development (seed 
to seedling) involves meticulously coordinated molecular and 
cellular processes across three key stages: seed development 
(morphogenesis and maturation), dormancy, and germination 
(Holdsworth et al., 2008; Reed et al., 2022; Verma et al., 2022).

Angiosperm seed development begins with double fertiliza
tion in the embryo sac (female gametophyte), where one sperm 
cell fuses with the haploid egg cell to form the embryo, while the 
other sperm cell fuses with the central cell (containing two hap
loid polar nuclei in most flowering plants) to form the endosperm 
(Williams and Friedman, 2002; Ingram and Gutierrez-Marcos, 
2015). This gives rise to three major compartments: the diploid 
embryo that will develop into the future seedling, the triploid 
endosperm that serves as a nutrient reserve, and the maternal 
seed coat that provides protection (Maheshwari, 1950; Baroux 
and Grossniklaus, 2019). As development advances to seed mat
uration, the embryo undergoes a series of precise developmental 
stages, establishing its body pattern and accumulating storage 
compounds, while the endosperm supports embryo growth 
(Baroux and Grossniklaus, 2019). Seeds also acquire desiccation 
tolerance during maturation and enter seed dormancy, a meta
bolically quiescent state, until germination (Graeber et al., 2012).

Seed dormancy is an adaptive trait that regulates the timing 
and uniformity of seed germination by preventing seeds from 
germinating, even under favourable environmental conditions, 
ensuring seed germination occurs during optimal conditions 
for successful seedling establishment (Bewley, 1997; 
Nonogaki, 2014; Nee et al., 2017). Low or deep dormancy, re
spectively, can lead to pre-harvest sprouting or poor crop 
emergence, both of which significantly reduce overall crop 
yield. Dormancy is governed by a complex interplay of plant 
hormones, with abscisic acid (ABA) maintaining dormancy 
and gibberellins (GA) promoting germination (Graeber et al., 
2012). The depth of dormancy is influenced by both genetic 
factors and environmental cues experienced by the mother 
plant during seed development, and storage conditions of the 
mature seed (Penfield, 2017). This plasticity in dormancy levels 
enables plants to optimize their reproductive success across di
verse environments (Yan and Chen, 2020).

Germination marks the critical transition from a dormant 
seed to seedling establishment (Rajjou et al., 2012). This pro
cess begins with water uptake (imbibition) and encompasses 
three distinct phases: rapid initial water uptake, a plateau 
phase of metabolic preparation, and a final phase of embryo ex
pansion leading to radicle emergence (Steinbrecher and 
Leubner-Metzger, 2017). Successful germination depends on 

seed vigour, i.e. the set of traits determining the potential for 
rapid and uniform emergence under diverse environmental 
conditions (Finch-Savage and Bassel, 2016). Germination in
volves large-scale dynamic re-programming of gene expression 
(transcription and translation) and the epigenome, repair of cel
lular damage accumulated during storage, mobilization of 
stored reserves, and cell wall modifications to support embryo 
growth (Nakabayashi et al., 2005; Rajjou et al., 2012; Bassel, 
2016; Steinbrecher and Leubner-Metzger, 2017; Narsai et al., 
2017a; Narsai et al., 2017b). Seeds sense environmental cues, 
particularly temperature, moisture, and light (Van Zanten 
et al., 2011; Narsai et al., 2017a; Narsai et al., 2017b; Yan and 
Chen, 2020). These factors influence internal molecular net
works to regulate the timing of germination and success of 
seedling establishment.

Despite decades of research using traditional molecular biol
ogy approaches, fundamental questions in seed biology remain 
unanswered: how do individual tissues/cell types communicate 
and coordinate their activities during development, dormancy 
release, and germination? What regulatory networks govern 
the transition between developmental stages? And how is en
vironmental information integrated into these regulatory 
networks? Understanding these complex molecular mecha
nisms has become increasingly important for developing 
climate-resilient crops and ensuring global food security. At 
the same time, the advent of omics technologies, i.e. compre
hensive, system-wide approaches to studying biological mole
cules, has revolutionized seed biology research and accelerated 
progress. Omics technologies offer several advantages over 
traditional approaches, including the ability to capture a holistic 
view of the molecular landscape, identify novel molecular 
components and pathways (unbiased by prior knowledge), 
and integrate multiple biological levels (proteins, transcripts, 
metabolites, etc.), and to achieve this at tissue or single-cell 
resolution. They also enable the analysis of dynamic molecular 
changes over time, generate large datasets for computational 
modelling, and identify a broader range of genetic and epigen
etic targets for crop breeding and engineering (Fig. 1).

This review synthesizes key findings on the application and 
integration of omics technologies in studies of seeds, at both 
bulk and the single-cell resolution. We highlight how these ad
vances have helped elucidate the molecular mechanisms 
underlying seed development, dormancy, and germination, of
fering novel opportunities for crop improvement in an era of 
climate uncertainty.

The omics revolution in seed biology

Omics encompasses diverse molecular profiling techniques, 
including epigenomics (DNA modifications and chromatin 
organization), genomics (DNA sequence), transcriptomics 
(RNA abundance and sequence), proteomics (protein abun
dance and modifications), and metabolomics (metabolite pro
files) (Fig. 1). In recent years, omics studies and multi-omics 
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Fig. 1. Hierarchical organization of omics technologies applied to seed biology research (2022–2025). The figure illustrates the multi-level molecular ap
proaches employed in seed biology studies, from genome organization to metabolic output. Epigenomics approaches detect transcription factor (TF) binding 
and chromatin modifications including methylation (Me), acetylation (Ac), and phosphorylation (P), using High-throughput Chromosome Conformation 
Capture (Hi-C) to map three-dimensional genome architecture, Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) at the bulk and 
single-nucleus resolution (single-nucleus ATAC-seq, snATAC-seq) to profile chromatin accessibility, and Chromatin Immunoprecipitation sequencing/ 
Cleavage Under Targets and Tagmentation (ChIP-seq/CUT&Tag) for mapping protein-DNA interactions and histone modifications. Genomics approaches 
feature DNA sequence analysis (blue helices) and variant region detection (red regions), employing Genome-Wide Association Studies (GWAS), 
Transcriptome-Wide Association Studies (TWAS), expression quantitative trait loci (QTL), and expression QTL (eQTL) methodologies to associate genetic 
variation with phenotypic traits and gene expression. Transcriptomics depicts RNA molecules at different levels: bulk RNA-seq (short and long reads), 
capped-small RNA sequencing (csRNA-seq) for nascent transcription analysis, single-cell/single-nucleus RNA-seq (sc/snRNA-seq) shown as individual RNA 
molecules, and spatial transcriptomics to analyse RNA distribution and gene regulation across cells and tissues. Translatomics visualizes RNA-ribosome 
complexes representing nascent translation, analysed through polysome profiling, and ribosome nascent chain complex sequencing (RNC-seq) for cap
turing translation dynamics. Proteomics and metabolomics gas chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry 
(LC-MS), and ultra-performance liquid chromatography (UPLC) techniques for comprehensive profiling of proteins including post-translational modifications 
such as phosphorylated sites (marked as ‘P’), and a wide range of metabolites.
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data integration, i.e. data integration of multiple molecular 
types/modalities (multi-modal data integration), have signifi
cantly advanced our understanding of seed biology, particularly 
the intricate regulatory mechanisms governing the onset of 
plant life.

Dynamic remodelling of chromatin occurs during 
developmental transitions in seeds

Arabidopsis thaliana (Arabidopsis) seeds undergo nuclear and 
chromatin re-organization throughout their development 
and germination (Xiao et al., 2006 ; Van Zanten et al., 2011; 
Footitt et al., 2015). Early seed development involves modifi
cations of DNA methylation patterns, which affect embryo 
and endosperm development and ultimately seed size (Xiao 
et al., 2006). During subsequent maturation and germination, 
embryonic nuclei go through architectural changes, including 
chromatin compaction, leading to a significant reduction in 
nuclear size during maturation (Van Zanten et al., 2011). 
These structural modifications are further modulated during 
dormancy through changes to histone modifications (Footitt 
et al., 2015). Nuclear expansion and chromatin de- 
condensation then occur during germination (Van Zanten 
et al., 2011). The functional significance of these chromatin dy
namics is evidenced by the phenotypes of mutants defective in 
chromatin remodelling factors failing to repress embryonic 
traits (Ogas et al., 1999; Tang et al., 2008). Loss-of-function 
mutations in the CHD3-group chromatin remodelling factor 
PICKLE result in inappropriate accumulation of seed storage 
protein and mis-expression of embryo-specific genes in 

seedlings (Ogas et al., 1999). Mutations in the chromatin re
modelling ATPase BRAHMA leads to the ectopic expression 
of a subset of embryogenesis-related genes in leaf tissue causing 
defects in seedling establishment (Tang et al., 2008). Together, 
these findings highlight the critical role of CHD3- and SWI/ 
SNF-class chromatin re-modellers, such as PICKLE and 
BRAHMA, in repressing embryonic gene expression during 
post-germinative development, thereby ensuring proper seed
ling establishment. Furthermore, the epigenetic regulation of 
DELAY OF GERMINATION 1 (DOG1), a major regulator 
of seed dormancy, illustrates the connection between chroma
tin states and germination potential (Bentsink et al., 2006; 
Bouyer et al., 2011; Footitt et al., 2015). DOG1 expression is 
regulated by a complex interplay of histone modifications, not
ably the antagonistic marks trimethylation of lysine 4 of histone 
H3 (H3K4me3) and trimethylation of lysine 27 of histone H3 
(H3K27me3), whose deposition at the DOG1 locus correlates 
with expression changes during dormancy cycling and early 
seedling development (Bouyer et al., 2011; Footitt et al., 
2015). These findings indicate that extensive re-programming 
of genome organization and chromatin accessibility is essential 
for coordinating developmental transitions in seeds.

Epigenomics, the study of DNA or chromatin modifications 
that do not affect the DNA sequence itself, has provided in
sights into how plants regulate gene expression during seed 
development, dormancy, and germination. Epigenomics en
compass several high-throughput profiling techniques that 
analyse DNA modifications and chromatin organization 
(Box 1). Combined analyses using the Cleavage Under 
Targets and Tagmentation (CUT&Tag) and Assay for 

Box 1. High-throughput epigenomic profiling technologies applied to seed biology studies

(1) Histone modification mapping: Chromatin Immunoprecipitation followed by sequencing (ChIP-seq) relies on 
antibody-based precipitation of cross-linked chromatin complexes (Solomon et al., 1988). Cleavage Under Targets 
and Tagmentation (CUT&Tag) employs in situ antibody-targeted tagmentation, providing an enhanced signal-to-noise 
ratio and requiring significantly smaller input material (Kaya-Okur et al., 2019).

(2) Chromatin accessibility assay: The Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) lev
erages the preferential integration of Tn5 transposase into accessible DNA regions to map genome-wide open and 
closed chromatin regions (Buenrostro et al., 2013, 2015). Open chromatin regions are generally associated with enhan
cer elements or the promoters of actively expressed genes and can be used to identify potential cis-regulatory elements 
(CREs) associated with expressed genes (Auroux et al., 2025). Comparative statistical analysis of ATAC-seq data can 
identify differentially accessible regions, i.e. loci that show significant differences in chromatin accessibility between 
experimental conditions, tissue types, or developmental stages. These regions indicate dynamic regulatory activity 
and frequently coincide with functional elements such as promoters, enhancers, and transcription factor binding sites 
that influence gene expression.

(3) Genome-wide chromatin interaction mapping: High-throughput Chromosome Conformation Capture (Hi-C) is used 
to investigate chromosome conformation. This method probes three-dimensional genome architecture by quantifying 
physical interactions between genomic loci through the proximity ligation of cross-linked chromatin fragments 
(Lieberman-Aiden et al., 2009; van Berkum et al., 2010).
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Transposase-Accessible Chromatin using sequencing 
(ATAC-seq) methods have been used to elucidate a 
three-phase model of epigenome regulation during wheat em
bryogenesis (Zhao et al., 2023). The early phase is characterized 
by extensive histone modification re-programming, followed 
by a mid-phase dominated by transcription factor-mediated 
regulation, and culminating in a late phase marked by chroma
tin condensation (Zhao et al., 2023). The CUT&Tag technol
ogy used in this study enabled precise mapping of eight histone 
modifications/variants and RNA Polymerase II occupancy 
across eight developmental stages between 0 and 22-days post- 
anthesis, with minimal nuclei input (∼1000 nuclei).

In Arabidopsis, the essential role of the histone variant H3.3 
in establishing chromatin accessibility and equipping seeds with 
the competence for germination and seedling establishment 
was established using a combination of omics technologies 
(Zhao et al., 2022). Integration of chromatin immunoprecipi
tation followed by sequencing (ChIP-seq), ATAC-seq, and 
strand-specific RNA-seq demonstrated that H3.3 exhibits a 
seed-specific distribution pattern at 5’ gene ends and co- 
operates with H2A.Z to enhance chromatin accessibility 
(Zhao et al., 2022). While H3.3 was found to be dispensable 
for embryogenesis, it was crucial for post-embryonic develop
ment, particularly in regulating the expression of 
hormone-related genes involved in GA synthesis and ABA ca
tabolism (Zhao et al., 2022).

The role(s) of chromosome conformation in regulation of 
seed oil content (SOC) in Brassica napus (oilseed rape) seeds 
has been studied using High-throughput Chromosome 
Conformation Capture (Hi-C) (Zhang et al., 2024). Two lines 
with contrasting SOC levels were compared in a multi-omics 
analysis that combined Hi-C, ATAC-seq, and RNA-seq. 
Differentially accessible regions of chromatin and differentially 
expressed genes were enriched in SOC-related quantitative 
trait loci (QTLs) and associated genomic regions (Zhang 
et al., 2024). Fine mapping was applied subsequently to identify 
the candidate gene BnaA09g48250D, where structural vari
ation impacts SOC. Overexpression and knockout of this 
gene significantly affected SOC in transgenic lines. These find
ings highlight the role of 3D genome architecture and struc
tural variations in SOC regulation and how chromatin 
architecture influences agronomically important traits (Zhang 
et al., 2024).

Epigenomics studies have also focused on the well-known 
polycomb repressive complex 2 (PRC2) in the context of 
seed germination. PRC2 is an evolutionary conserved chro
matin modifier that mediates the deposition of H3K27me3, a 
histone mark primarily associated with transcriptional silencing 
of developmental genes (Turck et al., 2007; Zhang et al., 2007; 
Mozgová et al., 2017; Miller et al., 2021). While PRC2 was not 
essential for seed viability, it was crucial for establishing the 
H3K27me3 repressive mark, with its loss leading to enhanced 
dormancy, germination defects, and severe developmental de
fects post-germination (Zhang et al., 2007; Bouyer et al., 2011). 

More recently it was demonstrated that PRC2 plays a role in a 
chromatin-level silencing mechanism that regulates 
Arabidopsis seed germination (Yang et al., 2022). This process 
is controlled through its synergistic action with the 
RNA-binding protein RZ-1, which is known to repress the 
transcription of the FLOWERING LOCUS C (Z. Wu et al., 
2016b; Yang et al., 2022). Furthermore, cross-linked nuclear 
immunoprecipitation mass spectrometry revealed the 
progressive silencing of 9-CIS-EPOXYCAROTENOID 
DIOXYGENASE 6, a key player in ABA biosynthesis, 
through co-ordinated changes in histone modifications includ
ing H3K27me3, H3K4me3, and H3 acetylation (Yang et al., 
2022 ). The study also demonstrated that multiple regulatory 
layers govern this process, with RZ-1 directly interacting 
with chromatin-modifying factors, such as MSI1 
(PRC2-associated protein), HDA19 (histone deacetylase), 
AL proteins (H3K4me3 readers), NCED6, and ABI3 nascent 
transcripts (ABA response) (Yang et al., 2022). The dynamics 
of accumulation of H3K27me3 during the seed-to-seedling 
transition were studied using ChIP-seq, with RZ-1 found 
to facilitate establishment of this histone mark (Yang et al., 
2022).

The use of genome-wide approaches to identify genetic 
determinants of seed traits

Genetic mapping has been pivotal in identifying key loci 
that regulate seed dormancy and germination phenotypes 
(Koornneef et al., 2002). Conventional quantitative trait 
loci (QTL) mapping, which relies on linkage analysis in seg
regating populations, played a foundational role in early ef
forts to dissect complex traits. In Arabidopsis, QTL 
mapping using accessions with contrasting dormancy pheno
types—Landsberg erecta (low dormancy) and Cape Verde 
Islands (strong dormancy)—led to the identification of several 
DOG loci, with DOG1 emerging as a major regulator of seed 
dormancy (Alonso-Blanco et al., 2003; Bentsink et al., 2006). 
This discovery marked a major advance in our understanding 
of dormancy regulation and established a molecular frame
work for subsequent investigations in diverse species. As gen
omic technologies have evolved, genome-wide approaches 
have significantly expanded the scope and resolution of gen
etic analyses, building upon the foundational insights pro
vided by traditional QTL mapping.

Various high-throughput genomics approaches can now be 
used to understand genetic variation associated with traits such 
as germination, seed size or weight, and seed composition. 
Genome-wide association studies (GWAS) identify statistical 
associations between genetic variants and phenotypic traits 
across populations by comparing single nucleotide polymor
phisms (SNPs) with observed trait variations, enabling the dis
covery of genetic loci linked to complex traits (Hirschhorn and 
Daly, 2005). Transcriptome-wide association studies (TWAS) 
extend this approach by integrating gene expression data with 
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genetic variation to identify expression-trait associations, shed
ding light on the regulatory mechanisms underlying phenotyp
ic variation and improving trait-associated genes identification 
(Gusev et al., 2016). Expression QTL (eQTL) analysis identifies 
genetic variants associated with gene expression levels, provid
ing QTL mapping powerful tools for dissecting the genetic 
architecture of complex traits (Mackay et al., 2009). 
Together, such genomics approaches enable marker-assisted 
selection for breeding programmes by pin-pointing genetic 
markers associated with desirable seed traits, providing a foun
dation for improving seed performance.

A combined approach using GWAS, TWAS, and eQTL 
mapping was applied to analyse 421 soybean cultivars and iden
tify loci associated with seed weight and oil content (Yuan 
et al., 2024). TWAS prioritized 22 candidate genes, including 
REGULATOR OF WEIGHT AND OIL OF SEED 1 
(GmRWOS1), a sodium pump protein verified to significa
tively increase both seed weight and oil content (Yuan et al., 
2024). Similarly, a GWAS study of 164 Japanese rice varieties 
incorporating genotype-by-environment interactions identi
fied the GF14 h gene, a 14-3-3 protein along with its interact
ing partners bZIP protein, OREB1, and MOTHER OF FT 
AND TFL 2 (MFT2), as key regulators of seed germination 
(Yoshida et al., 2022). Notably, loss-of-function alleles of 
GF14 h had been selected in northern regions of East Asia, 
demonstrating geographical adaptation to the specific climate 
of that region (Yoshida et al., 2022).

Long-read DNA sequencing technologies, which can se
quence large single molecules without fragmentation, have 
revolutionized genome assembly in crop species (Sedlazeck 
et al., 2018; Alejo-Jacuinde et al., 2023). These technologies 
produce reads spanning tens of kilobases and offer superior 
resolution of repetitive regions and structural variations com
pared to short-read sequencing technologies. Long-read plat
forms such as PacBio Sequel II and Oxford Nanopore have 
been used to produce high-quality genome assemblies for 
many agriculturally important seed crops including mung 
bean, oil-Camellia, and chia (Salvia hispanica) (Lin et al., 
2022; C. Liu et al., 2022a; Alejo-Jacuinde et al., 2023). These 
high-quality genome assemblies have enabled the identifica
tion of candidate genes associated with key traits for crop im
provement and breeding, including grain quality, yield, 
starch and oil content, and disease resistance. High quality gen
ome assemblies, coupled with decreases in sequencing cost and 
increases in output, have also enabled the construction of pan- 
genomes, which are a collection of genetic sequences from dif
ferent populations of a species that capture the near-complete 
genomic diversity of that species. For example, a maize pan- 
genome has been assembled from 721 individuals, comprising 
507 maize inbred lines, 31 landrace individuals, and 183 teo
sinte individuals (Gui et al., 2022). From this, 274 649 genome 
structural variations were identified, many with higher herit
ability than SNPs or indels, and the specificity or dispensability 
of genes between ecotypes could be assessed. Notably, genes 

specific to the ancestral teosinte were enriched in stress re
sponse pathways while maize-specific genes were associated 
with grain nutritional content and flavour pathways (Gui 
et al., 2022).

Single-cell and spatially resolved transcriptomics uncover 
cellular heterogeneity in seeds

Transcriptomics technologies, such as RNA-seq and microar
rays, have enabled comprehensive analysis of gene expression 
patterns that regulate seed development, dormancy, and ger
mination (Girke et al., 2000; Bassel et al., 2011; T. Wu et al., 
2016a). These approaches provide insights into how genes 
are expressed, revealing the cellular functions and molecular 
regulatory networks at different seed developmental stages, as 
well as gene expression changes in response to environmental 
cues (light, temperature), hormonal signals (ABA, GA), and 
various abiotic stresses (Ligterink et al., 2007; Auge et al., 
2009; T. Wu et al., 2016a). Most recently, single-cell and 
spatially resolved transcriptomics studies have provided remark
able insights—previously obscured in bulk tissue analysis—into 
the cellular heterogeneity of developing and germinating seeds 
of Arabidopsis, barley (Hordeum vulgare), rice, soybean, and 
Gossypium bickii (an Australian wild cotton species), at the reso
lution of a single cell (Box 2) (Lee et al., 2023, Preprint; 
Peirats-Llobet et al., 2023; Sun et al., 2023; Liew et al., 2024; 
Yao et al., 2024; Zhang et al., 2025).

Cottonseed (Gossypium spp.) is a valuable source of high- 
quality protein and oil, but also contains pigment glands that 
produce gossypol, a substance that is toxic to both humans 
and animals (de Peyster, 2014). These pigment glands are lo
cated in the cotyledons of the embryo (Stanford and 
Viehoever, 1918). To better understand pigment gland devel
opment, cotyledon morphogenesis in seeds of the gland-less 
and gossypol-free cottonseed relative Gossypium bickii was ex
amined using single-cell RNA-seq (Sun et al., 2023). The study 
identified three previously undefined pigment gland cell sub
types (parenchyma cells, secretory cells, and pre-apoptotic 
cells), as well as novel regulatory factors with roles in light sig
nalling and gibberellic acid in modulating pigment gland devel
opment, which was only possible with the resolution provided 
by single-cell technology (Sun et al., 2023). Single-cell tran
scriptomic analysis has also been applied to germinating 
Arabidopsis seeds, mapping the dynamic progression of cell 
type-specific gene expression programmes over time (Liew 
et al., 2024). The study advanced our understanding of germin
ation dynamics by identifying cell types and cell states with dis
tinct transcriptional profiles and revealed a previously 
unknown common early transcriptional state across embryonic 
cells before the transition to cell-type specific programmes 
(Box 2) (Liew et al., 2024).

Spatially resolved transcriptomics (spatial transcriptomics) 
are technologies that enable transcriptome-wide analysis of tis
sue samples and preserve information about where genes are 
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expressed within a tissue (Auroux et al., 2025). There are two 
main approaches: sequencing-based methods using molecular 
barcodes to encode a transcript’s location, and imaging-based 
methods that quantify transcript abundance through fluores
cent detection (Y. Wang et al., 2023b; Auroux et al., 2025). 
Several studies have captured dynamic spatiotemporal tran
scriptome profiles at both cellular resolution and within the 
context of tissue architecture by applying a combination of 
single-cell and spatial methods, offering a deeper understanding 
of the complex biological processes involved in seed develop
ment and germination (Box 2) (Lee et al., 2023, Preprint; 
Peirats-Llobet et al., 2023; Yao et al., 2024; Zhang et al., 
2025). These studies successfully identified previously unchar
acterized rare cell types, characterized novel cell type-specific 
markers and transcription factors, predicted spatiotemporal 
gene regulatory networks, and proposed the roles of different 
cell types during development and germination across different 

plant species (Box 2) (Lee et al., 2023, Preprint; Peirats-Llobet 
et al., 2023; Yao et al., 2024; Zhang et al., 2025). A notable find
ing from these studies was the identification of sub-domain 
specific gene expression patterns [localized gene expression 
within a distinct spatial region (sub-domains) of a tissue or or
gan], including aquaporins, auxin transporters, and lipid trans
fer proteins—with the latter serving as markers to define novel 
cell types or sub-types within the scutellum (Peirats-Llobet 
et al., 2023; Yao et al., 2024).

Non-coding and post-transcriptional regulatory 
mechanisms influence seed biology

Capped-small RNA-seq (csRNA-seq) is a high-throughput 
technology that uses total RNA as starting material to detect 
transcription start sites (TSSs) of both stable and unstable 
RNAs at single-nucleotide resolution (Duttke et al., 2019). 

Box 2. Key discoveries in seed transcriptomics reveal new insights in (cell type-specific) transcriptional and 
regulatory programmes

† Integrated multi-omics atlas reveals the basis of seed development.

Zhang et al. (2024) integrated single-cell RNA-seq and ATAC-seq analysis in soybean, identifying 103 distinct cell types 
including three previously undefined endosperm subtypes. Their multi-omics analysis approach linked chromatin ac
cessibility dynamics to cell-type specific gene expression, shedding light on seed development.

† A common transcriptional state precedes cell-type differentiation in germinating seeds.

Liew et al. (2024) demonstrated that Arabidopsis embryonic cells transition through a common early transcriptional 
state before adopting cell-type specific differentiation programmes, providing insight into how cellular identity is estab
lished during germination thanks to predicted transcriptional regulators.

† Spatial transcriptomics uncovers nutrient transport dynamics during germination.

Peirats-Llobet et al. (2023) and Yao et al. (2024) mapped tissue-specific transcriptional programmes in barley and rice. 
Their work revealed how spatially distinct cell populations coordinate nutrient mobilization and hormone signalling dur
ing germination. Yao et al. (2024) integrated spatial and single-cell transcriptomics in rice embryos, identifying previ
ously unknown scutellum cell subtypes and their specific roles in hormone signalling.

† RNA processing machinery controls seed dormancy through the DOG1 pathway.

Li et al. (2023) demonstrated that the pre-mRNA 3’ end processing factor FIP1 promotes seed dormancy by regulating 
DOG1 and ABA-responsive genes, highlighting post-transcriptional regulation as a key mechanism in the 
dormancy-to-germination transition.

† Alternative splicing regulates seed dormancy.

L. Liu et al. (2022b) identified 342 differentially spliced genes associated with secondary dormancy in oilseed rape cul
tivars with high secondary dormancy potential. Their analysis showed an enrichment of spliceosome components 
among these genes, suggesting post-transcriptional regulation as a novel mechanism in seed dormancy regulation.
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By specifically targeting 5’-capped RNA species, this tech
nique enables precise genome-wide mapping of transcription 
initiation events (Duttke et al., 2019). The method’s capacity 
to capture nascent transcription and unstable non-coding 
RNAs provides insight into real-time transcriptional dynamics 
and regulatory element activity across the genome (Duttke 
et al., 2019; Tremblay et al., 2024). More than 30 000 TSSs 
and accessible chromatin regions were identified using a com
bination of csRNA-seq and ATAC-seq to study transcription 
initiation during Arabidopsis seed germination (Tremblay 
et al., 2024). Non-coding transcription was found to be far 
more common than previously realized, and many novel tran
scriptional regulatory elements such as bidirectional promoters 
and enhancers were mapped (Tremblay et al., 2024).

Polysome profiling and ribosome nascent chain complex se
quencing (RNC-seq) enable the identification of mRNA ac
tively engaged in translation by capturing those bound to a 
single ribosome (monosome) or multiple ribosomes (poly
some) using RNA fractionation via sucrose gradients or ultra
centrifugation (Mustroph et al., 2009). When applied to seeds, 
these techniques demonstrated that primed seeds contain sig
nificantly more mRNA-ribosome complexes than dry seeds, 
leading to a faster reactivation of translation during germination 
(Gran et al., 2025). This pre-association facilitates rapid reacti
vation of translation during germination, suggesting that trans
lational control begins even before visible metabolic 
re-awakening (Gran et al., 2025). Furthermore, these techni
ques have identified specific RNA-binding proteins, such as 
ARGININE-GLYCINE-GLYCINE RNA BINDING 
PROTEIN B (RGGB), that appear to coordinate translational 
re-programming during seed priming and early germination 
(Bleckmann et al., 2023; Gran et al., 2025). Together, these 
findings complement single-cell transcriptional approaches by 
elucidating how post-transcriptional regulation, particularly 
of stored mRNAs, fine-tunes gene expression during the crit
ical transition from quiescence to metabolic activation.

Post-transcriptional regulation influences RNA stability, spli
cing, editing, and translation, thereby modulating gene expres
sion and cellular responses beyond direct transcriptional 
control. Alternative splicing has emerged as an additional regula
tory layer for secondary dormancy in oilseed rape, where 342 dif
ferentially spliced genes were found to be associated with 
secondary dormancy by comparing splicing patterns between 
cultivars with high and low secondary dormancy potential. 
This suggests that modulating alternate splicing could serve as a 
strategy to reduce secondary dormancy and improve seed quality 
(Box 2) (L. Liu et al., 2022b). Post-transcriptional regulation is 
also important during Arabidopsis seed dormancy (Box 2) 
(Li et al., 2023). FACTOR INTERACTING WITH 
POLY(A) POLYMERASE1 (FIP1), a component of the 
pre-mRNA 3’ end processing machinery, positively regulates 
seed dormancy through both the DOG1 and ABA pathways, re
vealing complex interactions between transcriptional and post- 
transcriptional control mechanisms (Box 2) (Li et al., 2023).

Protein phosphorylation and metabolite networks drive 
seed state transitions

The advancement of transcriptomics has enabled high- 
throughput profiling of gene expression in seed biology. 
However, transcript abundances alone do not provide a com
plete picture of cellular processes. Translation is essential for 
successful germination—if translation is inhibited, seeds will 
not germinate—and differential protein phosphorylation plays 
a central role in regulating the activity of numerous proteins 
and signalling pathways (Xiaojian et al., 2018). Furthermore, 
metabolite abundances change rapidly as seeds become active 
(L. Wang et al., 2023a). Mapping global protein and metabolite 
abundance is consequently needed to complement transcrip
tomics data and offer a comprehensive view of cellular func
tion. Proteomic and phosphoproteomic approaches have 
enabled comprehensive characterization of protein abundance 
dynamics and regulatory phosphorylation networks with depth 
and precision during seed development, dormancy, and ger
mination (Yan et al., 2022). Proteomics primarily employs 
mass spectrometry (MS) or liquid chromatography-MS 
(LC-MS) for protein identification and quantification, whilst 
metabolomics encompasses a broader array of analytical plat
forms such as gas chromatography-MS (GC-MS). These me
tabolomic platforms profile hundreds of primary and 
secondary metabolites, both in a targeted and an un-targeted 
manner (Yan et al., 2022). Phosphoproteomics uses specialized 
MS platforms and enrichment strategies to enhance phospho
peptide detection sensitivity and coverage (Baudouin et al., 
2022; Yamashita and Umezawa, 2022).

Specific regulatory modules controlling dormancy release 
and germination processes have been identified by integration 
of proteomic approaches (Baudouin et al., 2022; Pan et al., 
2023). In Amomum tsaoko (Chinese black cardamom), modifi
cations in MAPK signalling cascades and hormone signal 
transduction pathways during dormancy release by warm 
stratification were identified using coupled proteome and tran
scriptome analysis (Pan et al., 2023). Protein phosphorylation 
plays a critical role in both ABA and GA signalling pathways. 
For example, phosphorylation of ABA INSENSITIVE 5 
(ABI5) in Arabidopsis prevents its degradation, promoting an 
ABA response, whereas phosphorylation of the rice DELLA 
protein OsSLR1 negatively regulates GA signalling (Dai and 
Xue, 2010; Dai et al., 2013). Phosphorylation networks exhibit 
remarkable dynamism during Arabidopsis and rice germination 
(Baudouin et al., 2022; Hu et al., 2024). A comprehensive set of 
10 244 phosphopeptides from 2546 phosphoproteins, includ
ing 110 protein kinases and key dormancy regulators like 
DOG1, were identified in Arabidopsis (Baudouin et al., 
2022). Extensive early protein dephosphorylation events fol
lowed by condition-specific phosphorylation patterns were 
also observed (Baudouin et al., 2022).

Sucrose non-fermenting-1-related protein kinase 1 
(SnRK1) is involved in metabolic re-programming during 
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energy limitation and in germination regulation but has distinct 
roles in monocotyledonous seeds compared with dicotyledon
ous seeds. In dicotyledons like Arabidopsis, SnRK1 promotes 
seed dormancy through the ABA signalling pathway and the 
master regulator of seed maturity FUSCA3, which enhances 
ABA synthesis while suppressing GA biosynthesis (Nambara 
et al., 2000; Gazzarrini et al., 2004; Tsai and Gazzarrini, 
2012). Conversely, reduced SnRK1 abundance in the mono
cots rice and wheat causes delayed germination due to its 
role in α-amylase activation, which is essential for starch mobil
ization during early seedling establishment (Laurie et al., 2003; 
Lu et al., 2007; Hu et al., 2022). The function of SnRK1 during 
rice germination has been further elucidated using phospho
proteomics analysis (Hu et al., 2024). SnRK1 activity was 
modulated using a chemical activator, allowing 8387 unique 
specific locations where a phosphate group can be attached 
or removed (phosphosites) to be identified across the rice 
proteome (Hu et al., 2024). SnRK1 was shown to co-ordinate 
water transport, Na+ flux, and ABA signalling during rice ger
mination through the phosphorylation of specific phosphosites 
(Hu et al., 2024). Additionally, 20 SnRK1-dependent phos
phosites in 16 proteins were validated and shown to modulate 
starch degradation and transport protein function during grain 
filling (Hu et al., 2022).

Metabolomics have been used to investigate seed biology 
in several species, including grain development of qingke 
[Tibetan hulless barley (Hordeum vulgare L. var. nudum 
Hook. f.)], as well as germination of quinoa (Chenopodium qui
noa), pigmented rice, and barley (Hao et al., 2022; Yao et al., 
2022; Tiozon et al., 2023; Sybilska et al., 2024; Wang et al., 
2024). Three key anthocyanin compounds and their regulatory 
pathways were identified during qingke grain development, 
revealing the regulatory network governing anthocyanin syn
thesis (Wang et al., 2024). Stage-specific metabolic changes 
were observed across five developmental stages of quinoa ger
mination, ranging from dry seed to cotyledon expansion (Hao 
et al., 2022). These included dynamic alterations in storage re
serve mobilization, cell wall re-modelling, and amino acid me
tabolism (Hao et al., 2022). Similarly, over 600 metabolites 
were identified in germinated pigmented rice, with significant 
increases in free phenolics, dipeptides, and micronutrients, 
compared to non-germinated samples (Tiozon et al., 2023).

Regulatory complexity in seed biology can be decoded by 
integrating multi-omics data

Integrative analysis of multiple seed omics data modalities 
is a new and promising approach to understanding seed biol
ogy at a systems scale. For instance, Hi-C epigenomic tech
nology has been coupled with genomic analysis such as 
GWAS and long-read sequencing to construct high-quality 
chromosome-scale reference genomes for oil-Camellia and 
mung bean (Lin et al., 2022; C. Liu et al., 2022a). A combin
ation of GWAS with metabolomics and mineral profiling (by 

inductively coupled plasma optical emission spectroscopy) has 
been used to identify genetic markers associated with nutri
tional enhancement during pigmented rice germination 
(Tiozon et al., 2023). The resulting machine learning model 
could predict multi-nutritional properties (Tiozon et al., 
2023). Distinct temporal phases associated with metabolic 
transitions within the first 4 hours of rice imbibition were 
identified using label-free shotgun proteomics coupled with 
metabolomics and microarray-based transcriptomics (Sano 
et al., 2022). Striking tissue-specific protein accumulation 
patterns were observed throughout rice germination: 417 
proteins were differentially accumulated in the embryo com
pared to 121 in the endosperm, with 109 of the endosperm 
proteins being degraded during germination, highlighting 
the importance of the degradation of proteins stored in the 
endosperm during germination to support embryo growth 
and seedling establishment (Sano et al., 2022). Most recently, 
integrative analyses of single-cell and/or spatial transcriptom
ics data have emerged as an approach to interrogate 
cell-specific activity. For example, soybean seed and silique de
velopment has been analysed by a combination of single-nucleus 
RNA-seq, single-cell ATAC-seq, and spatial transcriptomics 
(Zhang et al., 2025). This integrative multi-omics approach 
identified the three regions of the soybean seed (embryo, endo
sperm, and seed coat), and the three endosperm cell subtypes 
(micropylar, peripheral, and chalazal), as well as specific cell 
types such as the seed coat endothelium and the seed coat inner 
integument (Box 2) (Zhang et al., 2025). Similarly, single- 
nucleus RNA-seq combined with spatial transcriptomics in 
Arabidopsis seeds and siliques revealed nine groups of embry
onic cells, each with a common transcriptome, including one 
potential embryo cell subtype or embryo developmental cell 
stage (Lee et al., 2023, Preprint).

Emerging frontiers: single-cell multi-omics and systems 
approaches in seed biology

The application and integration of advanced omics technolo
gies have drastically enhanced our understanding of seed biol
ogy in multiple species, revealing intricate molecular dynamics 
associated with seed development, dormancy, and germination 
(Table 1). The convergence of high-throughput sequencing 
technologies, advanced mass spectrometry platforms, and so
phisticated computational integrative approaches has enabled 
insights across multiple scales, from individual cells to whole 
tissues (Fig. 1). Single-cell and spatial technologies have 
emerged as particularly transformative, offering cell type- 
specific resolution of molecular processes previously obscured 
in bulk tissue analyses. The application of single-cell RNA-seq 
and single-cell ATAC-seq has revealed previously uncharac
terized cell populations and regulatory networks in multiple 
crop species (Lee et al., 2023, Preprint; Sun et al., 2023; Liew 
et al., 2024; Zhang et al., 2025). These approaches, often com
bined with spatial transcriptomics, have illuminated the 
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diversity of cell-type specific gene expression programmes dur
ing seed development and germination (Yao et al., 2024; 
Zhang et al., 2025).

Nonetheless, key challenges remain. We have learned the se
quence of molecular events once germination has been initiated 
by using current omics techniques. Physiological and genetic 
studies have taught us the triggers for germination. However, 
the molecular cascade connecting stimulus to cell-type commu
nication and co-ordination of dormancy regulation, as well as 
the molecular cascade initiating germination remain unknown.

Emerging technologies, such as single-cell multi-omics, 
Hi-C sequencing, spatial metabolomics, and subcellular pro
tein mapping promise to address these gaps. Applications of 
single-cell multi-omics experimental approaches, i.e. simultan
eously profiling transcriptomes, epigenomes, and proteins 
within individual cells, could reveal coordinated regulatory 
mechanisms governing cell-type specific responses (Auroux 
et al., 2025). These insights are increasingly urgent in the con
text of climate change, where understanding seed responses to 
environmental cues is crucial for developing climate-resilient 
crops. Future research focusing on diverse germplasm collec
tions could identify key determinants of seed longevity and 
stress resilience, crucial for seed banks and agriculture.

While significant progress has been made, seed biology re
search still holds great potential for further discovery and ad
vancement. The field is poised for transformative discoveries 
through the convergence of single-cell technologies and sys
tems biology approaches. The rapid advances in seed omics 
are transforming our understanding of seed biology, offering 
new opportunities for improving agricultural productivity 
and sustainability. By integrating multi-omics data, researchers 
are unlocking the genetic and biochemical secrets of seeds, pav
ing the way for the development of crops that can meet the 
challenges of a changing climate and a growing global popula
tion. As omics technologies continue to evolve, the future of 
seed science promises even greater discoveries that will illu
minate the birth of plant life and shape the future of agriculture 
and food security.
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