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Abstract

Herbaria are undergoing a renaissance as valuable sources of genomic data for exploring
plant evolution, ecology, and diversity. Ancient DNA retrieved from herbarium specimens can
provide unprecedented glimpses into past plant communities, their interactions with biotic and
abiotic factors, and the genetic changes that have occurred over time. Here, we highlight
recent advances in the field of herbarium genomics and discuss the challenges and
opportunities of combining data from modern and time-stamped historical specimens. We also
describe how integrating herbarium genomics data with other data types can yield substantial
insights into the evolutionary and ecological processes that shape plant communities.
Herbarium genomic analysis is a tool for understanding plant life and informing conservation
efforts in the face of dire environmental challenges.

Teaser

A review on herbarium genomics to understand the history of plant evolution and ecological
interactions.

Introduction

Herbarium specimens, meticulously collected and pressed plant samples, preserve a tangible
record of botanical diversity and have long served as a foundation for botanical, taxonomical,
and systematics studies (7). Hosted across 3,000 herbaria, these resources encompass close
to 390 million specimens and their associated metadata (2). We owe this number to centuries
of specimen custodianship and current curation that ensures continuous growth, preservation,
and sustainable use of this rich collection. Alongside their uses for botanical monographs and
systematics (3), herbarium specimens covering diverse taxa and all continents increase the
power of macroevolutionary studies, enabling investigations into trait evolution (4) and plant
family radiations (5).

Recent advances in high-throughput sequencing technologies have facilitated the
retrieval of genome-scale data from herbarium specimens (6). Herbarium-derived DNA can
be classified as ancient DNA (aDNA) by its biochemical characteristics; it is highly fragmented
with distinct patterns of DNA misincorporations and breakage (7, 8). Such patterns result from
post-mortem DNA damage, which is accelerated during specimen preparation (9). DNA



damage does not reflect the evolutionary history of specimens, but allows authentication of
the historical nature of the herbarium-derived DNA (7, 710). Additionally, herbarium-derived
DNA originates not only from the plant host but also its associated commensal or pathogenic
microbiomes. While distinguishing between the genuine microbiome and post-mortem
colonizers presents a methodological challenge (77), if resolved, herbarium metagenomics
holds the potential to provide valuable insights into past biotic interactions.

Lack of cell and genome integrity makes functional and structural genomic tools such
as chromatin conformation capture unsuitable for historical tissues, while the fragmented
nature of DNA derived from herbarium specimens limits de novo assembly of full herbarium
genomes with comparable quality to modern genomes. However, short-read sequencing
approaches have been developed to generate genome-scale data from herbarium specimens
(72, 13). While whole-genome sequencing allows genome-wide scans for selection to address
questions related to the genetic basis of adaptation, it can be substituted by reduced-
representation techniques for addressing population history questions. By contrast, cost-
efficient techniques such as enrichment capture of conserved genes and plastome
sequencing are informative for macroevolutionary and systematics studies. Amplicon
sequencing approaches have been reviewed exhaustively elsewhere (714) and are outside the
scope of this article.

Despite the shortcomings associated with the degraded nature of herbarium-derived
DNA, genomic studies of herbarium specimens offer a wide taxonomic and geographic
sampling breadth to directly investigate the evolutionary responses of plants and their
associated microbiomes over the last 300 years of anthropogenic global environmental
change.

Contributions of herbarium genomics to taxonomic and evolutionary studies
Classification and macroevolutionary inference

The integration of sequencing data with morphological data has substantially increased our
ability to group plants into taxonomic units. In botany, species definition comes from type
specimens, which were used to describe their characteristics in the first place. Once the
genetic composition of type specimens is established, a newly-collected plant can be identified
to the species level. A prominent approach involves coupling genome skimming with
chloroplast assembly or molecular barcode readout, allowing identification at the genus and
species levels with high congruence with morphological identification (75). Such an approach
was used to generate plastid and mitochondrial genomes from type specimens of red algae
species (Pyropia) and allow molecular identification of unclassified material (16). Another
challenge is to group species into higher taxonomic ranks, which often requires both
morphological and genetic characterization. For example, genome-wide data helped resolve
the challenging sweet potato genus (Ilpomea) (17).

Herbarium collections harbor a wide range and diversity of species as well as
geographies, which would not otherwise be accessible within the timeframe of contemporary
research projects. This is particularly useful for large-scale phylogenomic projects such as the
Plant and Fungal Tree of Life, in which over 28% of the taxa examined were sampled from
herbarium specimens and were assessed using enrichment capture approach (718). The
resulting phylogenetic trees inform our understanding of macroevolution and the history of



plant life on Earth. For example, this approach contributed to resolving the relationships of
taxa in the mulberry family (Moraceae), and indicated repeated, parallel evolution of inflexed
stamens that facilitate wind pollination (79). Other uses include facilitating predictions of plant-
based compounds, with a special role for herbarium collections in predicting active compounds
for medicinal use (20).

Preserving a permanent record of the source materials from which DNA was retrieved
is also important. Consequently, large biogenome projects, such as the Darwin Tree of Life,
which aim to build reference genome assemblies for vast quantities of species, have partnered
with institutions that generate voucher herbarium specimens for the plant taxa sequenced
(21).

Tracing the evolutionary history of wild plants

Herbarium collections offer valuable spatiotemporal data for investigating the genetic
mechanisms underlying plant responses to global environmental change, including the
influence of modern agricultural practices (22, 23). With escalating global movement and
trade, plants have become increasingly transported over long distances, heightening the
likelihood of introduction of non-native species that might evolve into invasive species (24).
Herbarium specimens have traditionally been employed as proxies for documenting first-plant
colonizers (Fig. 1). Sequences from herbarium specimens over dense time series can test
hypotheses in invasion biology and determine whether changes in phenotypic traits are
genetically encoded. Genetic analysis of herbarium specimens of garlic mustard (Alliaria
petiolata) spanning 50 years of North American invasion suggested that differential secretion
of phytochemicals across this time period had an adaptive genetic basis (25). Herbarium
genomics also reconstructed the North American population history of a prevalent colonizing
semiclonal lineage of thale cress (Arabidopsis thaliana) (26). A phylogenetic approach
determined the time of colonization and connected the maintenance of de novo mutations in
this lineage to root traits and flowering time that are likely important for the ecology of
invasions. Human-induced alterations of landscapes has led to genetic mixing in the native
range of common ragweed (Ambrosia artemisiifolia) in North America, before its introduction
to Europe, potentially playing a role in its subsequent success as an invasive species (27).
Furthermore, sequencing of numerous present-day and historical herbarium genomes of
ragweed revealed that European populations exhibit a significant turnover in genetic structure.
This pattern is likely attributed to multiple introductions, founder effects, and genetic admixture
with closely related European species (28).

Anthropogenic activities additionally generate habitats for wild plants. Agricultural
fields face challenges from competition by weed species, with heavy use of herbicides to
minimize interspecies competition and maintain crop yields. Excessive use of herbicides since
their introduction in the 1950s has resulted in continuous evolution of weeds with resistance
to these formerly deadly chemicals (Fig. 1) (29). Devising effective strategies for managing
herbicide resistance necessitates determining whether resistance mutations originate de novo
or were present in the existing genetic variation, and to what extent gene flow plays a role in
spreading herbicide resistance. Genotyping herbarium specimens of blackgrass (Alopecurus
myosuroides) revealed that a herbicide resistance mutation located in the direct target of
herbicides (targeted site resistance) was segregating at a very low frequency approximately
one century before the introduction of herbicides (30). A recent genomics study using



contemporary samples also suggested that standing genetic variation plays a crucial role in
facilitating the rapid evolution of targeted site herbicide resistance (37). In addition to
developing herbicide resistance, weeds must also adapt to the human-made environment of
modern agricultural fields. A recent study of waterhemp (Amaranthus tuberculatus), an
agricultural weed native to North America, employed geographical pairing of hundreds of
present-day genomes from natural and agricultural populations and a time-series of hundreds
of corresponding herbarium genomes (32). These allowed monitoring of changes in allele
frequencies over time and estimation of selection coefficients of variants observed
predominantly in agricultural settings.

A time machine for recent crop evolution

As with wild plants, we can use time-stamped herbarium specimens of crop plants to address
many important questions about their movement, adaptation, and changes in genetic diversity.
Crop herbaria span a period of over 500 years, with the oldest DNA sequences retrieved from
a tomato specimen (Solanum lycopersicum) dated to circa 1558 (33). This time interval
overlaps with the Columbian “exchange” of crops globally, a serendipitous test for the limits of
environmental adaptation (Fig. 1). This period saw en masse movement of European staples
to colonies in the Americas, the introduction of American crops to Eurasia, and the global
movement of cash crops for colonial exploitation. All continents were now connected by
maritime routes, which resulted in rapid introduction of new crops, livestock and diseases with
unprecedented effect on people’s livelihoods (e.g. illness) and the environment (e.g.
agricultural pressures) (34). Herbarium specimens helped settle a long debate about the
origins and adaptation of potato (Solanum tuberosum) when introduced from the Americas to
Eurasia. Sequencing of herbarium specimens revealed the genetic turnover of introduced
varieties over time (35), and showcased the increasing role of hybridization with
geographically distinct species that came into direct contact on the European continent (36).
Putative preadaptation through phytohormonal regulation preceded an important change in
day length-mediated tuberization that allowed potatoes to be cultivated in the completely new
European photoperiod regime (36).

The last 250 years have seen increases in agricultural productivity. From the ‘British
Agricultural Revolution’ in the late 1700s to the Green Revolution in Latin America and South
and Southeast Asia in the mid-1900s, new agrarian practices were accompanied by the
adoption of new crop varieties (Fig. 1). Despite the general assumption that these processes
had detrimental effects on the genetic diversity of crops, sequencing of seed bank materials
has provided little evidence supporting massive genetic diversity loss (37). Genome
sequencing of time-stamped crops from herbarium will yield a direct measure of genetic
diversity change, together with other demographic parameters.

The postulated narrow gene pool available for crop breeding and the demand for
genetic variants conferring stress tolerance, as well as recent developments in the field of
plant ‘neodomestication’, have sparked interest in the genetic diversity of crop wild relatives
(38). In addition to the detrimental effects of land use change and habitat fragmentation on
genetic diversity, reports suggest that wild relatives of major crops are heavily influenced by
gene flow from cultivated counterparts, even in self-pollinating species such as rice (Oryza
sativa) (39). This raises concerns regarding genetically modified organisms where, for
example, herbicide resistance variants could be passed to wild and weedy species.



Comparative genomics of time-stamped herbarium specimens of crop wild relatives will
provide a direct measure of crop-to-wild gene flow risks over centuries.

Herbarium specimens as time capsules of ecological interactions

Shotgun sequencing of herbarium specimens enables characterization of not just plant
genomes but also genomes belonging to associated organisms. These include plant
pathogens and the diverse microbial communities residing in the rhizosphere and
phyllosphere, habitats for microorganisms on the plant's aerial surface and at the root—soil
interface, respectively. Sporadically, other organisms such as insects, molluscs, and even
small reptiles can be found in leaf creases. Therefore, herbarium specimens serve as windows
into past biotic interactions, revealing coevolutionary trajectories between plants and their
associated organisms (Fig. 2A).

This field initially focused on detecting filamentous crop pathogens, such as fungi and
water molds (oomycetes), stemming from the availability of infected plant herbarium
specimens. These were collected by early plant pathologists and are curated alongside micro
and macro fungi in specialized collections known as fungaria. The Irish potato famine
pathogen Phytophthora infestans was detected by PCR amplification of a short fragment of its
mitochondrial DNA genome (40). Sequencing whole genomes from multiple historical samples
considerably expanded the study of late blight, with a pandemic clonal lineage of P. infestans
identified as the causative agent triggering the Irish potato famine in the mid-1800s (41, 42).
The strain from the 19th century was completely replaced by other strains in the 20th century,
although the 19th-century mitochondrial DNA is still in circulation (43). Combined analysis of
historical and modern samples ascertained that polyploidization distinguishes 20th-century
from diploid 19th-century samples (47). Moreover, changes in allele frequencies of pathogen
genes modulating infection that are recognized by the plant immune system — effector genes
— were identified following the introduction of resistant potato cultivars in the 20th century (47).

Bacteria can also be accurately identified through analysis of herbarium-derived
shotgun reads. A proof-of-principle study employing a library preparation method that
specifically enriches aDNA molecules successfully assembled de novo genomes for
commensal and pathogenic bacteria belonging to the genus Pseudomonas from a 19th-
century potato herbarium specimen (44). Herbarium-derived genomes of Xanthomonas citri
pv. citri (Xci), the causal agent of Asiatic citrus canker, have been used to reconstruct the
population history of this bacterial pathogen at both local (45) and global scales (46), revealing
that the spread of Asian citrus canker disease are linked to climatic changes and the onset
and global expansion of citriculture (46).

While agricultural disease outbreaks are often characterized by expansion of individual
pathogenic lineages, wild plants are infected by genetically diverse groups of pathogens (47).
Annotation of bacteriophages in present-day and herbarium-derived Pseudomonas genomes
identified a putative bacteriophage-derived bacteriocin (tailocin) used by pathogenic bacteria
for intralineage competition, which likely prevents expansion of single bacterial lineages (48).
This study showcases the resolution attainable through analysis of herbarium-derived
bacterial genomes: determining the genomic location of the tailocins within Pseudomonas
genomes, characterizing the tailocin gene content, assessing conserved colinearity of tailocin
genes, and elucidating the haplotypes of highly diverse proteins likely crucial for tailocin
bactericidal activity (48). Outside of pathogenic microbes, a targeted genomics approach was



used to sequence and assemble symbiotic bacteria of wild yam (Dioscorea sansibarensis),
revealing the horizontal transmissions of symbionts (49).

Studies of fungi, oomycetes, and bacteria have focused on analysis of pathogen-
infected herbarium tissue or highly abundant microbial taxa expected to be found on plant
tissues according to reference microbiomes retrieved from fresh plant samples. Pure
metagenomic assignment of herbarium-derived sequencing reads is complicated by short
read length and nucleotide misincorporation, which decrease the reliability of read mapping.
Once reads are reliably assigned to taxa, subsequent challenges lie in distinguishing between
the authentic microbiome and post-mortem colonizers. Investigating whether patterns of DNA
misincorporation in reads mapped to specific microbial genomes resemble those commonly
observed in aDNA (50), or employing library preparation methods that selectively incorporate
aDNA reads (44) are insufficient to distinguish the authentic microbiome. It is crucial to assess
the significance of identified taxa by comparing them to reference microbiomes from fresh
plant tissues and herbarium contaminants. A promising alternative involves characterizing
microbial taxa preferentially found in herbarium specimens across different plant taxa and
multiple herbaria locations (717). This approach makes it possible to differentiate the authentic
metagenome from potential contaminants within the herbarium metagenome. Shotgun
metagenomics was employed on present-day and herbarium genomes of A. artemisiifolia to
characterize the pathogen load of plants inhabiting invasive and native ranges. A lower
prevalence of disease-inducing plant pathogens in the invasive range suggests that escape
from naturally occurring pathogens contributed to the invasion of this species in Europe (28).

Herbarium specimens retain plant roots, a habitat rich in microorganisms, and in
certain instances contain remnants of the original soil (Fig. 2A). Characterizing root
microbiomes could potentially unveil the dynamics of microbial communities influenced by
land management or agricultural practices, such as the application of agrochemicals.

Beyond herbarium genomics: integrating genomics with multiple data
Combining herbarium genomics with other molecular data

Herbaria have also proven valuable to scientists from other plant biology disciplines and for
research on global environmental change (22, 23). These alternative applications encompass
the use of multiproxy molecular data. The biggest challenge in using molecules other than
DNA from historic materials lies in the limited understanding of their degradation, and
authentication procedures. While simple elements and their stable isotopes are not expected
to degrade within herbarium timescales, care must be taken to avoid contamination. Ecologists
as well as soil and plant scientists assess the state of ecosystems using nitrogen
concentrations and isotope ratios, which reflect the cycling of key chemical elements.
Herbarium specimens of multiple species allow monitoring of changes in nitrogen availability
on a regional scale (Fig. 2B). Despite increased anthropogenic nitrogen deposition, foliar
nitrogen concentrations have decreased (57). Combining analysis of nitrogen and carbon
isotopes with phenology traits reveals heterogeneous physiological responses of A. thaliana
that depend on growth habit, population structure, and changes in the environment (52).
Combining such studies with genomic characterization might reveal the extent to which
responses to anthropogenic pressures are genetic or plastic. This possibility is particularly



relevant for crops, whose genetic makeup changed contemporaneously with the onset of
fertilization regimes during the Green Revolution.

Complex chemical molecules produced by plants can modulate biotic interactions such
as plant defense, plant-plant competition and pollinator attraction. Thus, characterizing such
molecules through time can reveal the evolution of multiple biotic interactions. However,
isolating and quantifying complex chemical molecules is more challenging than isolating DNA
and requires fine-tuning of multiple specialized approaches. It is important to understand the
kinetics of each quantified molecule, i.e., its half-life and degradation products. A study
comparing terpenoids, important metabolites for growth and defense, in different sages (Salvia
sp.) noted a significant effect of species but not of herbarium collection date on the terpenoid
composition, although concentrations decrease through time. Therefore, herbarium
specimens are suitable for qualitative comparison of terpenoids, but care needs to be taken
for their quantitative analysis. (63). Specimens of some plant species were annotated with
their historical chemical composition at the time of collection, allowing direct comparison with
modern measurements. For example, quinine alkaloid concentrations measured 150 years
ago in fever tree (Cinchona sp.) barks are broadly congruent with recent measurements,
suggesting that this group of compounds is stable (54). Degradation dynamics have been
assessed for only a handful of biomolecules and should be evaluated individually for
economically important plant products (medicinal, plant defense). Direct measurement
coupled with genome sequencing should facilitate discovery of underlying genetic pathways
(Fig. 2B).

Proteomes have been successfully isolated from ancient animal samples. Proteins
degrade more slowly than DNA, and strict protocols for authenticating their historical or ancient
nature have already been developed (55). However, these approaches have not yet been
applied to herbarium specimens. Although RNA is much less stable than DNA and
authentication procedures are not currently available, its sequencing can be authenticated
indirectly via damage pattern signatures in complementary DNA, providing, for example,
insights into plant—-microbe interactions at the time of sampling.

Leveraging phenotypic and genomic data from herbarium specimens

Examining changes in the timing of phenological milestones such as leaf-out or flowering
allows studying the effects of climate change. Herbarium specimens are valuable and reliable
records for phenological research (Fig. 2B). Automation of phenological scoring through
machine learning approaches will expand the scope of herbarium-based phenological studies,
enabling assessment of more phenotypes (56). The collection date of flowering herbarium
specimens provides a reliable estimation of past flowering time (57). For example, long-term
phenology trends from herbarium specimens indicate that European forest wildflowers shifted
their phenology in response to climate change (68). However, any genetic basis is yet to be
determined. Integrating herbarium genomics with phenological research will reveal whether
variation in phenotypic traits has a genetic basis or is solely attributable to phenotypic
plasticity.

Another important phenotype in the context of global environmental change is stomatal
density, referring to the pores plants use for gas exchange (Fig. 2B). Stomatal density is
expected to decrease as atmospheric CO: levels rise with industrialization, as it has been
revealed by herbarium specimens (569). A polygenic score-like metric that was devised by



integrating herbarium and present-day genomes with known effects of gene knock-out
mutations on stomatal development showed a preliminary positive correlation with stomatal
density in A. thaliana (60). This metric was validated using present-day genomes and, when
applied to herbarium genomes, reproduces previously observed patterns of stomatal density
decrease over time. This correlation was achieved without directly measuring stomatal density
in herbarium specimens, indicating a potential genetic basis underlying the observed patterns
(60).

Characterization of interactions between plants and insect herbivores is enabled by
quantifying lesions on herbarium specimens (Fig. 1). Analysis of herbarium specimens
spanning more than a century indicates that damage to plants by insect herbivores will likely
continue to increase in the northeastern US as global temperatures rise (67). Herbarium
genomics might enhance these studies by identifying herbivores through insect DNA left on
plant tissue as well as plant genetic loci responsible for susceptibility to insect herbivory.

Conclusions

Herbarium genomic approaches reveal the profound influence of human activities such as
agriculture on plant evolution. However, there is still much to explore, particularly regarding
anthropogenic effects on plant interactions with the environment. Biotic interactions can be
investigated through metagenomics of herbarium specimens, while isotope ratios, stomata
numbers, and phenology provide insights into abiotic interactions. Although the influence of
climate change on population diversity and structure is routinely established, its evolutionary
consequences and adaptive responses are rarely investigated (62). Integration of present-day
and herbarium genomics continues to be essential for studying rapid adaptation in natural
populations.

With time, new ways to utilize herbarium collections emerge, and their potential grows
with new analytical techniques. For example, recently, herbarium specimens have gained
relevance for plant “de-extinction,” resurrecting plants considered extinct in the wild using
preserved seeds or tissues from herbarium collections (63). Herbarium genomics holds
potential for informing and validating such resurrection efforts.

Finally, herbarium collections have a temporal overlap with colonial history, reflecting
the acquisition and preservation of botanical treasures from continents explored by Europeans
since the 15th century. Most specimens were obtained without proper permits or consent from
indigenous communities. Today, legal and ethical obligations regarding herbarium materials
are guided by the Convention on Biological Diversity (CBD) and the benefit-sharing principles
of the Nagoya Protocol. Although the CBD applies primarily to recent collections, ethical
considerations extend to older materials, particularly plants cultivated on indigenous lands,
including crops, medicinal plants, and sacred species.
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Figure captions

Fig. 1: The sampling range of herbarium specimens covers the time of intensified
human influence on the environment. Sequencing genomes of historical plants, as well as
associated species, can address questions about their evolution and adaptation in response
to anthropogenic pressures. Vertical bars indicate the intensity of human-mediated effects in
the last five centuries (darker shades represent stronger effect) on wild (left) and crop (right)
plants. Stacks of herbarium specimens illustrate temporal sampling.

Fig. 2: Environmental, molecular, and phenotypic wealth of herbarium specimens. A
Herbarium sheets preserve not only the genomes of individual plants but also those of many
associated species: microbes, such as bacteria and fungi, as well as macro-organisms, such
as insects. B Herbarium specimens also harbor a plethora of other types of data. Phenology
and, occasionally, environmental or ethnobotanical information is recorded on the label.
Anatomical features allow direct morphometric measurements. Other molecular data are
available, from simple micronutrients and atomic isotopes to complex molecules such as
alkaloids, RNAs, and proteins.
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