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ABSTRACT

Botanical collections, comprising living or preserved speci-
mens, are invaluable repositories of plant biodiversity. Genomic 
analysis of these collections can help answer critical ques-
tions about species evolution and extinction and contribute 
to conservation of plant resources. However, these assets are 
often underutilized due to limited resources, technical difficulties 
or lack of awareness. In this lesson, we provide an overview of 
the factors influencing genomic studies of botanical collections, 
we introduce the challenges and solutions of plant genomics for 
botanical collections and stimulate reflection on innovations in 
establishing botanical collections for future research.

BOTANICAL COLLECTIONS AS A RESOURCE FOR THE 
STUDY OF PLANT GENETIC VARIATION

Botanical collections are organized assemblages of plant mate-
rials and their associated data, that can be used for scientific 
research, education, conservation, reference. There are many 
types of botanical collections, each serving different purposes in 
scientific research, conservation, education, and public outreach. 
These collections are stored in institutions like botanical gardens, 
museums or research and education institutions where they are 
maintained and catalogued to ensure their accessibility and 
preservation for future uses. Botanical collections include:

1.	Herbaria: Dried and pressed plant specimens, stored 
systematically, are primarily used for taxonomic studies, 
plant identification, and historical documentation of biodi-
versity. They are also valuable for generating reference 
genomes. Examples: The New York Botanical Garden 
Herbarium, the Royal Botanic Gardens Kew Herbarium, the 
Missouri Botanical Garden Herbarium

2.	Living Collections: Plants maintained in botanical 
gardens and arboreta, used for research, conservation of 
endangered species, and public education. Examples: The 
New York Botanical Garden (NYBG), The Royal Botanic 
Gardens Kew, The Arnold Arboretum of Harvard University. 

3.	Seed, Pollen, and Spore Banks: These collections 
preserve genetic diversity by storing seeds, pollen or 
spores under controlled conditions, supporting conser-
vation and restoration efforts. Examples: The Millennium 
Seed Bank, Svalbard Global Seed Vault, Chicago Botanic 
Garden’s Pollen Bank.

4.	DNA and Tissue Banks: Repositories of DNA and plant 
tissues that enable genomics and conservation genetics 
research. Examples: The Global Genome Biodiversity 

Network (GGBN), DNA Bank Network, The DNA Bank at 
the Missouri Botanical Garden, The Center for Compara-
tive Genomics CryoCollection at the California Academy 
of Sciences or the DNA bank and the Langenheim Resin 
Collection at the NYBG.

5.	Ethnobotanical Collections: These focus on plants used 
by indigenous people and document traditional knowledge 
and plant-based remedies. Examples: National Museum 
of Natural History Ethnobotany Collections, University of 
Michigan Herbarium Ethnobotanical Collection.

6.	Digital Collections: Digitized plant specimens, including 
genetic data, make biodiversity accessible globally for 
virtual studies and collaborative research. Examples: Inte-
grated Digitized Biocollections (iDigBio), Global Biodiver-
sity Information Facility (GBIF), Global Plants on JSTOR.

7.	Palynological Collections: Pollen and spore collections, 
often used for studies in morphology, paleobotany, and 
climate change. Examples: The John P. Smol Paleolim-
nology and Environmental Change Laboratory, University 
of Arizona Palynology Collection.

8.	Carpological and Spirit Collections: These preserve 
fruits, seeds, and other plant parts, important for taxonomic 
studies and the historical record of plant diversity. Exam-
ples: Royal Botanic Garden Edinburgh Carpological Collec-
tion, the Royal Botanic Gardens Kew Spirit Collection.

Large collections of samples gathered for specific studies are 
also considered as botanical collections in this text.

Botanical collections are vital for documenting plant diver-
sity, supporting taxonomic classification, conserving rare 
and endangered species, and providing reference material 
for various scientific fields. Big institutions, like the New York 
Botanical Garden, the Royal Botanic Gardens Kew, or the Sval-
bard Global Seed Vault, are well-known for the impact of their 
projects on plant diversity studies and conservation. But regard-
less of the size, collections from smaller institutions all-around 
the world, collections of samples gathered for scientific studies 
and even personal herbaria are a treasury of key-resources and 
unique specimens for studying and preserving biodiversity. An 
increasingly important application of botanical collections is the 
study of genetic diversity. DNA is a remarkably stable molecule 
that –under the right conditions– can persist in biological spec-
imens for extended periods (sometimes thousands of years). 
Therefore, even old, preserved specimens can be a source 
of DNA for genetic investigations. DNA preservation typically 
depends on factors like the specimen’s age and the environ-
mental conditions in which it has been stored.
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Technological advancements have given renewed relevance 
to botanical collections and especially to herbaria. On one 
hand, the advance of molecular methods and the decrease 
in their costs has enabled the genetic study of increasingly 
older preserved specimens. Simultaneously, the progress of 
sequencing technologies has increased the number of samples 
and markers that can be studied, facilitating the use of botanical 
collections for the study of plant genetic diversity. Finally, digiti-
zation of collections has made a growing number of herbaria and 
other collections accessible to scientists worldwide, facilitating 
their consultation and providing important information about 
where specimens of interest are stored. However, despite these 
advancements, there are still many bottlenecks constraining the 
full exploitation of the resources present in botanical collections. 
In this paper, we will first introduce the concept of genetic vari-
ation and the processes that drive it. Next, we will provide an 
overview of Next-Generation Sequencing (NGS) methods used 
to detect these variants. Lastly, we will address the opportunities 
and practical challenges of using botanical collections for the 
study of genetic diversity in plants through -omics technologies.

What is genetic diversity and why do we need to study it in 
plants?
Genetic diversity represents the genetic differences among 
individuals within or between populations. Genetic variation 
manifests as differences in DNA sequence (‘polymorphisms’). 
While polymorphisms are primarily caused by mutations, 
sexual reproduction facilitates the formation of new combina-
tions through meiotic recombination, secondarily contributing 
to genetic diversity. On the other hand, sometimes polymor-
phisms do not affect the phenotype but even then, they are 
useful to measure the differences between individuals and 
populations.

These polymorphisms can manifest at several scales, 
ranging from a single nucleotide base to larger modifications 
involving entire chromosome segments. The potential effect 
of polymorphisms is related to its scale. A Single Nucleotide 
Variant (SNV), or Single Nucleotide Polymorphism (SNP), is 
the simplest type of polymorphism and occurs when a single 
base in the DNA is substituted, deleted, or inserted. Being a 
small change, SNPs often have no effect on the phenotype as 
they may occur in non-coding regions or lead to small changes 
that do not affect gene and/or protein function. However, occa-
sionally, SNPs can affect gene expression or protein func-
tions. Multiple Nucleotide Polymorphisms (MNP), involve 
changes across a longer sequence of adjacent nucleotides. 
Consequently, they are more likely to cause changes in gene/
protein function and may be associated with more complex 
traits, such as disease resistance or tolerance to specific envi-
ronmental conditions. Structural Variants (SV) are larger 
variations, encompassing nucleotide sequences longer than 
50 base pairs. These changes can include deletions, inser-
tions, translocations (where a DNA segment changes its 
position), inversions (where the sequence is reversed), and 
copy number variations (changes in the number of copies 
of a gene or sequence). Structural variants can have signifi-
cant effects on gene functionality and the adaptive response 
of plants. Finally, chromosomal rearrangements represent 

even larger-scale modifications that involve entire portions of 
chromosomes. These rearrangements can result in inversions, 
translocations, losses, or duplications of entire chromosomes. 
Such changes can lead to post-zygotic reproductive barriers, 
which can trigger reproductive isolation between different 
populations, thereby influencing the evolution and diversifica-
tion of plant species.

Genetic variation is acquired through different processes. 
Gene flow via interbreeding with a different population is a 
potential source of new allelic variants. Genetic diversity can 
also be gained through genetic mutations like point mutations or 
massive genomic modifications, such as transposable element 
(TEs) proliferation, polyploidization or hybridization. Plants are 
more tolerant to genomic modifications than animals, so these 
events are common in plant evolution.

On the other hand, several factors can lead to genetic diver-
sity loss in populations. One of the most significant is genetic 
drift, which can cause the random elimination or fixation of 
genetic variants. Due to its stochastic nature, its effects are 
particularly relevant in small, isolated populations, where the 
contribution of each individual to allele frequencies is higher. 
Small populations are also more susceptible to inbreeding, 
which increases population homozygosity; this can result in 
a higher incidence of deleterious traits and non-viable indi-
viduals (inbreeding depression). Reduced gene flow can 
contribute to genetic diversity reduction. Additionally, natural 
selection can fix certain alleles and remove others depending 
on their fitness effects.

Genetic variation can influence the physical, physiological, 
and ecological characteristics of organisms. Populations with 
low genetic diversity are less capable of adapting to changing 
environments and face a higher risk of extinction than those with 
higher diversity. Studying genetic diversity patterns in plants 
helps address key botanical questions like identifying vulner-
able species or populations, understanding how plants respond 
to climate change or anthropic impact and species delimitation. 
Therefore, population genetics and evolutionary studies are 
essential for biodiversity conservation. Plant genetics is also 
crucial in agronomy, aiding to select disease- and climate-re-
silient crop varieties. In summary, analyzing genetic diversity 
offers insights into the ecological, evolutionary, and economic 
dynamics of the plant world.

SEQUENCING TECHNOLOGIES AND HOW THEY HAVE 
ENABLED THE STUDY OF GENETIC VARIATION

Genetic variation is analyzed through any method that detects 
genetic variants. Today this definition drives us to think about 
changes in DNA sequences, but before the development of 
DNA sequencing technologies in the 1970s, genetic diversity 
was studied through morphological, biochemical, or cytolog-
ical markers related to DNA variation.  DNA sequencing was a 
breakthrough enabling the study of DNA sequences regardless 
of their phenotypic effect. The first sequencing methods were 
developed in the 1970s (first-generation). Sanger sequencing is 
the only first-generation method that remains in use today for 
specific applications. Sanger sequencing has a very low error 
rate, but only a single, relatively short fragment (around 1kb) can 
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be sequenced per reaction. Still, it enabled the first DNA varia-
tion studies and the production of the first reference genomes 
from eukaryotic organisms (i.e., human or the model plant Arabi-
dopsis thaliana).  A reference genome is a representation, as 
complete as possible, of the genomic DNA of an organism or a 
set of organisms belonging to a species. It is annotated with the 
position of gene sequences and other functional elements, such 
as repeats, untranslated regions, or transcript isoforms. They 
provide a representative framework for comparing sequences 
and identifying variants among individuals or species.

Second-generation sequencing, also known as high 
throughput sequencing, parallel sequencing or next genera-
tion sequencing (NGS), drastically increased the outputs and 
reduced the costs and time required for sequencing. NGS can 
sequence hundreds of samples simultaneously (hence, “in 
parallel”) even without previous genetic information on the target 
organism. Several second-generation methods were developed 
in the 2000’s, but only the Illumina platform is still used nowa-
days. Illumina provides high amounts of sequences (“reads”) 
with low error rate, but it is limited by read length (50-300 bp). 
Nevertheless, second-generation methods enabled the first 
wave of plant genomic studies, greatly increasing the amount of 
genetic information available and the number of plant genomes 
sequenced. Its high throughput required new bioinformatic 
and statistical tools to analyze the large quantity of sequences 
produced. The genetic diversity detected with this approach is 
commonly referred to as “genomic diversity” in place of “genetic 
diversity” to underscore its genome-wide scope.

Presently, third-generation sequencing technologies like 
Oxford Nanopore and PacBio, developed in the late 2010’s, 
can sequence DNA molecules without amplifying them, which 
allows to obtain much longer sequences (up to hundreds of 
kilobases). Long reads facilitate the reconstruction of big and 
complex genomes and repetitive regions and are especially 
relevant for plants because phenomena like hybridization, 
polyploidization, and introgression that complicate genome 
assembly are common in plant genomes. Although third-gen-
eration sequences were initially less accurate, at present their 
precision is close to that of Illumina sequences, offering signif-
icant advantages for studying structural variants (SVs) such as 
inversions, deletions and copy number variations. Third-gen-
eration sequencing has enabled the creation of large-scale 
sequencing initiatives, such as the 10KP Initiative, the Earth 
Biogenome Project, and the Darwin Tree of Life, which aim to 
sequence and catalog global genomic diversity.

NGS APPROACHES FOR THE STUDY OF GENETIC VARIATION

Whole genome sequencing
Whole genome sequencing and resequencing (WGS and WGR) 
is the process of determining the sequence of the entire genome 
of interest (or as complete as possible). Resequencing refers to 
the complete sequencing of additional individuals when a refer-
ence genome is already available. The reads are compared to 
the reference to identify their location on the genome (“align-
ment”) and accurately determine the genetic variants present 
in each individual (“variant calling”).  This (mostly) complete 
and unbiased set of variants can be employed for any genetic 

diversity study, from marker assisted selection of crops, to 
population genomics, to estimation of inbreeding in threatened 
species. While WGR would be the ideal choice for assessing 
the genotype of an individual, it presents some significant chal-
lenges, including high sequencing costs (dependent on genome 
size) and substantial computational resource requirements due 
to the large amount of data generated. These costs can make 
WGR prohibitive for many studies (i.e., non-model species with 
limited genomic resources).

Reduced representation sequencing techniques
Reduced representation sequencing (RRS) techniques address 
the challenges mentioned above by sequencing only a frac-
tion of the genome (about 1% to 5% of the total size), reducing 
sequencing costs, computational resources, and data storage 
requirements compared to WGS strategies. RRS can still 
detect hundreds to thousands of SNPs across the genome, 
sufficient for population genetic analyses. Another advantage 
of RRS is that a reference genome is not mandatory to iden-
tify SNPs: since the number of sequenced DNA fragments is 
lower than for WGR, it is computationally feasible to align and 
cluster reads of the same locus and identify variants within each 
sequenced fragment. This aspect has contributed to the spread 
of RRS techniques in non-model organisms and in species with 
complex genomes. However, when a reference genome of the 
target species (or at least of a close relative) is available, bioin-
formatic analysis is greatly facilitated and a greater number 
of markers can be analyzed. Additionally, with a reference 
genome, it is also possible to infer the position of the markers in 
the genome and investigate whether some variants may affect 
fitness (i.e., by altering a protein sequence) or be linked to genes 
coding for specific traits.

RRS methods rely on different approaches to select genome 
fractions. Many of them, like RAD-seq (Restriction Site-Associ-
ated DNA sequencing), or GBS (Genotyping-By-Sequencing), 
use restriction enzymes. Others, like K-seq, rely on annealing of 
short oligonucleotides designed to target single-copy regions 
randomly distributed in the genome.

A common issue of RRS methods is missing data or allele 
dropout, which is the lack of information on the genotype of 
some individuals at some loci. This might be due to real vari-
ation among individuals, poor DNA quality or technical vari-
ability in library preparation. For example, in methods based on 
restriction enzymes, mutations in the restriction sites or DNA 
modifications like methylation can prevent digestion and, thus, 
sequencing. Despite these limitations, RRS remains a cost-ef-
fective and widely used genotyping approach, particularly for 
large studies involving hundreds of individuals.

Other methods available for genome-wide genetic anal-
ysis are, for example, transcriptome sequencing (RNA-Seq), 
low coverage WGS, Pool-seq, targeted amplification and 
sequence capture. Transcriptome sequencing, or RNA-seq, is 
the sequencing of RNA molecules present in a sample (plant 
organ, tissue or even single cells). Comparison of samples can 
help to associate genes to specific plant traits or functions. Low 
coverage WGS, also known as genome skimming, consists of 
sequencing genomes at a very low depth; this allows recovery 
and genotyping at regions that are naturally present in many 
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copies, such as organelle DNA. Pool-seq, instead, consists of 
the simultaneous sequencing of the DNA of multiple individ-
uals mixed in a pool of samples. Pools can include individuals 
with similar phenotype, or same origin, habitat or species. The 
pooling can be useful to identify genetic variants associated 
with the trait shared by the pooled individuals when compared 
with a pool where the trait is absent. The pooling reduces the 
sequencing effort and cost. Targeted amplification and sequence 
capture act similarly, in that the regions to be sequenced are 
pre-determined and are either selectively amplified with specific 
primers (i.e. TruSeq custom amplicons) or enriched in a sample 
via hybridization to single-stranded probes (sequence capture).

HOW CAN BOTANICAL COLLECTIONS HELP UNDERSTAND 
AND CONSERVE GENETIC VARIATION OF PLANTS?

Preserved collections
Preserved specimens, like herbaria, provide information about 
the genetic variants occurring in a locality and at the time in 
which the individual was collected, capturing a “snapshot” of 
the genetic make-up of a species in that moment. Genetic data 
from historical preserved specimens offer a unique opportu-
nity to reconstruct past genetic diversity patterns and species 
evolution. Comparing individuals collected at different times 
allows researchers to track changes in population genetic 
structure, allelic frequencies, and evolutionary processes like 
selection or bottlenecks. Even pathogens, preserved within 
plant tissues in herbaria — such as fungi and viruses — can be 
studied, providing insight also into co-evolutionary processes.

The study of herbarium samples with NGS methods has been 
termed herbariomics. Several approaches have been success-
fully applied, from WGR to SNP assays to targeted capture, 
allowing sequencing of specific nuclear and plastid DNA frag-
ments (or markers). However, they present some additional 
challenges when compared to fresh samples (see the para-
graph DNA quality and quantity).

Herbaria are also repositories of the plants used to generate 
a reference genome, or for any kind of genetic study. It is espe-
cially important in the case of wild species that a sample from the 
individual used to generate the reference genome is vouchered 
and stored and several international sequencing initiatives like 
the Earth Biogenome Project require that specimens used to 
generate reference genomes are vouchered. This ensures the 
preservation of the sample, data reproducibility, and allows for 
the association of a genotype with a specific phenotype.

Ethnobotanical collections, which include plants of cultural and 
medicinal interest, share many characteristics with herbarium 
specimens but often with fewer botanical details and more 
information about their use. Nonetheless, they are a valuable 
resource for understanding human use of plants across history 
and the evolution of domesticated plants and local varieties.  
The digitization of herbarium specimens is promoting the use of 
herbaria for genetic studies because they facilitate the dissem-
ination and consultation of collections and allow the preserva-
tion of the plant’s appearance if part of the physical specimen is 
used for DNA extraction. Additionally, digital specimens can be 
linked to other datasets, creating a more cohesive relationship 
between different research fields.

Living and germplasm collections
Botanical gardens were created in the Renaissance period to 
grow medicinal plants so medical students could learn to recog-
nize them in vivo. Today, botanical gardens and arboreta main-
tain their educational purposes, but also function as centers for 
research and conservation.

The cultivation of plants in botanical gardens offers scien-
tists many opportunities to study plant genetic diversity. For 
instance, reproduction capacity of threatened species can be 
studied in botanical gardens without stressing natural popu-
lations. Additionally, botanical gardens are excellent settings 
to perform common garden experiments (i.e. where plants of 
different origins are grown together in common conditions) that 
can help in disentangling genetics and environmental effects in 
trait expression or stress response.

Living collections also provide abundant fresh material that 
is indispensable for cytological and cytogenetic investigation 
methods, like genome size estimation with flow cytometry, or 
for NGS-based studies that require good amounts of high-
quality DNA (i.e. for reference genome generation). Because of 
that, botanical garden collections play a key role in confirming 
species identification and phylogenetic investigations. Botan-
ical garden collections were essential to produce the most 
recent angiosperm tree of life providing almost 8000 samples 
from all over the world.

Additionally, individuals from living collections can be used to 
reintroduce or reinforce wild populations. This led living collec-
tions, including plant nurseries of native plants, to acquire new 
value for ex-situ conservation practices and restoration proj-
ects.  Moreover, in some cases botanical gardens represent the 
last chance for species before complete extinction.

Seed banks are facilities specialized in preserving seeds, 
which are stored dehydrated in a controlled environment to 
maintain their viability over long periods. Initially created for 
crops, with time, they became repositories also of wild germ-
plasm. For example, the International Rice Genebank (IRRI) 
is the largest collection of rice genetic diversity in the world, 
whereas the seed collection at the Millenium Seed Bank of Kew 
Gardens (MSB) is the most diverse wild plant species seed 
collection in the world, serving as a global genetic resource. 
Similar to seed banks, pollen and spore banks cryopreserve 
pollen and spores for breeding programs or for germplasm 
conservation and exchange. Thanks to their small dimensions, 
they are easier to store than other propagules (i.e., tubers) but 
require adequate equipment to maintain the proper tempera-
tures for long-term viability. Seed and spore viability are tested 
periodically and maintained through regeneration, replacing old 
material with new. These facilities are invaluable resources for 
studying genetic diversity. Seeds and spores stored in these 
facilities not only preserve a stock for conservation purposes, 
but are useful also for comparative genetic studies within and 
among populations over time, allowing to examine their evolu-
tion and their response to climate change. Pollen banks play a 
crucial role in studying hybridization potential and associated 
evolutionary processes, as pollen can be used for controlled 
breeding and gene flow analysis. Thus, seed, pollen and spore 
banks are also living collections that can provide fresh, high-
quality plant material for genetic studies.
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CHALLENGES FOR THE STUDY OF BOTANICAL COLLEC-
TIONS USING NGS

DNA quality and quantity
Botanical collections hold valuable genetic information that can 
be studied thanks to NGS technologies. However, obtaining 
high-quality DNA directly from a preserved collection is a 
frequent limitation that strongly impacts downstream steps. The 
quality of starting DNA affects all stages of NGS samples prepa-
ration, impacting the final set of molecular markers revealed 
and, consequently, research outcomes.

The first factor influencing DNA extraction is the starting mate-
rial. Best results are always obtained with fresh or liquid nitrogen 
(LN)-frozen material. Rapid freezing in LN (-196°C), helps 
preserve cell structure reducing the risk of DNA degradation. 
However, LN’s practical limitations, such as the need for special-
ized containers, permits for transport or its rapid evaporation, 
makes it difficult to use it in fieldwork. This makes living botan-
ical collections ideal for genomic diversity studies, especially if 
they are close to a molecular laboratory. When LN or a rapid 
DNA extraction can’t be applied (like in the fieldwork), sample 
preservation is critical for the success of the project. Silica 
gel is commonly used to dry freshly collected plant samples. 
If the drying rate is fast enough (within 24 hours) it effectively 
prevents DNA degradation. Other methods such as preservation 
or pretreatment of samples in ethanol are also used, although 
not universally applicable. In fact, ethanol inhibits hydrolytic 
enzymes and facilitates the homogenization of cell walls, but 
it does not ensure the preservation of DNA integrity. Silica gel 
drying is also unsuitable for RNA extraction, which requires 
tissue to be flash-frozen or stabilized in specific buffers. Different 
methods can be tested in the early stages of a research project 
to determine those most suitable for the taxa under study.

Another factor that impairs DNA extraction is the presence 
of specialized metabolites in the starting material, like terpenes 
or phenolic compounds. Moreover, the type and concentra-
tion of these metabolites vary between plant species and are 
influenced by environmental conditions, making it challenging 
to develop a universally effective DNA extraction protocol. Two 
common problems related with specialized metabolites are DNA 
oxidation by phenolic compounds and co-precipitation of poly-
saccharides. For example, adding polyvinylpyrrolidone (PVP) to 
the extraction buffer helps remove phenols and prevents oxida-
tion by suppressing quinone formation. Adding sorbitol also 
reduces oxidation. When starting from fresh/LN-frozen mate-
rial, isolating nuclei prior to DNA extraction is also helpful as 
most specialized metabolites localize into the vacuole. In this 
way, specialized metabolites are eliminated before starting the 
extraction and the DNA never gets in contact with them. Addi-
tionally, this technique yields very long DNA fragments (required 
for third generation sequencing) because it minimizes mechan-
ical damage to DNA during extraction.

Extracting DNA from herbaria specimens presents a range of 
challenges. Most notably, the DNA is often damaged and frag-
mented. While DNA damage and fragmentation are generally 
age-related, the correlation is not straightforward, as several 
factors can influence this process. These include storage 
conditions and chemical treatments commonly used in the past 
to ‘disinfect’ plants before and during storage. Additionally, 

specialized metabolites may have bound to the DNA over time, 
complicating the extraction. To address these issues, dedi-
cated protocols have been developed for working with histor-
ical samples. While some DNA can usually be extracted, the 
fragments are often quite small (<100 bp), limiting the use of 
herbarium specimens to short-read sequencing or sequence 
capture-based methods. Despite technical advances are 
enabling the retrieval of higher-quality and longer DNA frag-
ments opening the door to long-read approaches, some 
herbarium specimens remain unsuitable for techniques 
requiring high-quality, unfragmented DNA or large amounts of 
plant tissue. Therefore, since herbarium sampling is destructive, 
it is crucial to carefully assess the potential risks and benefits 
before extracting DNA. This helps prevent irreparable damage 
to the specimen, which could limit its future use in genomic 
studies and as a phenotypic reference. In this regard, the use of 
living collections grown in garden conditions is advantageous 
as it can provide more homogenous DNA extracts, improving 
DNA performance in downstream reactions. Another option 
to circumvent these problems is using young leaves for DNA 
extraction, as they are less likely to have suffered environmental 
stress (leading to the accumulation of specialized metabolites) 
and physical damage that could compromise DNA integrity.

On the other hand, the drawbacks of herbaria samples some-
times can be turned into advantages as they can also provide 
unique information. For example, DNA damage can be used 
to estimate DNA methylation of historical samples, providing a 
glimpse into the epigenome of the samples.

Genome size and sequencing depth
Sequencing technologies might be very accurate (i.e., Illumina) 
but none is completely error free. Therefore, for unequivocal 
identification of variants, each nucleotide position needs to be 
sequenced several times, to avoid mistaking real genetic vari-
ants with sequencing errors; a concept known as sequencing 
coverage or depth. For Illumina, a 30x coverage is recommended, 
meaning that the amount of sequencing required is 30 times the 
species’ genome size. In other words, each nucleotide will be 
sequenced 30 times on average. On occasions lower coverage 
(e.g., 5x–10x) is enough to achieve reliable variant calling, i.e., 
particularly when working with species with small and well-an-
notated reference genomes or when not aiming to detect SNPs. 
Nevertheless, whenever possible, 30x coverage is considered 
optimal for ensuring accurate detection and avoiding false 
positives or missing variants. Therefore, genome size greatly 
impacts the amount of data needed and the cost. For example, 
in Arabidopsis thaliana, with a genome size of 120 megabases, 
a 30X coverage represents 3.6 Gigabytes of sequencing data, 
but in Zea mays, with a genome of 2.4 Gigabases, it represents 
72 Gigabytes of data. RRS and target enrichment address this 
by selecting a small portion of the genome, allowing sequencing 
at high coverage with a lower amount of total data. Genome 
size also influences the choice of enzyme and protocol for 
digestion-based RRS approaches as, depending on genome 
size, enzymes with higher- or lower-cutting frequencies will be 
preferred to modulate the number of fragments generated. Thus, 
knowing the genome size of at least a close relative is helpful 
for planning NGS experiments. Flow cytometry is the most 
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common method for genome size estimation, but most proto-
cols require fresh material. Herbarium or silica-gel dried spec-
imens were considered unsuitable for genome size estimation 
via flow cytometry, but ongoing technical advancements have 
led to the development of specialized protocols that increasingly 
overcome these limitations. Nevertheless, living collections such 
as those in botanical gardens remain the first choice for genome 
size estimation, providing abundant and high-quality plant mate-
rial. Estimates of genome size for many plant species are avail-
able in the Kew Plant DNA C-values database.

Polyploidy
Polyploidy is the heritable condition of possessing more than 
two complete sets of chromosomes. Polyploidization is a 
frequent event in plant evolution. Stable polyploid populations 
or species can either derive from whole-genome duplication 
(WGD) events (which originate autopolyploids) or from hybridiza-
tion between close-related species (originating allopolyploids). 
Polyploids, and especially allopolyploids, pose challenges for 
genomic studies as reads of related genes coming from each 
subgenome (homeolog genes) are easily confounded, compli-
cating the alignment. On the other hand, WGD is often followed 
by partial re-diploidization events adding further complexity. 
Most tools for genomic analysis are designed for diploids so, 
not accounting for ploidy level can result in biased conclusions, 
especially in populations where individuals of different ploidy 
coexist. Producing reference genomes of species with big poly-
ploid genomes is still a major challenge, so species with big 
genomes were often excluded from genomic studies, but long-
read sequencing is helping bridge this gap. An example of the 
use of botanical collections for the study of polyploid species is 
the common reed (Phragmites australis) at Aarhus University, 
in Denmark. This collection, of over 200 genotypes collected 
worldwide, provided insight into the phylogeographic pattern of 
this cosmopolitan species and the role of cytological variation 
(i.e., chromosome number, ploidy, genome size) in its evolution 
and invasion success. Such living collections allow evolutionary 
and invasion biologists to study the taxonomic complexity of a 
species across its distribution range.

Challenges for the preparation of collections for genetic 
diversity studies
Most botanical collections were not established with the objec-
tive of studying genetic variation, so this can limit the genetic 
diversity contained in them. Therefore, when establishing new 
collections, it is crucial to adopt some precautions to collect 
the most genetic variation possible and to maintain it for future 
genetic studies. Moreover, understanding the challenges and 
the genetic dynamics within living plant collections can be 
useful to assess the suitability of older collections for genetic 
studies.

When new material is collected, obtaining a good represen-
tation of the genetic diversity present in the field is not straight-
forward. Phenotypic differences do not always correspond with 
genetic variation, and genetic screening is not usually performed 
in the field, so sampling strategy has to be carefully designed, 
and factors like biological characteristics that affect genetic 

diversity (i.e., sexual/asexual reproduction, autogamy/allogamy, 
seed dispersal strategy) or the evolutionary forces acting on the 
population (i.e., gene flow, genetic drift, selection) have to be 
considered. Therefore, phylogeographic studies of the genetic 
variation pattern are necessary to guide the establishment of 
new collections. Sampling theory and spatial statistics can also 
aid in drawing a strategy. Several guidelines developed for or 
by seed banks for collecting a good representation of genetic 
diversity are available online.

Moreover, sampling should comply with international agree-
ments like the Nagoya protocol (SCBD, 2015), or IUCN (Inter-
national Union for the Conservation of Nature) for protected 
and invasive species. Searching information about the target 
species is as crucial as being informed about the legal issues 
and conservation laws on species (i.e. plants in CITES).

Once the material is collected, it is crucial to maintain genetic 
diversity inside the collection. Living collections can be consid-
ered as isolated populations and are subjected to the same 
evolutionary forces that affect genetic diversity in nature (i.e., 
selection, genetic drift, inbreeding, mutation events). Since 
the collection aims to mirror the genetic diversity of the natural 
populations, these dynamics should be carefully monitored. An 
important issue to consider is avoiding the involuntary selection 
of certain genotypes. The captivity environment may differ from 
the original habitat of the species, posing less competition for 
resources (light, water, nutrients) and biotic stresses (pathogens, 
parasites, or herbivores). This can lead to proliferation of more 
susceptible individuals and lead to an alteration of the original 
genetic diversity of the species. This phenomenon is most rele-
vant for annual plants that are renovated every year with seeds 
produced ex situ. Growing plants in conditions resembling their 
wild environment should minimize these effects. However, this 
is not always feasible or even desirable (if a species is extremely 
rare, it is risky to cultivate it in conditions that challenge its 
survival). Therefore, this factor can be mitigated but not elimi-
nated. Another issue is accidental hybridization, due to cultiva-
tion of closely related allopatric species in proximity. This can 
create hybrids that will alter the genetic diversity pool and might 
even be harmful if the collection is meant for species reintroduc-
tion in nature or restoration.

Exchanging material between institutions facilitates backing 
up the collections, reduces the likelihood of losing genotypes 
and promotes the maintenance of genetic diversity.

Take-home message
With the decreasing costs of sequencing technologies and the 
vast number of approaches available, there has never been a 
better time to apply genome-wide analyses of genetic diversity 
to plant species for conservation and other botanical purposes. 
Genomic data can inform conservation strategies on a resolu-
tion previously unmatched and botanical collections represent 
both a rich reservoir of diversity and a foundation for establishing 
future collections guided by genomic principles. Nevertheless, 
studying plant genetic diversity presents many challenges. 
Genome sequencing and downstream analyses can be chal-
lenging for botanists and naturalists with no molecular back-
ground; moreover, translating genomic data into conservation 
practice is challenging per se.
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Genomic Analysis of Botanical Collections: Opportunities and Challenges – Teaching 
guide  
 
Overview  
Botanical collections, comprising living or preserved specimens, are invaluable 
repositories of plant biodiversity. Genomic analysis of these collections can help answer 
critical questions about species evolution and extinction and contribute to conservation 
of plant resources. However, these biobanks are often underutilized due to limited 
material, technical difficulties or lack of awareness. This lecture, designed for university 
students or researchers with little experience in genomics, provides an overview of the 
factors influencing genomic studies of botanical collections and introduces the 
challenges and solutions of studying plant genomics from this kind of collections.  
 
Learning Objectives  
By the end of this lecture the student should be able to:  

● Source material from different types of botanical collections  
● Understand the main drivers of genetic diversity  
● Describe how genome sequencing can be used to study genetic diversity   
● Describe the workflow of a sequencing experiment  
● Identify the main challenges for applying NGS to botanical collections  
● Describe different NGS approaches for studying botanical collection, 
depending on the purpose of the study and the economic resources 
available  
● Understand why genetic diversity is important for developing and 
maintaining a collection  

 
Study/exam questions  

● Why might small populations have higher incidence for recessive 
deleterious traits?  
● What are the differences between Next Generation Sequencing (NGS) 
and Sanger sequencing?   
● What are the differences between Illumina and Oxford Nanopore 
sequencing technologies?  
● What constraints can limit the use of whole genome resequencing of 
botanical collections? What are the limitations of using herbarium samples 
for genomic studies?  
● What are potential drawbacks of living collections concerning their 
potential to conserve genetic diversity?   
● Name three plants that you can find in a supermarket that you think will 
be difficult to sequence because they produce large amounts of secondary 
metabolites.  
● How can chromosomal rearrangement lead to reproductive isolation?  
● A project wants to focus on variants located on promoter regions of 
different genes, which genotyping methods out of the ones described could 
be used?  
● What genotyping method would you use for a population genomic 
study?  



  
  
Discussion questions  
 
Project 1: Useful databases for genomic resources  
Choose a species of your interest and find all genomic information available (i.e., 
genome size, chromosome number and whether a reference genome is available). Here 
are some resources you can use:  
https://www.ipni.org/   
https://goat.genomehubs.org/  
https://cvalues.science.kew.org/  
https://ccdb.tau.ac.il/browse/   
 
Project 2: Preparation of a botanical collection for ex-situ conservation of genetic 
diversity in a wild plant species   
Choose any wild plant species. Your goal is to develop a project to prepare an ex-situ 
collection of this plant. You can use the following questions as a guide, which address 
the main challenges that you can encounter in such a project. Prepare a 10-minute 
presentation explaining your project.  
1. The species  

1. Conservation status (IUCN): is it under conservation laws?   
2. Life history traits: plant life form, breeding system, dispersal, distribution range  
3. What is its genetic variation pattern at the population scale like?  
4. Where do you expect to find the most diverse genetic variants?  
5. Are there domesticated populations of this plant?   

2. The collection  
1. What kind of collection would you like to make? (i.e., Living, preserved or other 

types of collection) 
2. What do you need to harvest from the field? (Is it compatible with the 

conservation status of your species? Are there any conservation policies you must 
follow during the harvest?)  

3. What is your sampling strategy to maximize genetic variation with minimum 
disturbance in the populations?  

4. Can it be relevant to collect also other taxa (i.e. local subspecies or hybrids)  
3. Genetic diversity analysis  

1. Which technique would you choose?  
2. Is the genome size known?  
3. Is a reference genome available?  
4. Which DNA extraction protocols have been used for this plant (or close relatives) 

in other studies?  
4. Management of the collection  

1. How will you preserve the material of the collection?  
2. What is your strategy for maintaining genetic diversity over time? (in living 

collections)  
3. How can this collection be useful for the conservation of the species?   
4. How would you promote your collection?  

  



Slide concepts  
Slide  Concepts  
1  Title  
PART 1  WHAT ARE BOTANICAL COLLECTIONS?  
2  Botanical collections are organized assemblages of plant materials and 

metadata  
3-10  Types of botanical collections and their uses  
4  Herbaria  
5  Living collections  
6  Seed, pollen and spore banks  
7  DNA and tissue banks  
8  Ethnobotanical collections  
9  Digital collections  
10  Palynological, carpological & spirit collections  
PART 2  WHAT IS GENETIC DIVERSITY AND WHY DO WE NEED TO STUDY IT IN 

PLANTS?   
11-16  What is genetic variation?  
11-12  Genetic diversity refers to differences in DNA sequences between 

individuals  
13-14  Genetic diversity is an important part of biodiversity and influences many 

aspects of plant life  
15-17  Processes that cause gain or loss of genetic diversity  
PART 3  HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT 

BIODIVERSITY?  
18-27  How to study genetic variation with NGS  
18  Before DNA sequencing, other methods were used to study plant genetic 

diversity.  
19-23  Sequencing methods are divided into three families or “generations”. 

Second generation sequencing or NGS introduced “parallel” sequencing 
which drastically increased sequencing output and decreased cost.  

24-28  Regardless of the sequencing method, the preparation of a sequencing 
experiment follows the same workflow: isolation of genetic material, 
preparation of the sequencing library, sequencing, data analysis.  

PART 4  WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A 
COLLECTION?  

29-41  Sequencing methods to genotype a collection  
29  Genotyping means determining the DNA sequence of an individual at one or 

more genomic positions. Generally, data generated for an individual is 
compared to a reference genome.  

30-32  Whole genome sequencing can be used to study a collection, but it is 
expensive because each genomic position needs to be targeted by many 
sequencing reads to accurately determine its sequence.  



33-34  LcWGS and Pool-seq reduce the “amount” of sequencing (depth) per 
individual while still targeting the whole genome, and so they are more 
cost-effective, but less information can be gained.  

35-40  Reduced representation sequencing methods  
35  RRS methods are a family of cost-effective genotyping methods that focus 

on sequencing fragments of the genome instead of the whole sequence.  
36  RRS methods select a fraction of the genome in several ways and sequence 

that fraction at high depth.  
37  Some RRS approaches are targeted amplification, hybridization, enzymatic 

digestion + size selection, transcriptome sequencing.  
PART 5  WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE 

FOR THE STUDY OF GENETIC DIVERSITY?  
38-47  Botanical collections provide unique opportunities to study genetic 

variation, but have unique challenges  
38  Botanical collections allow studying genetic variation across time and space, 

and they can be used to provide historical preserved specimens or large 
amounts of fresh material. Living collections can also be used for unique 
studies on plant reproduction and gene expression.  

39-40  It is important to be aware of genetic diversity when developing, 
maintaining, and using a collection. For example, it is important to sample 
adequately to represent the diversity of the wild populations, (sampling 
pressure should not endanger the populations); it is also important to 
monitor evolutionary processes, such as genetic drift, that may cause a 
living collection to diverge from its wild relatives.  

411-43  Plant genomics has some unique challenges when compared to human and 
animal genomes: DNA extraction can be more challenging; genome size may 
be much larger; polyploidy is very common.  

44-45  Opportunities and challenges of herbaria for herbariomics  
446-47  Opportunities and challenges of living and seed collections  
PART 6  TAKE-HOME MESSAGE  
48  Synthesis and take-home message  
  
  



Lecture synopsis  
PART 1: WHAT ARE BOTANICAL COLLECTIONS? (slides 1- 10)  
Botanical collections are organized assemblages of plant materials and their associated 
data. They can be used for scientific research, education, conservation, reference, and 
public outreach.  

These collections are stored in institutions like botanical gardens, museums, or 
research and education institutions where they are maintained and catalogued to 
ensure their accessibility and preservation for future uses. Large collections of samples 
gathered for specific studies are also considered as botanical collections in this text. 
Links to online collections are provided as examples, for teaching/research activities and 
for further detail.  

There are several types of botanical collections, including: herbaria, living 
collections, seed, pollen, and spore banks, DNA and tissue banks, palynological, 
carpological, and spirit collections, digital collections, and ethnobotanical collections.  

In herbaria, dried and pressed plant specimens are collected, mounted on sheets 
of paper and stored in a systematic manner. These collections play a key role in 
taxonomic studies, in identification of plant species, and as a historical record of plant 
biodiversity. Herbaria are also used to deposit plants used for reference genome 
generation.  

Living collections are formed by living plants maintained in dedicated facilities, 
like botanical gardens, arboreta, experimental outdoor or indoor areas, plant nurseries, 
greenhouses and conservatories. They serve as a resource for research, education, 
restoration ecology, and public display. They are also important for the conservation of 
rare and endangered species.   

Seed, Pollen, and Spore Banks are facilities that store spores, seeds or pollen 
under controlled environmental conditions to preserve genetic diversity and ensure the 
survival of plant species. They are used for conservation, restoration projects, and 
research on plant genetics and breeding.  

DNA and Tissue Banks are repositories of DNA samples, tissues, and other 
genetic materials from plants. They provide resources for genomics, molecular biology, 
and conservation genetics research. Ethnobotanical collections are focused on plants 
used by indigenous communities and in the traditional culture of a community, for 
medicinal, nutritional, and cultural purposes. They document traditional knowledge, 
support conservation efforts, and facilitate research on plant-based remedies and 
sustainable use.  

Digital Collections contain digitized records of plant specimens, including high-
resolution images and its associated metadata. They enhance accessibility of 
biodiversity data, support global research collaborations, and allow for virtual studies of 
plant diversity. Other botanical repositories in which botanical specimens are collected 
are Palynological, Carpological and Spirit Collections. Palynological collections are 
assemblages of pollen and spores, often prepared as slides for microscopic examination. 
Carpological collections store fruits, seeds, flowers or other plant parts (usually, 
associated with herbarium collections) that cannot be mounted on herbarium sheets 
because of their tridimensional form. These collections are used for studies in taxonomy 
and species identification, paleobotany, palynology, climate change research, and 
forensic science.  



Spirit Collections contain specimens preserved in fluid stored in glass jars. These 
collections are particularly useful for preserving organs that are not suitable for drying 
(i.e., fleshy flowers and fruits). They can also allow more accurate measurements of 
plant organs as drying may lead to shrinkage and better observation of three-
dimensional arrangement of organs (i.e., flower parts).   
 
PART 2: WHAT IS GENETIC DIVERSITY AND WHY DO WE NEED TO STUDY IT IN PLANTS? 
(Slides 11-17)  
Genetic diversity refers to the genetic differences among individuals within or between 
populations and species. It manifests as differences in DNA sequence (‘polymorphisms’) 
caused by sexual reproduction, meiotic recombination, and mutations. Many DNA 
polymorphisms do not affect the phenotype but even then, they are useful to measure 
the differences between individuals and populations and understand evolutionary 
dynamics.  

At the sequence level, these polymorphisms can have various levels of 
complexity, ranging from changes in a single nucleotide among individuals or 
populations to larger modifications involving entire chromosome segments. A Single 
Nucleotide Variant (SNV), or Single Nucleotide Polymorphism (SNP), is the simplest type 
of polymorphism and occurs when a single base in the DNA is replaced by a different 
base, deleted, or inserted. Multiple Nucleotide Polymorphisms (MNP), on the other 
hand, involve changes of adjacent nucleotides up to 50 base pairs.  Structural Variants 
(SV) encompass nucleotide sequences longer than 50 base pairs. These changes can 
include deletions, insertions, translocations (where a DNA segment changes its 
position), inversions (where the sequence is reversed), and copy number variations 
(changes in the number of copies of a gene or of a specific sequence).  Finally, 
chromosomal rearrangements represent even larger-scale modifications that involve 
entire portions of chromosomes. These rearrangements can result in inversions, 
translocations, losses, or duplications of entire chromosomes.   

Depending on the site where the modification occurs (non-coding regions, 
exons, highly conserved portions of genes) and on the extent of the modification, DNA 
changes can have different effects on the phenotype, the survival, and the fitness of the 
plants and, therefore, on their evolution. Short DNA modifications might have no effect 
on the fitness of individuals or in gene expression or protein functions. Changes in long 
DNA fragments have generally more chances to involve coding genes or regulative parts 
of the genome, leading to effects on gene functionality and even to post-zygotic 
reproductive barriers (especially for chromosome rearrangements), which can trigger 
reproductive isolation between individuals or populations, thereby influencing the 
evolution and diversification of plant species.  

Genetic diversity is an important component of biodiversity because it helps 
defining species and delimiting groups of related individuals, like subspecies or 
ecotypes. It also affects the phenotypic variation of organisms and their ecology and 
evolution. Populations with higher genetic variation have more chances to overcome 
environmental challenges. Studying genetic diversity is also crucial for the conservation 
of endangered plant species or for crop improvement because it helps researchers to 
understand the adaptive potential of populations, develop strategies for preserving 
genetic resources or improving traits related to yield, quality, and resistance in crops.   



Genetic variation can change over time due to factors that alter allele 
frequencies in populations, providing selective advantages or disadvantages, a process 
known as natural selection. New variants can also arise through mutations or by seed or 
pollen dispersal, increasing genetic diversity. However, phenomena like genetic drift and 
inbreeding tend to reduce genetic variability. Sexual reproduction plays a key role in 
enhancing the genetic variation of populations, promoting the recombination of existing 
alleles within individuals. Therefore, the number of individuals capable of sexual 
reproduction significantly affects the diversity produced. Population size and isolation 
greatly impact genetic diversity and its conservation. Small populations are more 
affected by genetic drift and inbreeding, leading to a higher occurrence of homozygotes 
for deleterious recessive traits. Studying genetic variation patterns within and between 
populations reveals genetic dynamics, identifies isolated populations, and highlights 
diversifying populations, offering valuable insights into evolutionary processes, fitness, 
and conservation status. 

Since botanical collections store individuals collected from different areas and 
from different times, they provide an invaluable resource for studying genetic diversity 
changes across space and time. However, there are also challenges that must be 
considered when setting up a collection that can be mitigated by following some 
precautions during the collection phase. One crucial issue to consider is that the 
collection must capture as much of the genetic diversity as possible because it must 
ensure the conservation of the evolutionary capacity of a species and the genetic 
resources necessary for applied breeding research.  
 
PART 3: HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT 
BIODIVERSITY? (SLIDES 18-28)  
Before the development of DNA sequencing technologies in the 1970s, genetic diversity 
analysis was studied through morphological, biochemical, or cytological variants.  The 
possibility of sequencing DNA was an important breakthrough in biological research as 
it enabled the study of DNA sequences regardless of the phenotype. The introduction of 
DNA sequencing has made it possible to obtain direct genetic information, overcoming 
the limitations of previous methods.  

The first sequencing methods were developed in the 1970s (first-generation 
sequencing). Sanger sequencing is the only first-generation method that remains in use 
today for specific applications. Sanger sequencing has a very low error rate, but only a 
single, relatively short fragment (around 1kb) can be sequenced per reaction. 
Nowadays, it is used to target specific short sequences in the genome as covering large 
parts of the genome is costly and labor intensive. In Sanger sequencing, the fragment to 
be sequenced is amplified with specific PCR primers. Then, a polymerase reaction is set 
up with a mix of normal nucleotides (dNTPs) and fluorescently labeled chain-terminating 
inhibitors (ddNTPs). The ddNTPs are randomly incorporated and, whenever this 
happens, the DNA chain is terminated, resulting in a collection of fragments of varying 
lengths, all terminating with a fluorescent ddNTP. These fragments are then separated 
by capillary electrophoresis. Then, a laser is used to excite the fluorescent labels, 
identifying the ddNTP at the end of each fragment. By analyzing the sequence of 
fluorescent signals, the DNA sequence is determined.  



Newer sequencing methods, also known as high throughput sequencing, parallel 
sequencing or next generation sequencing (NGS), drastically increased the sequencing 
output because they can sequence many fragments at once.   

Two generations of NGS methods are currently available. Second-generation 
methods granted the possibility of sequencing many fragments simultaneously for the 
first time, but the length of the fragments was limited (up to 300 bp). Of the different 
methods developed, only Illumina is still in use.  In Illumina sequencing, the fragments 
are bound to a support known as flow cell thanks to hybridization of predefined 
complementary sequences that are added to both the fragments and the flow cell. The 
DNA is then amplified while still bound to the flow cell, in a process called bridge 
amplification, forming clusters of identical molecules. Next, fluorescently labeled 
nucleotides are incorporated one at a time into the complementary strand in multiple 
sequencing cycles. In each cycle, only one type of nucleotide is added, and the 
fluorescence emitted by each cluster is detected by a laser. At the end, the fluorescence 
emitted by each cluster in each cycle is analyzed, allowing the sequences to be 
reconstructed.  

Third-generation sequencing technologies like Oxford Nanopore and PacBio, 
developed in the late 2010’s, provide much longer sequences (up to hundreds of 
kilobases). Although third-generation sequences were initially less accurate, at present 
their precision is close to that of Illumina sequences, offering significant advantages for 
studying structural variants (SVs) such as inversions, deletions and copy number 
variations. However, they are more expensive. The third generation was kickstarted by 
Oxford Nanopore Technologies (ONT). In this method, a difference in potential is applied 
between two sides of a membrane. Current flows between the two sides of a membrane 
through a set of pores made of a specially engineered protein. An enzyme “pulls” DNA 
molecules from one side of the membrane to the other through the pore. This alters the 
current flowing through the pore with a specific pattern depending on the nucleotide 
sequence of the DNA that is passing through the pore. The sequencing method 
developed by PacBio is more similar to Illumina as it is based on polymerase reactions 
and fluorescent nucleotides, but the reaction is miniaturized and occurs in nano wells; 
each nano well contains one molecule of polymerase and one molecule of DNA. 
Additionally, the DNA molecule is circularized with special adapters, so that the 
polymerase can keep catalyzing the reaction in a loop and the same molecule is 
sequenced multiple times which allows for error correction.  
  
All NGS methods share a common workflow, consisting of several phases:  

1. The nucleic acid (DNA or RNA) is isolated from different samples. Samples shall be 
accurately labelled and appropriately preserved, and extraction of good quality 
nucleic acid is imperative.  

2. A sequencing library is prepared (the protocol depends on the NGS method). 
Generally, the DNA must be either fragmented or digested by enzymes to reduce 
fragment size. Additionally, specific sequences are added to the fragment ends 
with a ligation enzyme according to the different sequencing technologies. Then, 
many copies of all fragments are obtained with PCR amplification.  

3. The libraries are loaded in the chosen sequencing platform and the signal 
(fluorescence, current, etc.) is converted into nucleotides.  



4. The quality of the data is assessed and several bioinformatic analyses can be 
carried out.  

 
PART 4: WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A 
COLLECTION? (SLIDES 29-37)  
Genotyping is the process of determining the DNA sequence at positions within the 
genome of an individual. Therefore, having a reference genome can simplify the process. 
A reference genome is the sequence, as complete as possible, of the genomic DNA of an 
organism belonging to a species, annotated with the position of gene sequences and 
other functional elements, such as regulatory regions, repeats or transposable 
elements. The reference genome provides a framework for comparing sequences and 
identifying variants among individuals of the same or different species.   

Genotyping can be approached in various ways; generally, the decision on the 
approach to follow is a trade-off between the amount of information that can be gained 
and the cost of sequencing. Whole genome sequencing and resequencing (WGS and 
WGR) is the process of determining the sequence of the entire genome of interest.  The 
reads obtained (after a reference genome is available), are compared to the reference 
genome to determine their location on the genome (this process is called “alignment”) 
and accurately determine the genetic variants present in the studied 
individual/individuals compared to the reference genome (“variant calling”). This 
(mostly) complete and unbiased set of variants can be employed for any genetic 
diversity study, but it has significant downsides as it is costly and requires large amounts 
of computing power and storage. Moreover, because NGS is not error-free, many 
independent reads “covering” the same genomic position are needed to make sure that 
the inferred sequence is accurate (the number of reads is referred to as “sequencing 
depth”). This makes WGS very expensive for species with large genomes. As such, 
different more cost-effective approaches were developed.  

Low coverage WGS, also known as genome skimming, consists of sequencing 
genomes at a very low depth; this allows recovery and genotyping at regions that are 
naturally present in many copies, such as organelle DNA. This has a very low cost but is 
limited in that only a few regions can be analyzed.  

Pool-seq is a technique in which DNA from multiple individuals is combined into 
a single sample, or "pool," and then sequenced together. Individuals in a pool share a 
specific characteristic (such as a phenotype, geographic origin, or species). By comparing 
the genetic data of different pools—for example, one with individuals showing a trait 
and another without—it is possible to identify genetic variants associated with that trait 
as, despite the variability derived from sequencing multiple individuals together, the 
region responsible for the characteristic of interest will stand out as neatly different. 
Pool-seq can also be used to estimate allele frequencies across populations. However, 
it’s important to ensure equal DNA contributions from each individual, as uneven 
amounts can introduce bias.  

Finally, there is a family of methods, known as Reduced Representation 
Sequencing (RRS), that relies on selecting a portion of the genome for sequencing. 
Therefore, the regions selected can be sequenced at a high depth for a lower cost. 
Additionally, a reference genome is not mandatory for these approaches.   

RRS methods rely on different approaches to select genome fractions. Many of 
them, like RAD-seq (Restriction Site-Associated DNA sequencing), or GBS (Genotyping-



By-Sequencing), use restriction enzymes. Others, like K-seq, rely on short random 
oligonucleotides designed to target single-copy regions randomly distributed in the 
genome. In Targeted Amplification and Sequence Capture the regions to be sequenced 
are pre-selected and either selectively amplified with specific primers (i.e. TruSeq 
custom amplicons) or enriched via hybridization to single-stranded probes (Sequence 
Capture).  
 
PART 5: WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR 
THE STUDY OF GENETIC DIVERSITY? (SLIDES 38-47)  
Botanical collections can provide a picture of plant variation patterns in their range and 
at the time of collection, but they can also be used to obtain large amounts of fresh plant 
material (for example, by growing new plants in a nursery or with seeds from a seed 
bank). We can now perform genetic studies on both precious, old, preserved specimens, 
and large amounts of fresh samples, at an affordable price.  

However, most botanical collections were not established with the objective of 
studying genetic variation, so this can limit the genetic diversity contained in them and 
bias the results. Therefore, when establishing new collections, it is crucial to adopt some 
precautions to collect as much genetic variation as possible and maintain it for future 
genetic studies. Moreover, understanding the challenges and the genetic dynamics 
within living plant collections can be useful to assess the suitability of older collections 
for genetic studies. Once the material is collected, it is crucial to maintain genetic 
diversity inside the collection. Living collections can be considered as isolated 
populations and are subject to the same evolutionary forces that affect genetic diversity 
in nature (i.e., selection, genetic drift, inbreeding, mutation events). These effects are 
stronger for species that reproduce mainly by seed. Since the collection aims to mirror 
the genetic diversity of the natural populations, these dynamics should be carefully 
monitored.  

 
In general, plant genetic and genomic research has some additional challenges when 
compared to human/animal research.   
First, obtaining high-quality DNA from plant tissues can be challenging, as plants can 
produce large amounts of specialized metabolites, such as polysaccharides or aromatic 
compounds that are difficult to remove from the DNA. The type and concentration of 
these metabolites vary between plant species and are influenced by environmental 
conditions, making it challenging to develop a universally effective DNA extraction 
protocol. Some adjustments can be made to common protocols, such as adding 
polyvinylpyrrolidone or sorbitol to the extraction buffer, or isolating nuclei priori to DNA 
extraction. Additionally, young leaves tend to accumulate less of these interfering 
compounds and thus perform better in DNA extraction.  

Secondly, genome size is highly variable in plants, and it can reach up to 150 Gbp 
(human genome has only 3 Gbp). Due to the need of sequencing depth, genome size 
may increase the amount of sequencing data required for accurate genotyping and WGS 
may become extremely costly.  

Third, polyploidy is very common in plants. Polyploidy is the heritable condition 
of possessing more than two complete sets of chromosomes. Stable polyploid 
populations or species can either derive from whole-genome duplication events (which 
originate autopolyploids) or from hybridization between close-related species 



(originating allopolyploids). Polyploids, and especially allopolyploids, pose challenges for 
genomic studies as reads of related genes coming from each subgenome (homeolog 
genes) are easily confounded, complicating alignment and annotation at the individual 
level.  

The study of herbarium samples with NGS methods is called herbariomics. 
Herbaria provide information about the genetic variants occurring at the time and place 
where the individual was collected, capturing a “snapshot” of the genetic make-up of a 
species in that moment. Genetic data from historical preserved specimens offer a 
unique opportunity to reconstruct past genetic diversity patterns and species evolution. 
Even pathogens, preserved within plant tissues in herbaria, such as fungi or viruses, can 
be studied, providing insight also into co-evolutionary processes. However, genotyping 
herbarium material is challenging. DNA from old samples tends to be somewhat 
degraded, so it is impossible to extract high molecular weight DNA. Specialized 
metabolites can bind DNA hindering extraction, or the specimen may be contaminated 
by the DNA of molds, fungi, or other samples. Herbarium samples provide also a very 
limited quantity of tissue that can be used for DNA extraction without irreparably 
damaging the herbarium sample. The digitization of herbarium specimens is promoting 
the use of herbaria for genetic studies because it facilitates the dissemination and 
consultation of collections and allow the preservation of the plant's morphology after a 
part of the physical specimen is used for DNA extraction.  

The use of living collections grown in garden conditions and plants derived from 
seeds preserved in seed banks is advantageous as it can provide large amounts of young, 
fresh material and more homogenous DNA extracts, improving DNA performance in 
downstream reactions. Living collections can provide plants and environmental 
conditions to study the reproduction capacity of threatened species without stressing 
natural populations. Common garden experiments (i.e. where plants of different origins 
are grown together in common conditions) can help disentangle genetics and 
environmental effects in trait expression or stress response. Additionally, individuals 
from living collections can be used to produce germplasms to reintroduce or reinforce 
wild populations. However, unintentional divergence of the collection’s genetic makeup 
from that of the wild population needs to be considered when using such collections.  
 
TAKE-HOME MESSAGE (SLIDE 48)  
With the decreasing costs of sequencing technologies and the vast number of 
genotyping approaches available, there has never been a better time to apply genome-
wide analyses of genetic diversity to plant species for conservation and other botanical 
purposes. Genomic data can inform conservation strategies on a previously unmatched 
resolution and botanical collections represent both a rich reservoir of diversity and a 
foundation for plant research and conservation especially if the establishment of future 
collections is guided by genetic principles. Nevertheless, studying plant genetic diversity 
presents many challenges. In addition to the several challenges associated with the 
genomes of the botanical collections, genome sequencing and downstream analyses 
can be challenging for botanists and naturalists with no molecular background and 
translating genomic data into conservation practice is challenging per se.  
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1- What are botanical collections?

● Organized assemblages of plant 

materials

● Associated with metadata (i.e., GPS 

coordinates, collection date)

● Useful for:
○ Scientific research

○ Education

○ Conservation

○ Reference 

● Important for documenting plant 

diversity, for studying the variation 

within and between species, their 

current and past distribution, for 

better understanding plant evolution 

and ecology.Herbarium specimen of H. umbellatum, herbarium, Milan herbarium, (https://erbario.lim.unimi.it) Salvia desoleana plant, Orto Botanico di Brera, Milan (https://ortibotanici.unimi.it)

https://erbario.lim.unimi.it/
https://erbario.lim.unimi.it/
https://ortibotanici.unimi.it/
https://ortibotanici.unimi.it/
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Types of collections
1- WHAT ARE BOTANICAL COLLECTIONS? 

Designed by Freepik

Designed by Seksak Kerdkanno from Vecteezy.com

Designed by redgreystock (PC) and pikisuperstar (herbs) from Freepik.

Adapted with permission from Cámara-Leret & Bascompte (2021). Language extinction 

triggers the loss of unique medicinal knowledge. PNAS, 118(24), e2103683118.

Living Collections Seed, Pollen, and 

Spore Banks
Herbaria DNA and Tissue Banks

Palynological, Carpological & Spirit 

Collections 
(pollen, fruit and other of specimens preserved 

in alcohol for morphology analysis)

Digital Collection Ethnobotanical Collections

https://it.freepik.com/vettori-gratuito/sfondo-del-giardino-botanico-disegnato-a-mano_40129508.htm
https://www.vecteezy.com/photo/2094705-fresh-herbs-for-essential-oils-in-bottles
https://www.freepik.com/free-vector/video-conference-remote-working-flat-illustration-screen-laptop-with-group-colleagues-people-conn_16503912.htm#fromView=search&page=1
https://www.freepik.com/free-vector/realistic-hand-drawn-herbs-wild-flowers_6207322.htm
https://www.pnas.org/doi/10.1073/pnas.2103683118


© 2025 American Society of Plant Biologists

Herbaria

What Dried and pressed plant specimens, stored systematically

Uses
Taxonomic and floristic studies, plant identification, and historical documentation of 

biodiversity. They are also repositories to store voucher specimens of individuals used in 

reference genome sequencing.

Examples
New York Botanical Garden Herbarium 
(https://sweetgum.nybg.org/science/)

Royal Botanic Gardens Kew Herbarium 
(https://www.kew.org/science/collections-and-resources/collections/herbarium)

Missouri Botanical Garden Herbarium 
(https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-

conservation/departments-centers-of-excellence/herbarium)

1- WHAT ARE BOTANICAL COLLECTIONS? 

Types of collections

https://sweetgum.nybg.org/science/
https://www.kew.org/science/collections-and-resources/collections/herbarium
https://www.kew.org/science/collections-and-resources/collections/herbarium
https://www.kew.org/science/collections-and-resources/collections/herbarium
https://www.kew.org/science/collections-and-resources/collections/herbarium
https://www.kew.org/science/collections-and-resources/collections/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
https://www.missouribotanicalgarden.org/plant-science/plant-science/about-science-conservation/departments-centers-of-excellence/herbarium
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Living collections

What Plants maintained in botanical gardens, arboreta and nurseries

Uses Research, conservation of endangered species, and public education

Examples The New York Botanical Garden  

(https://www.nybg.org/) 

The Royal Botanic Gardens Kew 

(https://www.kew.org/)

Missouri Botanical Garden 

(https://www.missouribotanicalgarden.org/)

1- WHAT ARE BOTANICAL COLLECTIONS? 

Designed by Freepik

Types of collections

https://www.nybg.org/
https://www.kew.org/
https://www.missouribotanicalgarden.org/
https://it.freepik.com/vettori-gratuito/sfondo-del-giardino-botanico-disegnato-a-mano_40129508.htm
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Seed, pollen & spore banks

What Stored seeds, pollen, or spores under controlled conditions

Uses Conservation and restoration efforts, study of past climate

Examples Millennium Seed Bank 

(https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank)

Svalbard Global Seed Vault 

(https://seedvault.no/)

Chicago Botanic Garden’s Pollen Bank 

(https://www.chicagobotanic.org/research/pollen-bank)

1- WHAT ARE BOTANICAL COLLECTIONS? 

Types of collections

https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://www.kew.org/wakehurst/whats-at-wakehurst/millennium-seed-bank
https://seedvault.no/
https://www.chicagobotanic.org/research/pollen-bank
https://www.chicagobotanic.org/research/pollen-bank
https://www.chicagobotanic.org/research/pollen-bank
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DNA & tissue banks

What Repositories of DNA and plant tissues

Uses Genomics and conservation genetics research

Examples Global Genome Biodiversity Network (GGBN) 

(https://www.ggbn.org/)

The DNA Bank at the New York Botanical Garden 

(https://sweetgum.nybg.org/science/digital-collections/dna-bank/)

The Center for Comparative Genomics CryoCollection at the 

California Academy of Sciences 

(https://www.calacademy.org/scientists/ccg/ccg-cryocollection) 

1- WHAT ARE BOTANICAL COLLECTIONS? 

Types of collections

https://www.ggbn.org/
https://sweetgum.nybg.org/science/digital-collections/dna-bank/
https://sweetgum.nybg.org/science/digital-collections/dna-bank/
https://sweetgum.nybg.org/science/digital-collections/dna-bank/
https://sweetgum.nybg.org/science/digital-collections/dna-bank/
https://sweetgum.nybg.org/science/digital-collections/dna-bank/
https://www.calacademy.org/scientists/ccg/ccg-cryocollection
https://www.calacademy.org/scientists/ccg/ccg-cryocollection
https://www.calacademy.org/scientists/ccg/ccg-cryocollection
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Ethnobotanical collections

What Collections with a focus on plants used by Indigenous peoples 

Uses Document traditional knowledge and plant-based remedies

Examples Missouri Botanical Garden Ethnobotany Search 
(https://tropicos.org/ethnobotany/Search)

National Museum of Natural History Paris Ethnobotany Collections
(https://www.mnhn.fr/en/ethnobotany-collection)

University of Michigan Herbarium Ethnobotanical Collection 
(https://museumcollab.anthro.lsa.umich.edu/s/Anishinaabe/page/ebot)

Ecomuseo delle Erbe Palustri (Ecomuseum of marsh plants) 

(Bagnacavello, Ravenna, Italy) 
https://ecomuseoerbepalustri.it/

1- WHAT ARE BOTANICAL COLLECTIONS? 

Adapted from Cámara-Leret & Bascompte (2021). Language extinction triggers 

the loss of unique medicinal knowledge. PNAS, 118(24), e2103683118.

Types of collections

https://tropicos.org/ethnobotany/Search
https://www.mnhn.fr/en/ethnobotany-collection
https://www.mnhn.fr/en/ethnobotany-collection
https://www.mnhn.fr/en/ethnobotany-collection
https://museumcollab.anthro.lsa.umich.edu/s/Anishinaabe/page/ebot
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https://www.pnas.org/doi/10.1073/pnas.2103683118
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Digital collections

What Digitized plant specimens, including genetic data

Uses Global access to herbarium data for virtual studies and collaborative research, 

genetic and genomic information on species 

Examples Integrated Digitized Biocollections (iDigBio) 

(https://www.idigbio.org/)

Global Biodiversity Information Facility (GBIF) 

(https://www.gbif.org/)

Global Plants on JSTOR 

(https://plants.jstor.org/) 

1- WHAT ARE BOTANICAL COLLECTIONS? 

Designed by redgreystock (PC) and pikisuperstar (herbs) from Freepik.

Types of collections

https://www.idigbio.org/
https://www.gbif.org/
https://plants.jstor.org/
https://www.freepik.com/free-vector/video-conference-remote-working-flat-illustration-screen-laptop-with-group-colleagues-people-conn_16503912.htm#fromView=search&page=1
https://www.freepik.com/free-vector/realistic-hand-drawn-herbs-wild-flowers_6207322.htm
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Palynological, carpological, & spirit collections

What Collections of pollen, spores, fruits, seeds, or other parts

Uses Morphology, paleobotany, climate change research

Examples Personal and department collections, like: 
● The John P. Smol Paleolimnology and Environmental Change Laboratory

(https://www.queensu.ca/pearl/)

● The University of Arizona Palynology Laboratory 

(https://www.geo.arizona.edu/palynology)

The Royal Botanic Garden Edinburgh Spirit Collection

(https://www.rbge.org.uk/science-and-conservation/preserved-

collections/herbarium/our-collections/spirit/)

The Royal Botanic Gardens Kew Spirit Collection 
(https://www.kew.org/science/collections-and-resources/collections/spirit-collection) 

1- WHAT ARE BOTANICAL COLLECTIONS? 

Designed by Seksak Kerdkanno from Vecteezy.com

Types of collections
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https://www.rbge.org.uk/science-and-conservation/preserved-collections/herbarium/our-collections/spirit/
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https://www.kew.org/science/collections-and-resources/collections/spirit-collection
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2- What is genetic diversity and why is it important?

Differences or changes in the DNA sequence can be observed…

Designed with icons by Flaticon 

among individuals

within one population

between populations

of the same species
between species

https://www.flaticon.com/free-icon/flowers_2545551?term=flower&page=1&position=54&origin=search&related_id=2545551
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Genetic variation can have 

different levels of complexity

● Differences on a single base (SNPs*)

● Differences on multiple bases (MNPs*)

● Large-scale differences (SVs*)

● Bases can be replaced, deleted, or 

their order can be inverted

● Chromosome-level rearrangements 

can lead to lethal defects or 

reproductive isolation

*SNPs (Single Nucleotide Polymorphisms), MNPs (Multi-Nucleotide 

Polymorphisms), SVs (Structural Variants)

2- WHAT IS GENETIC DIVERSITY AND WHY IS IT IMPORTANT?
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Why study genetic variation?

● It influences phenotypic variation

● It influences plant ecology

● It helps delimit species, 

subspecies and ecotypes

● It helps identify vulnerable 

populations

● It can help make crops more 

resilient

● Genetic diversity is an important 

component of biodiversity!

Solberg, S. Ø., et al. (2022). Photo of Luis M. Salazar/Crop Trust. 

2- WHAT IS GENETIC DIVERSITY AND WHY IS IT IMPORTANT?

Different eggplants cultivars and wild relative species

https://www.croptrust.org/fileadmin/uploads/croptrust/Documents/Ex_Situ_Conservation_Strategies/Eggplant_Conservation_Strategy_HR.pdf
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Genetic diversity can be selected and provide adaptive potential
(Example of environmental changes due to the introduction in the environment of a caterpillar 

that feeds only on flowers with a short stem)

2- WHAT IS GENETIC DIVERSITY AND WHY IS IT IMPORTANT?

Designed with icons by Freepik (Flaticon) 
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Genetic diversity can change over time

Genetic 

diversity

Can increase:
● mutations

● gene flow with other populations

(dispersal, migration)

● sexual reproduction (new 

combinations of alleles)

Can decrease:
● selection

● genetic drift

● inbreeding

2- WHAT IS GENETIC DIVERSITY AND WHY IS IT IMPORTANT?

Designed by Freepik

https://www.freepik.es/fotos-vectores-gratis/lapacho-abejas
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Sources of genetic 

variation 

● Novel alleles can be 

introduced from a separate 

population by gene flow.

● Genetic mutations also 

introduce new alleles.

● Large-scale mutations (at 

chromosome level) can 

cause reproductive isolation.
○ Plant genomes are tolerant 

to those events and so they 
are not always lethal.

original population

GENETIC DIVERSITY CAN INCREASE

2- WHAT IS GENETIC DIVERSITY AND WHY IS IT IMPORTANT?
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Genetic diversity is easily 

lost in small populations

● Genetic drift causes genetic 

variants to be lost or fixed in 

a population at random.

● Natural selection causes 

alleles to be lost or fixed 

depending on their effect on 

the fitness of the individual.

● Inbreeding increases the 

rate of homozygosity.

● Isolated populations will 

experience all these effects 

independently.

original population

GENETIC DIVERSITY CAN DECREASE

2- WHAT IS GENETIC DIVERSITY AND WHY IS IT IMPORTANT?
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3- How did DNA sequencing methods change the study of plant 

biodiversity? 

Methods used to study plant diversity before DNA sequencing:

DNA

(genetic 

diversity)

phenetics biochemistry
cytology and 

cytogenetics

influenced by

These technologies can detect diversity that does not 

affect the phenotype of the organisms, overcoming the 

limitations of previous methods.

Some methods can be influenced by external factors, leading to limitations in accuracy and consistency.

After DNA sequencing the study of plant 

genetic variability can be conducted by 

directly analyzing DNA.

Chaenomeles japonica

(Thunb.) Lindl. ex Spach
Prunus domestica L. Bellis perennis L.

Onion cell image from Doc. RNDr. Josef Reischig, CSc., CC BY-SA 3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons
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DNA sequencing

First Generation 

Sequencing

Next Generation 

Sequencing

Third generation 

sequencing

Development 1970s 2000s 2000s-2010s

Main technology Sanger sequencing Illumina Oxford Nanopore and 

PacBio

Reads length 500-1000 bp 50-300 bp 10.000-100.000 bp

Pros Very high accuracy, still 

used as a golden standard 

method

Sequence hundreds of 

samples in parallel (high 

throughput and lower costs 

per sequence)

Generate longer 

sequenced fragments 

(useful for genome 

assembly or diagnostic)

Cons Costly and labor intensive

Only one sequence at run

Lower accuracy than 

Sanger → Use the large 

amount of data to correct 

Accuracy comparable to 

Illumina 

More expensive

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

Adapted from image by Thomas Shafee - CC BY 4.0 (link)

https://commons.wikimedia.org/wiki/File:Sequencing_flow_cell_%284_colour%29.svg
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The First Generation: Sanger sequencing ● Previously, target DNA is PCR-

amplified with specific primers

● Nucleotides (dNTPs) and 

fluorescently labelled chain-

terminating inhibitors (ddNTPs) are 

incorporated into the 

complementary strand by a DNA 

polymerase. ddNTPs stop the 

polymerase reaction

● This produces a mix of fragments 

with various lengths all terminating 

with one type of ddNTP

● Electrophoresis and a laser are 

used to determine the length of the 

fragment and the terminating 

ddNTP according to the 

fluorescence 

● The full “target" sequence is 

reconstructed

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

+Reaction

mixture

Primer 

elongation

and chain

termination

Capillary gel

Laser detection

Adapted from Stadler et al., (2024). Decoding Genomes: From Sequences to Phylodynamics. ETH Zurich

https://decodinggenomes.org/
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Next Generation Sequencing and high throughput technologies

● Sequence in parallel 

massive amounts of 

previously 

fragmented DNA

● Short length of the 

sequenced 

fragments (=reads)

● Increased output, 

reduced cost

● Also known as 

Second Generation 

Sequencing

Courtesy: National Human Genome Research Institute

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

https://www.genome.gov/genetics-glossary/Shotgun-Sequencing
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NGS: Illumina sequencing by synthesis
Library Preparation

● The DNA is fragmented, and specific adapters are added to the 

sequence ends to bind universal Illumina sequencing primers 

during sequencing.

Cluster Formation

● The DNA is bound to a flow cell and amplified to create clusters 

of identical sequence copies (bridge amplification).

Sequencing by Synthesis (SBS)

● Fluorescently labeled nucleotides (ATP, TTP, CTP, GTP) are 

incorporated one at a time into the complementary strand.

● Each nucleotide emits a fluorescent signal, which is detected 

by a laser.

Sequence Identification

● The fluorescent signals are recorded and processed to 

determine the DNA nucleotide sequence.

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

. Stadler et al., (2024). Decoding Genomes: From Sequences to Phylodynamics. ETH Zurich

https://decodinggenomes.org/
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Third Generation Sequencing - Long reads

● Third gen methods allow to sequence 

DNA without amplification

● The sequenced fragments are up to 

hundreds of kilobases long

● More expensive

● Oxford Nanopore Technologies 

(ONT) is based on a protein 

nanopore. Different nucleotides alter 

the current signal while flowing 

through the pore with specific patterns

● PacBio CLR/HiFi is based on 

miniaturized polymerase reactions 

and fluorescence

ONT

PacBio HiFi

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

. Stadler et al., (2024). Decoding Genomes: From Sequences to Phylodynamics. ETH Zurich

https://decodinggenomes.org/
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Common workflow in next generation sequencing technologies 
An example for a population genomics study with Illumina sequencing 

Designed with icons by cube29 and Park Jisun (Flaticon), Freepik ,Servier, DBCLS and James Lloyd (Bioicons) and Thomas Shafee (Wikimedia Commons)
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2
4

3

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY
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How to prepare Next Generation Sequencing experiments - 1

● Samples with appropriate metadata (coordinates, collection date etc.)

● Appropriately preserved (no mold, no parasites, no chemical treatments)

● Extraction of good quality DNA (long DNA fragments)

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

Designed with icons by cube29 and Park Jisun (Flaticon), Freepik ,Servier, DBCLS and James Lloyd (Bioicons) and Thomas Shafee (Wikimedia Commons)
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How to prepare Next Generation Sequencing experiments - 2

● DNA is fragmented or digested with restriction enzymes

● Specific oligonucleotides (adapters) are added to fragment ends for sequencing

● Optionally, barcodes can be added to identify samples (multiplexing)

● Fragments are amplified in a PCR

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

Designed with icons by cube29 and Park Jisun (Flaticon), Freepik ,Servier, DBCLS and James Lloyd (Bioicons) and Thomas Shafee (Wikimedia Commons)
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How to prepare Next Generation Sequencing experiments - 3

● The library is loaded in the chosen platform (i.e. Illumina)

● The signal (i.e. fluorescence) is converted into nucleotides

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY

Designed with icons by cube29 and Park Jisun (Flaticon), Freepik ,Servier, DBCLS and James Lloyd (Bioicons) and Thomas Shafee (Wikimedia Commons)
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How to prepare Next Generation Sequencing experiments - 4

● Interpreting barcodes (demultiplexing → separating reads 

from different samples)

● Sequence quality control (filtering low quality sequences)

● Analysis of genetic data (phylogeny, population structure, 

genetic diversity…)

3- HOW DID DNA SEQUENCING METHODS CHANGE THE STUDY OF PLANT BIODIVERSITY
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4- What sequencing strategies can be used for genotyping a 

collection? 
Genotyping: It is the process of determining the DNA sequence profile of an individual

A reference genome can simplify genotyping process:

● It is the sequence of the genomic DNA of an organism or a species.

● It is annotated with the position of gene sequences and other functional elements.

● It provides a reference framework for comparing sequences of different individuals

and identifying variants among individuals or species.

Designed with icons by Frédéric Bouché, Servier, DBCLS, Chenxin-Li (Bioicons)

https://bioicons.com/?query
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NGS methodologies used for genotyping

Sequencing an entire 

genome

Whole Genome 

Sequencing (WGS)
Pool-seq

Skim sequencing / 

low coverage WGS

Costs

What do you need to study?

high moderate low

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?
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Whole genome sequencing 

● Known as WGS or WGR (re-sequencing).

● The entire genome of all samples is 

sequenced (with short or long reads).

● Reads are compared to reference genome.

● Individual differences between samples are 

detected.

● This provides the most complete genetic 

information on the studied samples.

● Highest cost.

Reused with permission from Fuentes-Pardo, A. P., and Ruzzante, D. E. (2017). Whole-genome sequencing approaches for conservation biology: Advantages, limitations and practical recommendations. Molecular Ecology 26:5369–5406.

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?

https://onlinelibrary.wiley.com/doi/10.1111/mec.14264
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Whole genome sequencing: the “depth” problem

A high depth of sequencing (=avg. read number per genomic position) is 

needed for accurate genotyping.

This increases the costs and computational resources needed for WGS.

A

99% of reads have a “A” (adenine)

1% of the reads have a “G” (guanine)

→  A is the correct genotype

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?
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Skim sequencing / low coverage Whole Genome Sequencing (WGS)

● Some DNA sequences are naturally present in 

many copies in the cell:

○ Mitochondria

○ Chloroplasts

○ High copy number sequences

● By sequencing at a low depth repeated 

sequences have still a high coverage.

● Low cost and easy to analyze without prior 

information.

● Limited to mitochondrial and chloroplast 

markers and a few other genes.
Kristian Peters -- Fabelfroh 09:12, 28 February 2007 (UTC), CC BY-SA 3.0 <http://creativecommons.org/licenses/by-sa/3.0/>, via Wikimedia Commons

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?
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Pool-seq

● Sequence a pool of individuals 

with high depth.

● Lose information on the 

genotype of the single 

individual.

● Accurate information on allelic 

frequencies in the pools.

● Can be biased by uneven 

amounts of DNA in the pools.

● Rare variants are lost.

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?

Reused with permission from Fuentes-Pardo, A. P., and Ruzzante, D. E. (2017). Whole-genome sequencing approaches for conservation biology: Advantages, limitations and practical recommendations. Molecular Ecology 26:5369–5406.

https://onlinelibrary.wiley.com/doi/10.1111/mec.14264
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Next Generation Sequencing methodologies used for genotyping

Sequencing of an 

entire genome

Whole Genome 

Sequencing (WGS)
Pool-seq

Skim sequencing / 

low coverage WGS

Sequencing of 

fragments of genome

Targeted amplification

Hybridization
Enzymatic digestion + 

Size selection

Transcriptome 

sequencing

Costs

What do you need to study?

high moderate low

obtained by

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?
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Cost-effective genotyping with Reduced Representation Sequencing (RRS)

A high depth of sequencing is needed for accurate genotyping.

With RRS the cost is reduced by selecting DNA fragments that represent a 

fraction (1-5%) of the genome for sequencing.

Some RRS approaches can be applied even without a reference genome.

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?
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1. Targeted amplification

GENOTYPING APPROACHES: Reduced Representation Approaches 

Specific DNA fragments are selected and amplified with a

high number of primers targeting different genomic regions.

Examples:

● TrueSeq Custom Amplicon

● K-Seq

2. Hybridization 

Specific DNA fragments are selected with the use of

probes that hybridize to the region of interest. Fragments

bound to the probes are recovered and amplified.

Examples:

● Sequence capture

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?

Fastq Files

Fastq Files

Adapted from lecture slides by Aureliano Bombarely

https://bombarelylab.com/teaching/teaching-material-for-genomics/
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GENOTYPING APPROACHES: Reduced Representation Approaches 

3. Enzymatic Digestion + Size selection 4. Transcriptome sequencing

Specific DNA primers are selected by digesting the genomic DNA

with one or more restriction enzymes and selecting fragments

flanked by 2 restriction sites within a certain length range.

Examples:

● Genotyping by Sequencing (GBS)

● Rad-Seq

The RNA from one or more tissue types is extracted and

sequenced. Only expressed genes are sequenced.

Examples:

● RNA-Seq

● Iso-Seq

4- WHAT SEQUENCING STRATEGIES CAN BE USED FOR GENOTYPING A COLLECTION?

Fastq Files

Fastq Files

Adapted from lecture slides by Aureliano Bombarely

https://bombarelylab.com/teaching/teaching-material-for-genomics/
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5- What unique opportunities do botanical collections provide for 

the study of genetic diversity?

● Provide a picture of plant variation patterns in 

specific ranges at the time of collection (herbaria) 

● Can also be used to obtain large amounts of fresh 

plant material (for example, by growing new plants 

from propagules in a nursery or from seeds from a 

seed bank)

● Can be prepared for specific studies to study gene 

expression under manipulated environmental 

conditions (living collections for research)

● Can be used to perform hybridization experiments 

by hand pollination (germplasms for breeding)

● Can be used to study sexual reproduction (research 

living collections)
Designed with icons by Freepik , Yumminky (Flaticon)
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1. Collecting natural genetic variability

→ Sampling must reflect the genetic diversity of wild 

populations.

→ Sampling strategy should consider biological traits 

and evolutionary processes.

→ Use phylogeographic studies, spatial statistics, and 

existing guidelines.

→ Always comply with international legal and 

conservation frameworks.

Key aspects for developing a collection

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?
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2. Maintaining genetic diversity over time

→ Living collections evolve: monitor genetic drift, inbreeding, and 

selection.

→ Avoid unintentional selection due to ex situ conditions.

→ Prevent hybridization with related species grown nearby.

→ Exchange material between institutions to preserve diversity and 

prevent inbreeding

1. Collecting natural genetic variability

→ Sampling must reflect the genetic diversity of wild 

populations.

→ Sampling strategy should consider biological traits 

and evolutionary processes.

→ Use phylogeographic studies, spatial statistics, and 

existing guidelines.

→ Always comply with international legal and 

conservation frameworks.

Key aspects for maintaining a living collection

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?
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Challenges in plant genomics

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?

DNA extraction

Pinus sylvestris, by Georgi Kunev (Wikimedia Commons)

Plant genomes present unique challenges when compared to human or animal genomes.

Difficult in tissues that produce 

specialized metabolites. Can 

be solved by:

● using young leaves 

● optimizing protocols

https://commons.wikimedia.org/w/index.php?curid=10117451
https://commons.wikimedia.org/w/index.php?curid=10117451
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Challenges in plant genomics

Plant genomes present unique challenges when compared to human or animal genomes.

1C (Gbp)

Can be very large, increasing the cost of 

WGS. Examples:

● Arabidopsis thaliana 120 Mbp

● Zea mays 2.4 Gbp

● Picea abies 20 Gbp

● Tmesipteris oblanceolata 160 Gbp

DNA extraction Genome size

Human 3Gbp

Difficult in tissues that produce 

specialized metabolites. Can 

be solved by:

● using young leaves 

● optimizing protocols

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?

Pinus sylvestris, by Georgi Kunev (Wikimedia Commons)

Reprinted from iScience, 27:109889, Fernández et al., A 160 Gbp fork fern genome shatters size record for eukaryotes. Copyright 2024, with permission from Elsevier

https://commons.wikimedia.org/w/index.php?curid=10117451
https://commons.wikimedia.org/w/index.php?curid=10117451
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Challenges in plant genomics

> 2 sets of homologous 

chromosomes, originating from:

● the same species 

● hybridization

Complicates data analysis. 

Polyploidy

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?

Plant genomes present unique challenges when compared to human or animal genomes.

1C (Gbp)

Can be very large, increasing the cost of 

WGS. Examples:

● Arabidopsis thaliana 120 Mbp

● Zea mays 2.4 Gbp

● Picea abies 20 Gbp

● Tmesipteris oblanceolata 160 Gbp

DNA extraction Genome size

Human 3Gbp

Pinus sylvestris, by Georgi Kunev (Wikimedia Commons)

Difficult in tissues that produce 

specialized metabolites. Can 

be solved by:

● using young leaves 

● optimizing protocols

Reprinted from iScience, 27:109889, Fernández et al., A 160 Gbp fork fern genome shatters size record for eukaryotes. Copyright 2024, with permission from Elsevier

https://commons.wikimedia.org/w/index.php?curid=10117451
https://commons.wikimedia.org/w/index.php?curid=10117451
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Herbariomics: opportunities & challenges

Opportunities

Snapshot of the species at the 

moment of collection

Investigate past genetic diversity 

and trends throughout time

Digitization can preserve the 

appearance and make accession 

data available online

Record can be linked to data from 

different databases (taxonomic, 

genetic, …)

Data on pathogen evolution

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?

Herbarium specimen of H. umbellatum, herbarium, Milan herbarium, (https://erbario.lim.unimi.it)

https://erbario.lim.unimi.it/
https://erbario.lim.unimi.it/
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Herbariomics: opportunities & challenges

Opportunities

Snapshot of the species at the 

moment of collection

Investigate past genetic diversity 

and trends throughout time

Digitization can preserve the 

appearance and make accession 

data available online

Record can be linked to data from 

different databases (taxonomic, 

genetic, …)

Data on pathogen evolution

Challenges

DNA from historical samples is 

degraded and damaged

Specialized metabolites might be 

bound tightly to DNA

Cannot be used for RNA 

extraction

Limited and precious amount of 

material

Possible contaminations with 

fungi, molds, or material from 

other specimens

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?

Herbarium specimen of H. umbellatum, herbarium, Milan herbarium, (https://erbario.lim.unimi.it)

https://erbario.lim.unimi.it/
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Living and seed collections: opportunities & challenges

Opportunities

Preserve 

threatened species

Grow different genotypes in a uniform 

environment

Prepare plants for reintroduction 

Provide large amount of fresh material 

Seeds, pollen, and spores are preserved 

for breeding and germplasm 

conservation

Include cultivars, crops, and key resources 

for domestication

Collections safeguard genetic diversity and 

evolutionary history

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?

Living collections

Seed, Pollen, and spores collections

Designed by Freepik

https://www.freepik.com/free-vector/hand-drawn-botanical-garden-illustration_39555869.htm
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Living and seed collections: opportunities & challenges

Opportunities

Preserve 

threatened species

Grow different genotypes in a uniform 

environment

Prepare plants for reintroduction 

Provide large amount of fresh material 

Seeds, pollen, and spores are preserved 

for breeding and germplasm 

conservation

Include cultivars, crops, and key resources 

for domestication

Collections safeguard genetic diversity and 

evolutionary history

Challenges

Not originally designed for genetic 

studies

Limited representation of genetic 

diversity

Risk of unintentional selection in 

artificial environments

Loss of seed viability over time

Need for regular regeneration and 

viability testing

5- WHAT UNIQUE OPPORTUNITIES DO BOTANICAL COLLECTIONS PROVIDE FOR THE STUDY OF GENETIC DIVERSITY?

Living collections

Seed, Pollen, and spores collections
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Genomic analysis of botanical collections

Opportunities Challenges

Decreasing sequencing costs
DNA extraction / material 

availability

Genomic data for targeted 

strategies
Need for bioinformatics training

Genetic resources for past, 

present and future

Must adequately represent the 

natural genetic diversity

High resolution phylogenetic and 

population analyses

Translating data into concrete 

conservation action

Freepik (Flaticon)

https://www.flaticon.com/free-icon/test-tube_4192063?term=test+tube&page=1&position=19&origin=search&related_id=4192063
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