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1. Introduction

Characterizing genomic variation is fundamental to address many ecological and evolutionary questions.
The ‘evolution’ of DNA sequencing methods over time has enabled the identification of new aspects of
genetic diversity at every step. In particular, ecological and evolutionary genomics have flourished with the
increased availability of high quality reference genomes (Formenti et al., 2022), and attainability of whole
genome sequencing (WGS) (Fuentes-Pardo & Ruzzante, 2017). Resequencing entire genomes, rather than a
small portion through reduced-representation approaches, provides a rich source of information and has led
to a proliferation of methods to investigate evolutionary and demographic processes. We can now identify
signatures of balancing selection in the genome (Stern & Lee, 2020), reconstruct demographic history in
the near and distant past with unprecedented resolution (Nadachowska-Brzyska et al., 2015; Santiago et al.,
2020), and characterize the roles of genome structure and recombination in the levels and distribution of
genomic variation across the genome (Akopyan et al., 2025; Tigano et al., 2021). Many genomic analysis
methods are currently catered to SNP variation, and WGS in particular has greatly expanded our view of
genome wide variability within and between species.

The increasing accessibility and coverage of WGS data has also enabled the direct identification of larger
genetic variants, known as structural variants (SVs) (Alkan et al., 2011), enabling a deeper understanding
of their role in ecology and evolution (Mérot, Oomen, et al., 2020). The growing breadth of population level
SV studies has quickly revealed both the ubiquity and magnitude of SVs’ contributions towards intraspecific
genomic diversity across species. A higher proportion of the genome is covered by SVs than SNPs (e.g. 5x
(Mérot et al., 2023), 3x (Catanach et al., 2019), 8x (Haméil4 et al., 2021)). SVs can also strongly affect
fitness traits (e.g., 24% increased heritability estimates (Zhou et al., 2022)). Continued research into SVs will
undoubtedly reveal more about the fundamental mechanisms of evolution across the tree of life. The inclusion
of SVs into research fields that have previously focused heavily on SNPs will aid with the interpretation of
complex genomic patterns and processes (Dallaire et al., 2023; Oomen et al., 2020) and a more complete
picture of intraspecific and interspecific genetic variation.

Because of this growing appreciation of SVs, researchers are increasingly interested in reanalysing existing



WGS datasets or obtaining new data to examine SVs in their species of interest. This can be a daunting
task because of the genetic resources required, as well as the technical and biological complexity of SV data
analysis and interpretation. Furthermore, SVs are an extremely diverse category of variants, and analysing
SVs like SNPs - as a single group - limits insights from their diverse subtypes and complex roles in genetic
diversity.

In this review, we aim to answer practical questions for those new to the study of SVs, guide study design and
analytical best practices for those seeking to analyse population level SVs within eco-evolutionary studies,
and suggest future avenues of inquiry. First, we summarise the differences between SVs and SNPs, as well as
between diverse types of SVs, and discuss how these specific properties may interact with eco-evolutionary
processes. We then focus on the practical side of SV analysis, providing a framework for identifying and
analysing SVs from WGS data. Accompanying the global movement providing high quality reference genomes
(e.g. Ebenezer et al., 2022; Lewin et al., 2022; Mc Cartney et al., 2024), this review aims to reduce barriers
to analyzing the full spectrum of genomic variation by incorporating SVs in eco-evolutionary studies.

2. How do we define and classify SVs?

‘Structural Variant’ is a broad term that encompasses all variants other than single nucleotide variants (SNV,
which include SNPs), including whole chromosome and genome duplications (Scherer et al., 2007). They are
generally defined as variation in the presence, absence, number, orientation, or position of a sequence. Some
studies define a variant as ‘structural’ if they affect more than a minimum defined length, typically 50 bp.
This threshold-based definition is inherited from SV detection software. Earlier methods for calling small SVs
termed insertions-deletions (‘INDELs’) based on short reads ignored variants longer than this threshold, a
length range that SV detection software now often targets. However, these variants exist along a continuous
spectrum of length that extends from 2+ bp to many megabases in length (Mérot, Oomen, et al., 2020) and
any length threshold is arbitrary and limits capturing the diversity of evolutionarily relevant SVs (Recuerda
& Campagna, 2024). Practically, the length range of SVs within a study is ultimately dictated by the limits of
variant calling algorithms and input data, with longer reads allowing for detection of larger SVs (Mahmoud
et al., 2019). Therefore, a good practice is to clearly state the length range targeted by a study, particularly
when it guides the definition of ‘SV’ therein.

SVs are also defined by their sequence change relative to a reference genome. This usually includes deletions
(DEL), insertions (INS), duplications (DUP), inversions (INV), fusions (FUS), and translocations (TRA)
(Alkan et al., 2011). While this categorization is meaningful from a bioinformatic perspective, other intrinsic
characteristics may be more relevant from a biological point of view, such as how they originate and evolve
over time. SVs can evolve by many mechanisms, including errors in meiotic recombination like incomplete
crossover (e.g., due to age or toxins), improper DNA repair, or replication issues like template switching
or slippage (Carvalho & Lupski, 2016; Currall et al., 2013). SVs can also be caused by the activity of
transposable elements (TEs), which are repetitive genetic elements that can originate from the genome itself
or from external viruses, and have the ability to move and replicate themselves within the genome (Bourque
et al., 2018). When a TE replicates or moves itself within the host genome, it is creating genetic variation,
and thus this TE will be an SV. However, the presence and nature of repeat sequences (which include
TEs) can impact SV formation processes. TE replication, for example, results in different regions of the
genome having similar sequences which can induce non-allelic homologous recombination and the formation
of larger rearrangements (Klein & O’Neill, 2018). This mechanism is supported by the presence of segmental
duplications and TEs at the breakpoints of large SVs (Harringmeyer & Hoekstra, 2022; Meyer et al., 2024).
However, even when SVs and TEs are closely associated within a genomic region, it is not always clear
whether TEs are involved in the formation of a SV, as large and complex SVs may also accumulate TEs
regardless of their formation mechanism (Jay et al., 2021; Munasinghe et al., 2023).

While the activity of TEs generates SVs, TEs are defined by their specific sequence identity (i.e., the nucleoti-
de sequence that defines a variant, which distinguishes them from surrounding DNA). The sequences of TEs
evolve and diversify alongside their host genomes: TEs are generally phylogenetically grouped into ’families’
sharing similar sequences, with sequence divergence within a TE family being an indicator of divergence



time (Bourque et al., 2018). TEs can become fixed over time due to selection or drift within the population
or species. At this point they are no longer a polymorphic variant, so they are not considered SVs despite
their sequence still identifying them as a TE. Thus, not all SVs are TEs, and likewise, not all TEs are SVs.

In this review, we use 'SV’ to refer collectively to structural variants of all types and lengths, including those
of TE and non-TE origin, unless otherwise specified. Note that many studies focus on specific subsets of SVs,
using different terms such as copy number variation (CNV), INDELs (insertions-deletions), presence-absence
variation (PAV), chromosomal rearrangements (CRs, e.g. inversions, translocations, fusions, usually longer
than 100s of kb), or microsatellites (which are CN'Vs, which are in turn INDELSs). Similarly, TEs are referred
to as transposons, jumping genes, mobile genetic elements (MGEs), mobile DNA| retrotransposons or DNA
transposons. Overlooking this diverse terminology may lead to important research being missed.

2.1 Why do we study SV diversity when we already have genome wide SNP data?

One might question whether identifying SVs is necessary—can SNP sequence variation alone capture the
patterns of genetic variation necessary for genomic analysis? Broadly, relative patterns of genetic diversity
between individuals and populations (e.g. population structure), when calculated using both SNPs and SVs
often correlate (Tigano et al., 2024; Tigano & Russello, 2022) although differential patterns are sometimes
observed (Dorant et al., 2020; Tigano et al., 2024). Moreover, SVs can influence population structure (Tepolt
et al., 2022) and, by underlying ecotypes, large rearrangements may be important to account for in species
management (Oomen et al., 2020).

Much of the theory and analytical approaches used in population genomics has been developed around SNPs,
and expanding the genomic toolkit to include SVs is still in its infancy (e.g. Barton & Zeng, 2018). This
is particularly pertinent for linkage disequilibrium (LD) studies (e.g. inferring recombination landscapes,
effective population size, etc) and for quantitative trait loci (QTL) mapping, where SNPs remain ideal due
to their dense and genome-wide distribution. Because SVs, being larger, encompass more base pair changes
overall, limiting the population genomic toolkit to SNP-based analysis will misrepresent genetic diversity,
and in particular will underestimate the occurrence of strong effect variants within the genome. SVs can
be the genomic basis of discrete morphotypes (Lamichhaney et al., 2016) and ecotypes (Li et al., 2024),
and underlie many human diseases, likely contributing to the missing heritability issue (i.e. where trait
heritability estimates are much lower than expected when calculated using SNPs only) (Groza, Chen, et al.,
2024). An increasing number of studies on commercially-relevant species demonstrate that SVs underlie traits
of economic interest (Jayakodi et al., 2020; Leonard et al., 2024). Therefore, important sources of genomic
variation will be missed in ecology, evolution, and in applied research if SVs are ignored.

One may wonder to what extent the effect of SV can be predicted from neighbouring SNPs. This approach
may be cost-efficient in some cases such as well-documented catalogues of variants (Blaj et al., 2022) or for
diagnostic SNPs associated with large inversions (Fang & Edwards, 2024). However, in general, SNP calling
pipelines often exclude SV signals inadvertently (or intentionally) by masking repeats or removing SNPs
with anomalously high depth or systematic missingness, which removes false SNP signals (e.g. Dallaire et
al., 2023; Jaegle et al., 2023) but ultimately underrepresents SV variation. Further, SVs are often found in
regions of high recombination (Currall et al., 2013; Stuart, Tan, et al., 2025) and may respond to selection
differently than SNPs (discussed below), which will impact the patterns of linkage disequilibrium between
SVs and adjacent SNPs (Kato et al., 2006). The interplay of both biological and technical reasons means that
whether SVs are anchored to nearby SNPs is not clear (Chia et al., 2012; Geibel et al., 2022), and inferring
genotypes based on nearby SNPs for known SVs may be inaccurate.

3. What are the properties of SVs that matter for population genomics?

Understanding the population genomics of SVs requires recognizing their properties and how they might
interact with eco-evolutionary processes differently than SNPs (Fig. 1 ). Most knowledge about genome-
wide SVs comes from model organisms or humans (often in disease research), focusing on variants with strong
effect or easily identifiable SVs like short DEL or large INV. However, understanding how a study system’s
unique history interacts with SV properties can guide the development of evolutionarily relevant hypotheses.



3.1 The origins and dynamics of SVs are diverse and poorly characterized

The formation rates of SVs, including TEs, have long been studied at the macro-evolutionary scale within
the context of speciation and genome size evolution (Talla et al., 2017). The vast diversity in genome sizes
across the tree of life reflects the highly variable rates of SV origin and accumulation, and consequently, their
contributions to genome content (Chalopin et al., 2015).

The rate at which SVs arise is expected to be more variable than for SNPs, reflecting the wide diversity
in SV types and lengths (Fig. 1a , Ho & Schaack, 2021). SVs are thought to arise at a lower frequency
than SNPs, on average, in terms of singular SNP mutation/ SV formation events (e.g. 0.16 vs 70 events per
genome (Belyeu et al., 2021)), even though novel SV formation can impact a greater number of nucleotides.
However, some types of SVs may arise more frequently than SNPs (e.g. very small microsatellites (Vigouroux
et al., 2002) or DUP (Katju & Bergthorsson, 2013)). The subset of SVs that are TEs are known for their
high activity levels (Biémont & Vieira, 2006), though this rate varies considerably across TE families and
across time (Ho et al., 2021).

Many eco-evolutionary and population genomics models for SNPs assume constant mutation rates (e.g.
Nadachowska-Brzyska et al., 2015). While such gradual models are known to be a simplification (Bergeron
et al., 2023; Heasley et al., 2021), this may be particularly problematic when applied to SV formation rates
due to their varied genomic contexts (Loewenthal et al., 2022; Petrov, 2002). Additionally, TEs specifically are
well known to multiply in bursts often triggered by processes such as population expansion or hybridization
events (Bergman & Bensasson, 2007). These events, which may appear as an excess of low-frequency TEs
insertions, could be falsely interpreted as periods of strong purifying selection under an equilibrium model
that assumes a balance between novel variant loss and gain (Bourgeois & Boissinot, 2019). Examining the
origin and frequency of SNPs and different groups of SVs can offer nuanced insights into historical admixture,
demography, and the eco-evolutionary contexts shaping variant fitness.

3.2 SVs are less likely to be neutral due to their length

Theoretical predictions state that the larger an SV, the higher the likelihood that it will induce a functional,
likely negative, impact on fitness (Hamald et al., 2021; Scott et al., 2021). Thus, we may expect that the
distribution of fitness effects (DFE) of SVs to have a lower proportion of nearly neutral variants than
SNPs (Fig. 1b ). The maximum negative fitness consequence will be the same for SNPs and SVs (i.e. the
variant is lethal), however, the rarity of large SVs suggests lethal deleterious SVs may be more common than
deleterious SNPs (Eichler, 2019). Conversely, the magnitude of potential beneficial effect of SVs most likely
extends beyond that of SNPs, with large inversion polymorphisms being a common example of beneficial
variation (Berdan et al., 2023). The DFE reflects the interaction of formation rates, genome interactions,
and selection regime. Even closely related species can exhibit differences in the fitness effects of SNPs, and
SVs may be even more diverse in this regard (James et al., 2023).

Larger variants are more likely to have functional impacts, and thus effect size generally scales with variant
length (Collins et al., 2020), with smaller SVs behaving more similarly to SNPs, though exceptions exist
(Metzgar et al., 2000). The fitness effects of an SV also depend on the type of sequence change, with the
addition, removal, or rearrangement of genomic sequence likely to be under varying strengths of selection in
different contexts (Gaut et al., 2018; Loewenthal et al., 2022). The location of the variant is also important,
for example intronic INS are less likely to be disruptive compared to DEL (Petrov, 2002). Finally, the impact
of an SV may change over time. All SVs; and INV in particular, are prone to genetic load, owing to localised
supressed recombination and reduced Ne (Haméla et al., 2021), which may increase the mutational load they
confer over generations (Jay et al., 2021).

This relationship between length and fitness consequence for SVs is also likely to interact with many biological
processes in different ways compared to SNPs. Large effect SVs are predicted to be more resistant than
SNPs to genetic swamping (when an allele is replaced by a more common variant due to gene flow from a
larger population, Sakamoto et al., 2024), while effective population size affects whether smaller neutral or
overdominant INV are favored (Connallon and Olito 2021). Because of differences in underlying mutation



rates and subsequent fitness effects, the evolutionary dynamics of SV may vary across population and species
divergence continuums. For example, within plants, DUPs and TRA have been found to accumulate with
increasing phylogenetic distance, suggesting they may be common SV classes that differentiate sister taxa,
meanwhile INV differences were more stochastic and highly variable (Ferguson et al., 2024; Hirabayashi &
Owens, 2023).

Consequently, the different characteristics of SVs such as length and type are important to consider, alongsi-
de selective and demographic processes, when quantifying common population genomic patterns such as
site frequency spectrums and genetic diversity metrics (Collins et al., 2020). However, due to the unavoida-
ble detection biases present in many SV studies to date (see Section 5.2), a comprehensive framework for
population-level expectations of variant types, lengths, and frequencies has yet to be developed.

3.3 SVs can alter population level dynamics in ways that SNPs cannot

Large SVs create non-homologous sequences when occurring in the heterozygous form, which may interfere
with, or entirely inhibit, recombination (Fig. 1c ). Although INV are the most studied in this regard
(Hoffmann & Rieseberg, 2008), other types of SVs, such as fusions, large CNVs or complex rearrangements,
may have similar effects on recombination. This is caused by the reduction of chiasma or locally elevated LD
in association with non-INV SVs (Dumas & Britton-Davidian, 2002; Trickett & Butlin, 1994; Wellband et
al., 2019). SVs frequently arise in recombination hotspots (Currall et al., 2013), but can subsequently impede
or inhibit recombination (Morgan et al., 2017). Regions with high recombination rates are more effective
at purging deleterious variants (Kent et al., 2017; Morgan et al., 2017), however selection within gene-rich
regions may favor the persistence of SVs that suppress recombination, to maintain advantageous haplotypes.

Recombination suppression has minimal effects on genome functionality but significantly influences popu-
lation dynamics and the level of genetic variation (Yeaman, 2013). Whereas the rest of the genome is
homogenized by recombination, the rearranged region exhibits two sets of haplotypes, with reduced or not
gene flow between them and locally reduced effective population size (Ne) (see Faria et al., 2019 for further
discussion). Large SVs inhibiting recombination may accumulate additional variants over time, often incre-
asing deleterious effects (Berdan et al., 2022; Jay et al., 2021; Mahmoud et al., 2019). Conversely, they can
link beneficial variants into ‘supergenes,” particularly in INV (Wellenreuther & Bernatchez, 2018). Reduced
recombination can also enhance the spread of beneficial variants, such as from range cores to edges in expan-
ding populations (Peischl et al., 2015). This promotes selective advantages and the spread of SVs, including
across species boundaries and in parallel adaptation across species ranges (Battlay, Craig, et al., 2024; Jay
et al., 2018; Nicolas et al., 2025; Westram et al., 2022).

3.4 SVs can alter genome organization and functionality in ways that SNPs cannot

SVs can alter the 3D organization of DNA, for example by altering the boundaries of topologically associating
domains (TAD), which helps to segregate interacting sequence features such as target genes and their cis-
regulatory sequences (Fig. 1d , Spielmann et al., 2018). In this way, even small SVs that alter TAD boundaries
may change chromatin structure, changing gene regulation without impacting the gene sequence itself. The
role of SVs in chromatin accessibility can be examined using ATAC-seq (Ruggieri et al., 2022), though most
work has been done to date in disease or developmental studies. In comparison, chromosome conformation
capture can be used to investigate 3D interactions between separate regions of the genome, and has been
used to demonstrate changes in 3D structure and TAD boundaries, which in turn impact the position of
chromosome during meiosis which further favours other fusions (Vara et al., 2021).

When considering genome functionality, it is important to consider the unique properties of SVs that are
also TEs. Similar to other SVs, TEs can create novel genetic sequences during their removal or insertion,
and impact genome functionality (Klein & O’Neill, 2018). Unique to TEs, however, is that they contain
the sequence motifs enabling transcription into mRNA within the host genome (Bourque et al., 2018). This
means that the TE-derived sequence encoding replication may be exapted by the host genome through co-
option or domestication. Ironically, such events appear to commonly aid the evolution of genome immunity
and invasion defence, which in turn will help the genome to defend against TE replication (Jangam et al.,



2017). The expression of TE-derived sequences are integral to transcriptome function, including long non-
coding RNAs and cis-regulatory networks (Fig. 1h , Bourque et al., 2018). RNA-seq data can reveal active
TE families (Jin et al., 2015) and identify TE-derived sequence, highlighting co-option events (Oliveira et
al., 2023).

Genomes have evolved defenses against TE invasions, creating an evolutionary arms race between TE activity
and host suppression. Mechanisms like enzymatic control, epigenetic modifications (Fig. 1d ), and small
RNAs silence TEs (Bourgeois & Boissinot, 2019). However, stress can disrupt these controls, weakening
regulation, triggering bursts of activity, and potentially causing genetic innovation (Capy et al., 2000; Stapley
et al., 2015). Admixture of genetically distinct lineages can even cause ‘genome shock,” activating TEs (Dion-
Coté et al., 2014). Understanding interactions between genome processes, eco-evolutionary dynamics, and
SVs will require careful sequence annotation to interpret patterns and outcomes effectively.
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Figure 1 | This infographic illustrates how the fundamental properties of single nucleotide
polymorphisms (SNPs) and structural variants (SVs) differ and how these differences interact
with biologically important processes, influencing evolutionary and conservation outcomes.



Panel (a ) depicts possible dimensions across which different SV formation spectra could be investigated.
Panel (b ) presents a theoretical frequency distribution of fitness effects for SVs compared to SNPs. Panel
(c ) depicts recombination suppression. Panel (d ) depicts ways in which structural variants can induce
large changes to genome organization and interactions through, for example, a SV disrupting boundaries
between topologically associating domains (TADs) and a TE insertion causing methylome changes. Panel
(e ) depicts how SVs (yellow) may respond differently to SNPs (blue) to demographic changes. Panel (f
) captures how SVs may overcontribute to adaptation, as seen through GWAS or GEA analysis, or when
tracking adaptive allele/haplotype frequency changes over time. Panel (g ) depicts how recombination
suppression can interact with selection regime to create different ecotypes. Panel (h ) depicts how SVs could
disproportionately contribute to inter-individual variation and plasticity.

4. What do we know so far about the eco-evolutionary dynamics of structural variants?

Emerging research into population dynamics of SVs is increasing our understanding of their role in eco-
evolutionary processes such as speciation, adaptation, and diversification (Berdan et al., 2023; Mérot et al.,
2020; Serrato-Capuchina & Matute, 2018; Zhang et al., 2021), as well as in various specific contexts including
in birds (Recuerda & Campagna, 2024), crop evolution (Gaut et al., 2018), insecticide resistance (Weetman
et al., 2018), plant pathogens (Hartmann, 2022), biological invasions (Stuart, Santure, et al., 2025), and
for different variant subclassifications such as TEs (Bourgeois & Boissinot, 2019), and inversions (Huang &
Rieseberg, 2020; Wellenreuther & Bernatchez, 2018). Here we summarize the primary themes across this
literature (seeTable 1 and appendix) and additional empirical research on SVs that is most relevant for
eco-evolutionary research applied to population genomics datasets.

4.1 Demography likely plays a strong role in shaping correlations between SVs and SNPs

Genomic patterns of diversity and differentiation can be concordant or differ between sequence and structural
variation. The level of correlation between different groups of genome-wide variants is important to know to
best inform conservation research, such as cryopreservation, biobanking, or assisted migration choices (Bolton
et al., 2022). For example, in Scandinavian wolves Canis lupus lupus , both SNPs and SVs contribute to
mutational load and respond similarly to genetic rescue (Smeds et al., 2024), whereas within endangered
hihi Notiomystis cincta, mutational load across SNPs and SVs and its impact on lifetime fitness are only
moderately correlated with one another (Stuart, Tan, et al., 2025).

However, some research suggests that demographic processes may affect the coupling between sequence
and structural variation (Fig. le ), such as that found in the genetically bottlenecked invasive species
European starling Sturnus vulgaris (Stuart et al., 2023) and fruit fly Drosophila melanogaster (Scarpa et
al., 2024), within populations that experience intraspecific hybridization (e.g. butterfly Lycaeides sp., Zhang
et al., 2023), or among species resulting from a rapid radiation (Recuerda et al., 2025). Non-recombining
blocks, often due to large rearrangements, may also retain lineage-specific haplotype upon secondary contact,
revealing a demographic history that is no longer visible in unlinked SNPs (Dallaire et al., 2025; Ishigohoka
et al., 2024). Increased accumulation of TEs relative to synonymous SNPs was seen in small populations of
lyrate rockcress Arabidopsis lyrate , demonstrating that weakened selection due to Ne reductions influences
SNPs and TEs differently (Lockton et al., 2008). As with SNPs, it is crucial to investigate the conditions
under which different demographic processes influence the (de)coupling of sequence and structural variation,
as this remains largely unexplored.

4.2 SVs provide the substrate for rapid evolution

SVs are an important source of significant novel genetic variation and can be involved in the formation of
new genes (Stewart & Rogers, 2019). SVs also contribute standing genetic variation, fuelling adaptation upon
rapid environmental change (Barrett & Schluter, 2008). Changed selection pressures will alter the distribution
of fitness effects (Fig. 1b ), with strong-effect variants like SVs more likely to overcome drift and drive trait
shifts within a population (Fig. 1f ). This has been observed in invasive species, where SVs provide allelic
variation on which selection acts within non-native ranges (e.g. Kreiner et al., 2019; Tepolt et al., 2022).
Duplications (DUP), including of genes, whole chromosomes, and genomes (polyploidy), particularly facilitate



rapid evolution as they create genetic redundancy enabling the development of secondary functions while
maintaining original functions (Magadum et al., 2013). For example, this process had been implicated in
insecticide resistance in multiple mosquito species (Weetman et al., 2018).

Large INVs create jointly inherited regions that can contain multiple co-adapted genes. These “adaptive
cassettes” can enable rapid responses to changes in environmental conditions (Jay et al., 2018; Ma et al.,
2024; Mérot, Llaurens, et al., 2020; Therkildsen et al., 2019) and ultimately contribute to speciation (Faria
et al., 2019). Because INVs only rearrange sequence content, they are less likely than DELs to be deleterious
because of their initial sequence change (Berdan et al., 2022). INVs are often associated with adaptations
to contrasting environmental conditions, sexual polymorphisms, and reproductive isolation (Wellenreuther
& Bernatchez, 2018).

The self-replicating abilities of TEs provide them with an additional avenue for introducing rapid genomic
change within a genome. Introgressed genomic regions containing novel TE families can facilitate TE in-
vasions in a new host genome that lacks co-evolved defense mechanisms, creating a rapid and substantial
source of novel genomic variation. This process is thought to have driven global fruit flyD. melanogaster
invasions (Scarpa et al., 2024). Ultimately, to determine whether SVs (including TEs) contribute to rapid
evolution beyond random chance, we need to better profile the rates at which they arise to distinguish the
relative contributions of high rates of variation and strong selection to the evolutionary dynamics of TEs.
Experimental evolution may provide complementary information about whether rapid adaptive change is
biased toward standing or novel structural variation.

4.3 SVs are often implicated in parallel evolution

Parallel evolution, where a trait is selected for independently within separate lineages, may occur at the
phenotypic or genetic level. While the former often involves complex polygenic architectures, genetic-level
parallel evolution is more likely when a trait is controlled by a single gene or a few genes, and when the
same mutations—or structurally similar variants—are repeatedly favoured by selection (Nosil et al., 2024).
INVs can be very geographically and taxonomically widespread (Nicolas et al., 2025; Reeve et al., 2024), and
are often implicated in studies of parallel adaptation (Westram et al., 2022). A 30-year island experiment
demonstrated parallel adaptation in marine snailsLittorina sazatilis facilitated by INVs (Garcia Castillo et
al., 2024) and similar patterns have been observed in dune sunflowers Helianthus sp. (Todesco et al., 2020).
How well these INV studies can inform the dynamics of other SV classes likely depends on their DFEs; as
discussed, inversions may be less subject to immediate purifying selection since they do not alter the amount
of genetic material.

Under similar artificial selection, large-effect SVs provide a frequent mechanism for parallel evolution (Ther-
kildsen et al., 2019). Demography interacts with this process, and it has been demonstrated in simulations
that large effective population sizes enhance the probability of parallel selection on strong-effect variants
(MacPherson & Nuismer, 2017). This pattern has been well documented in invasive species, where the sa-
me standing SVs have been repeatedly selected in independent populations across the globe, as seen in the
common ragweed Ambrosia artemisiifolia (Battlay, Craig, et al., 2024), white clover (Battlay, Hendrickson,
et al., 2024) and common mynaAcridotheres tristis (Atsawawaranunt et al., 2025). Open questions include
the interplay between drift and selection in shaping SV-driven parallel evolution and how SV type, length,
and content influence their role in it.

4.4 Multiple high-effect SV haplotypes may be maintained through balancing selection

Examples abound of SVs maintained through balancing selection, particularly for rearrangements longer
than 100s of Kb (Berdan et al., 2022). One of the most common examples of balancing selection is spatially
balanced polymorphism, where large-effect SVs are maintained across environmental gradients (Fig. 1g ).
In this scenario, migration load prevents the fixation of either SV haplotype, as each variant provides an
adaptive advantage in different parts of the gradient (Tepolt et al., 2022; Wellenreuther & Bernatchez, 2018).
Temporally cyclical variation in the selection regime also preserves SV polymorphism, such as the cyclical
morphotype variations seen in both manipulated and field experiments with Timema cristinae stick insects



(Nosil et al., 2024). The main hypothesis explaining why long and large-effect SVs may be particularly
involved in those cases of adaptation to spatially and temporally fluctuating selection is that they gain
or capture a set of alleles co-adapted to similar environmental conditions, thereby transforming a polygenic
architecture in a superlocus architecture (Kirkpatrick & Barton, 2006). Because they capture many genes and
accumulate deleterious variants, non-recombining large SVs may also be under other mechanisms of balancing
selection such as antagonistic pleiotropy (where a single genetic variant has both beneficial and detrimental
effects depending on environmental conditions or life stages) and overdominance (where the heterozygote
has a higher fitness than both homozygotes). Empirical examples include the seaweed fly Coelopa frigida
, in which an overdominant inversion modulates a life-history trade-off (Mérot, Llaurens, et al., 2020).
Investigating the extent to which SVs of other types and sizes are maintained by balancing selection will
reveal whether the widespread examples of balanced inversions represent a biological pattern or a discovery
bias.

Table 1 | Example studies that compare different groups of variants (e.g. SNPs, all SVs,
INDELSs, inversions, TEs etc.) across population genomics data in an eco-evolutionary context.
Sequencing data types are listed in brackets next to the variant type they were used to identify RR — reduced
representation data, SR — short-read, LR — long-read data, G — genome assembly, PG - pangenome graphs.
See Table S1 for a more exhaustive bibliography, and the Supplementary Materials for literature search
methods.

Focal species (taxa group) Variant types compared (read data)

Two Lycaeides butterfly taxa (L. melissa and Jackson Hole Lycaeides) SNPs DEL, INS, DUP, INV (LR)

Chocolate tree (Theobroma cacao) SNPs DEL, INS, DUP, INV (G)

Atlantic salmon (Salmo salar) SNPs Indels (SR) SVs - DEL, INS, DUP, INV (LF
American lobster (Homarus americanus) SNPs CNV (RR)

Australasian snapper (Chrysophrys auratus) SNPs DEL, INS, DUP, INV (LR + SR)
European starling (Sturnus vulgaris) SNPs DEL, INS, DUP, INV (SR)
Mediterranean grass (Brachypodium distachyon) SNPs TEs (SR)

Kokanee salmon (Oncorhynchus nerka) SNPs SVs (SR)

Human (Homo sapiens) DEL, INS, DUP, INV, Complex variants (SRs)
Cotton (Gossypium sp.) INV, INS, DEL (Gs)

Eudicots plants (32 pairs of closely related species) INV (Gs)

House finch (Haemorhous mezxicanus) SNPs, INDEL (<50bp) SVs (>=50bp) (PG)
Eucalyptus melliodora and E. sideroxylon SVs (Gs and SR)

5. What data do I need to study SVs?
5.1 The growing accessibility of reference genomes and pangenome graphs

The quality of the reference genome assembly affects the accuracy of SV detection. A high-quality reference
genome typically based on long reads, which are ideal to cover repetitive regions, is assembled into chro-
mosomes and has few gaps. High quality reference genomes are increasingly available due in large part to
genome sequencing consortia (e.g., African Biogenome Project, Darwin Tree of Life, Vertebrate Genomes
Project, European Reference Genome Atlas, Canada Biogenome Project, DNA Zoo) and are promoting SV
research (Formenti et al., 2022; Wold et al., 2021).

The use of a single reference may be limiting as it only captures variation within one individual. Many SVs,
especially unbalanced ones, cannot be identified if the sequence they affect is not present in the reference
genome. This is evident in the identification of INSs and DELs: while DELs can be easily spotted as a gap
in the alignment, INSs can be missed if absent from the reference genome. Furthermore, SVs tend to occur
in more dynamic genomic regions that are likely to harbour complex genetic variation, which is particularly
difficult to detect if absent from the reference genome (Giinther & Nettelblad, 2019; Martiniano et al., 2020;
Stuart, Tan, et al., 2025). Pangenome graphs address this bias by incorporating multiple individuals’ genomic



variation in a single data structure (Eizenga et al., 2020). Variable regions represent ‘accessory’ sequences,
while homologous regions shared among all individuals in the genome graph represent the ‘core’ genome,
providing a more comprehensive reference for mapping (Secomandi et al., 2025 for full review). Pangenome
graphs are demonstrating their usefulness in humans and agriculturally significant species (Eizenga et al.,
2020; Khan et al., 2020; Leonard et al., 2024; Li et al., 2024) and are increasing for non-model species
(Edwards et al., 2025; Recuerda et al., 2025; Ruggieri et al., 2022; Secomandi et al., 2023). SV analysis
tools are adjusting to mapping on pangenome graphs (Groza et al., 2023). Challenges include the resource
intensiveness of assembling multiple contiguous de-novo genomes and working with SV and population data
on pangenomes (Fang & Edwards, 2024).

5.2 Population-level analysis of SVs with short and long reads

SVs can be identified through discordant mapping of re-sequenced individuals to a reference genome (Fig.
2 , Box 1 ). Identifying and genotyping population level SVs ideally uses high coverage (generally [?]15-
20) short-read (SR) and/or long-read (LR) WGS data across a sufficient number of individuals (Fig. 2 )
(Mahmoud et al., 2019; Xi et al., 2010). Most software infer the location and type of SV based on read
coverage and discordant read mapping (Xi et al., 2010), though machine learning, de Bruijn graphs, and
local assemblies are increasingly available tools (Cameron et al., 2019; Chen et al., 2014; Cleal & Baird,
2022). Deletions are the easiest SV to detect due to their clear signals with SR and LR (Fig. B1 ). INSs,
particularly TE insertions, are best detected with LR WGS (Zhao et al., 2021).

Many SV pipelines split analysis into an identification step, which builds a catalog of SVs, and a genotyping
step (Alkan et al., 2011). Genotyping improves SV calls when applied to the same dataset by providing a
final matrix of SVs with less missing data. Genotyping can also be applied on a different dataset. LR WGS
or alignment of genome assemblies are used for discovery (allowing larger SVs to be detected, even across
repetitive regions) and SR WGS, including low (<5x) and medium (5-15x) SR data, is used for genotyping
as the reduced cost allows more individuals to be included (e.g. Jin et al., 2023; Lecomte et al., 2023).
Recent tools will perform genotyping by building a variant-aware genome graph, which represents targeted
SVs as bubbles on which short or long reads can be mapped for genotyping, see e.g. Paragraph (Chen et al.,
2019), vg-tools (Hickey et al., 2020), SV-jedi-graph (Romain & Lemaitre, 2023), and benchmarking studies
such as Duan et al., (2022). Promising methods alo suggest that SVs may be imputed to provide a more
comprehensive genotyped dataset (Gundappa et al., 2025; Lou et al., 2021). In such two-step approaches,
the choice of discovery individuals will affect the bias in variant discovery and an ideal panel would include
different genetic lineages, ecotypes, and sexes.

Benchmarking studies and reviews are useful to choose software for SV discovery and genotyping and select
the most appropriate best one(s) for the biological system, data, and objectives at hand (Ahsan et al., 2023;
Helal et al., 2024; Lin et al., 2023). Different datasets and SV callers present different weaknesses and
strengths (Box 2 ). Most SV detection programs have a length detection threshold. Specialized software
also exists to identify de -novo TE insertions within WGS data (e.g. Chen et al., 2023; Li et al., 2018).

Beyond picking the right tool, further, filtering and curation steps may be needed depending on the degree
of confidence required. For example, focusing on a few putatively adaptive SVs may require more stringency
than a broad scale analysis (Box 1 ).

5.3 Alternative methods and future prospects

In addition to SR and LR sequencing, other methods have been used for SV discovery, including reduced-
representation sequencing (Dorant et al., 2020; Huang et al., 2025; Tepolt et al., 2022), RNA-seq (Ma et
al., 2018), optical mapping (Budurlean et al., 2024), linkage mapping (Akopyan et al., 2022), and reference
genome alignments (Hirabayashi & Owens, 2023) (see Mahmoud et al., 2019 for review). The latter may be
one of the most powerful approaches to detect SVs, depending on the quality of reference genomes compared.
Pangenome graphs offer great advantages over synteny-based methods for the identification of SVs (Fang &
Edwards, 2024). However, due to the costs of high-quality reference genomes, assembly-based SV analysis
can not readily scale up to population level. Assembly comparisons are often used for studies at the macro-
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evolutionary level involving few samples per species (Hirabayashi & Owens, 2023) and, for micro-evolutionary
studies, to build a catalogue of SVs that will be genotyped in a larger number of individuals using short-reads
(Merot et al., 2023) or reduced-representation sequences (Fang & Edwards, 2024).

For SV population genomics, cost-effective methods that conserve long-range contact information, such
as linked-read sequencing (e.g., haplotagging; Meier et al., 2021), are promising. Short read libraries are
prepared to carry a tag specific to a long molecule, allowing detection of anomalies in structure across
individuals. Pipelines and tools to discover and genotype SVs with linked reads are emerging (Dimens,
2025; Romain & Lemaitre, 2025). Several studies demonstrate the value of linked reads for population-level
analyses of SVs, especially inversions (Meier et al., 2021; Orteu et al., 2024). Comparable inferences can be
made with Hi-C data (Chang et al., 2024), which also provides access to the 3D conformation of the genome
(Schopflin et al., 2022) , although a big challenge remains with cost effective scaling to population level.

Expanding our understanding of how genetic diversity arises and is maintained may shift genomic research
beyond individual genotypes. One way forward involves making greater use of information from broader
analytical methods (such as haplotags) to define haplotype blocks that capture both SNPs and SVs. Haplo-
type blocks have been increasingly used in defining Ancestral Recombination Graphs (ARGs), providing the
complete ancestry information of a sample of genomes (Shipilina et al., 2023). The full ARG, which provides
information on the relationships between samples defined by a unique coalescence and recombination event,
contains much richer information than individual SNP loci. These non-recombining haplotype blocks, which
may contain any number of SNPs and SVs, will reside as the set of genomic regions that descend from a par-
ticular edge within the ARG. The advent of new computationally efficient methods for estimating haplotype
structure, and for estimating the ARG for larger number of samples (Rasmussen et al., 2014; Speidel et al.,
2019; Wohns et al., 2022), may also provide further avenues for jointly identifying SVs and understanding
how their evolutionary dynamics may differ from SNPs at the population scale. Further developments will
likely come from bridging methodologies, from linked read sequencing, utilisation of pan-genome graphs,
and reducing SV detection biases, to enable access to rich sources of data from genealogical information
contained in the complete ARG.
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Figure 2 | Decision point workflow for genome-widede novo identification of SVs using multiple
genome assemblies, as well as whole genome resequencing (WGS) short-read (SR) and long-
read (LR) data. Questions are depicted in dashed boxes, while decisions or analytical actions are depicted
in solid lined boxes. This includes panel (a) how much genome coverage is typically considered low or high
coverage for SR and LR WGS. *Representative individuals aim for different populations or familiar lineages
to have equal and complete representation in the dataset. Panel (b) links the input data type to the type
of variant calling approach needed for SV identification, as well as questions around cross-caller merging.
Panel(c) depicts considerations around when to assess identified SVs using validation techniques. Panel
(d) highlights a few key considerations and proximate analysis that should be performed on identified SVs.
Input data type is indicated by different colours within panel (a) only, and is simplified to one colour for
panels(b-d) .

BOX 1 | Reducing false positives in SV datasets and dealing with uncertainty

Several approaches can increase confidence in the final SV set, such as filtering steps that use minimum read
coverages and quality metrics (Fig. 2 ). Merging SVs across multiple variant callers can also remove false
positives (Jeffares et al., 2017). However, program performance varies depending on raw data and variant
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types (e.g. they have often been designed for INS/DEL and perform poorly on TRA/INV) so this approach
has limited sensitivity.

Even with high coverage, high quality reference and resequencing data, there will be noise creating uncertainty
about the proportion of true variants. Conversely, some SVs that do not meet filtering criteria might reflect
genetic differences between individuals that are too complex for SV identification methods to capture (Groza,
Schwendinger-Schreck, et al., 2024). The balance between false positives and false negatives should be
considered in light of the focal research question. The balance between false positives and false negatives
should be considered in light of the focal research question. For question that aims at capturing a general
pattern, it may be possible to accept inherent noise (high false positives, lower false negatives and reduced
risk of viewer selection bias) and use shallow filtering or automated curation. Conversely, focusing on SVs of
interest, on their breakpoint, and their effect on focal phenotypes may require additional analysis, such as
manual curation or even qPCR (Recuerda & Campagna, 2024). Validation steps thus depend on the degree
of confidence required for each study.

A common validation step is manual curation, which refines high-confidence SV lists by visually assessing
local read mapping around SV breakpoints (Fig. B1 ) (Smeds et al., 2024). SVs are detected through
various signals and programs (Alkan et al., 2011), but non-uniform read mapping can produce systematic
errors. Manual curation improves accuracy and mitigates batch effects, aided by efficient tools (Belyeu et
al., 2021).

We summarize key SV signatures in SR (Fig. B1 ). For details on short and long read SV identifica-
tion, see Xi et al., (2010). For raw data signatures, refer to: DELs and DUPs (supplementary materials,
David et al., 2024), INVs (Figure 3 in Wu et al., 2020), and INSs (Fig. Ble, Li et al., 2018). Man-
ual curation plots may not always show clear variant signatures, but data exploration can help to identify
true positive patterns. Coverage and read mapping in heterozygous and homozygous individuals can aid
in system-specific calibration of interpretation. We also provide empirical SR datasets for exploring SV
signals (https://github.com/katarinastuart/Rv3 _SVecoevolutionary/) (Dryad link will also be made upon
acceptance). While not traditional training sets, these real datasets help first-time curators recognize diverse
read signals and assess false positives.
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Figure B1 | Diagram of evidence for each SV type for validation using raw reads, where the
alternate haplotype/allele is the focal SV. Panel (a) summarizes the diagrammatic features used for
SV validation and depicts how inner distance is inferred from paired end reads. The following panels depict
minimum ideal scenarios for(b) deletions, (c¢) duplications, (d) inversions, and (e) insertions.

6. What are the key challenges and considerations in SV analysis?

Researchers experienced in population genomics analyses but new to SVs can still encounter unexpected
pitfalls (Box 2 ). In addition, here we outline key conceptual areas that are relevant for analysis of SVs and
direct comparisons between SNPs and SVs.

6.1 Artifacts from batch effects and sequence read quality

There is a growing number of multi-year WGS data-sets generated across multiple sequencing batches.
Variant calling and filtering protocols developed for SNPs effectively minimize the impact of batch effects
(Lou & Therkildsen, 2022; Tom et al., 2017). Differing levels of DNA and sequence quality, coverage, read
lengths, or insert sizes (particularly important for TE identification) are all factors introducing bias in SV
identification (Chen et al., 2023). SVs are more prone to batch effects (variation between independently
sequenced samples attributed to non-biological effects that creates systematic differences between groups)
and are often encoded with only a few quality or mapping metrics that can be used to correct them or other
artifacts (Stuart et al., 2023; Zarate et al., 2020). To alleviate batch effects, their severity can be determined
through analysis of raw sequence variation (Lou & Therkildsen, 2022) and mitigation measures are taken
before SV identification.

6.2 Uniform vs. adaptive methodologies for comparing genome-wide variants
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A SV dataset can be filtered or subdivided by SV type (Fig 3a , examples in Hamaél et al., 2021), length
(Fig. 3b , examples in Alonge et al., 2020), sequence identities (Fig. 3c, examples in Munasinghe et al.,
2023), or gene proximity (Alonge et al., 2020; Smeds et al., 2024) to focus on a specific class of variants
or to enable comparisons across variant types. Comparing SNPs and SVs or different SV types provides
insights into how eco-evolutionary processes differ across variant types. However, counts of variant types can
differ vastly in a dataset. SVs are generally one order of magnitude fewer than SNPs (Catanach et al., 2019)
and DELs are far more common than large INVs or TRAs (Tigano & Russello, 2022; Wold et al., 2023).
Combined with different pipelines and analytical methods for variant calling, these differences can hamper
quantitative comparisons and introduce statistical biases.

While some common population genomics analyses (e.g. PCA) can yield similar results across diverse variant
count numbers (Lecomte et al., 2023; Tigano & Russello, 2022), the sensitivity of others to sample size can
produce misleading results (Lin et al., 2013). Selecting similar numbers of SNPs and SVs would address this
bias but discard potentially informative data and fail to address the issue of large sample sizes not being
fit for p-value testing (Lin et al., 2013). Using indicators that are not impacted by sample size, such as
effect sizes (Sullivan & Feinn, 2012), or looking at comparative statistics or distributions of variants within
continuous genome intervals can overcome this problem.

6.3 A lack of neutral framework for SVs

We lack theoretical and empirical frameworks for understanding the neutral and functional expectations for
SVs. For example, discerning between synonymous and nonsynonymous SNPs is central to the estimation of
mutation load or selection strength, but estimating the effect of a SV on gene function is far less intuitive.
While direct genic overlap could be used to estimate deleterious effects, a SV in a non-coding region of
the genome could alter the 3D structure of the genome and potentially have greater fitness consequences
(Spielmann et al., 2018). Issues arising from a lack of neutral SV expectations include determining a neutral
baseline for estimating the distribution of fitness effects (DFE). Intergenic SVs are a reasonable starting point
(Fang & Edwards, 2024), yet can overestimate neutral SVs. Robust statistical frameworks that account for
the unique properties of SVs are thus urgently needed. Simulations-based testing the limits of applying SNP-
based methods on SVs will also be useful to account for both biological and technical differences. SV data
impact such analysis In the meantime, SNP-based pipelines can be applied with caution and conservative
approaches, and could ideally be tested with simulations accounting for SV effects (Lotterhos, 2019). This
warning is particularly true for analysis that assume neutrality, such as demographic inference using the site
frequency spectrum (Nadachowska-Brzyska et al., 2015), which can be biased by SVs (Dallaire et al., 2023).

6.4 Beyond biallelic structural variants

Most analysis in population and evolutionary genomics that incorporates SNP data are limited to biallelic
variants, despite tri- and tetra-allelic SNPs being known to play significant roles in accounting for inter-
individual genetic differences across many species (Hodgkinson & Eyre-Walker, 2010; Sopniewski & Catullo,
2024). Allelic variation can be much higher at SV loci, especially in repetitive SVs such as TEs, microsatellites,
and CNV, or complex ones such as nested inversions (e.g. McComish et al., 2024; Munasinghe et al., 2023).
As most analytical approaches target only bi-allelic SVs (Mahmoud et al., 2019), levels of structural variation
are likely underestimated. Advancing methods that allow for variation in non-biallelic variants (e.g. (Saitou
et al., 2022; Tigano et al., 2018) and at complex loci (e.g. pangenome graphs) may increase the statistical
power of evolutionary inferences from SVs.
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Figure 3 | Subclassifications of different structural variants (SVs) that may need to be con-
sidered when conducting analysis, as they could impact pattern inference of different eco
evolutionary processes. Panel (a) depicts a diagram of different SV types, and suggests that conducting
analysis separately on each type may be important if considering the volume and nature of genetic change
is important for a study. Panel (b) depicts an example frequency distribution of SV lengths, which is ex-
tremely important to consider when trying to estimate the impact of a variant. Smaller SVs may have similar
fitness impacts to SNPs, while larger SVs, though being less common, are more likely to have differential
impact. Panel (c) depicts determining the sequence identity of SVs using a repeat database such as Rep-
base (Bao et al., 2015), or a de-novo species-specific repeat database using programs like EarlGrey (Baril
et al., 2022). Understanding the sequence identity of a SV will also help to reveal information about how
the SV was created. Panel (d) depicts how recombination may be suppressed in non-homologous regions
created by heterozygous SVs within an individual. SVs that are lengths of hundreds of kbs to a few Mb
may significantly affect recombination in heterozygotes, and different SV types may be more or less likely to
inhibit recombination. While there has not yet been comprehensive characterisation of which lengths and
types of SVs most impact recombination, researchers should be mindful that some SVs will impact their local
recombination environment when in the heterozygous form, and others not.

Box 2 | Top 10 pitfalls when analyzing structural variants within a population genomics context
and how to avoid them.

SV genotypes are stored in the same file format as SNPs (e.g., VCF, Plink BED), which can be input to many
tools developed for sequence variation. Performing most analyses on SV data is straightforward, provided
using it as input does not violate program assumptions. However, some differences between SNPs and SVs
might change how you interact with the data and programs.

1. SV calling may provide inaccurate or missing genotypes. Because the read quality and quantity required
for genotyping an SV are lower than for calling one, re-genotyping all samples after incorporating all
detected variants across the population is recommended to reduce missing data and improve accuracy.
This applies to all datasets including LR.

2. SV caller and dataset have assets and limits . Many programs have been developed and tested with a
specific type of data, such as a minimum amount of coverage, and with a focus on specific SVs, usually
DEL/INS. Moreover, most software are primarily tested on human datasets or idealized simulated
datasets. Hence, it is important to check whether the data fits the requirements of the caller and
analyse output carefully. For example, one typically finds less INV than INS, but it is unclear whether
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10.

this is due to lower power to detect them. The same applies to long SVs, which are likely rarer but
also may be more difficult to detect.

SVs are intervals and not positions: Because of the diversity in SVs, there is extra information em-
bedded in common file types (e.g. VCF) including variant type and length. Programs may not detect
extra information embedded in such files and manual checking is often necessary. For example, some
programs rely on the field length, while others use start stop; the length can be 0 for inversions or
encoded as positive or negative values. In addition to a VCF, it may be useful to create a BED interval
file that captures the chromosome and breakpoint positions of each SV. In doing so, it is important to
ensure whether the location is encoded in 0-indexing (as used in BED files) or 1-indexing (as used in
VCF files).

The type of an SV is defined by the reference: INS and DEL could be interchanged because an insertion
in one sample may be a deletion in another. If detected against a different reference genome, an insertion
in one population or species may appear as a deletion in another. Misclassification or lack of clarity
about whether a variant is an INS or DEL can influence evolutionary and functional interpretations,
particularly in studies of gene content, genome size variation, and fitness impacts. The ideal way of
analysing INS/DEL from an evolutionary perspective is to infer the ancestral state, e.g., by polarizing
the variants relative to a closely related species.

The sequence information of INS is absent from the reference genome: The sequence identity of most
SVs can be found by identifying the overlapped BED interval file and the reference genome, except
for INSs, whose sequences need to be found during variant calling. SV callers usually encode INS
sequences into the output genetic file, but sometimes in the ALT field or elsewhere. INS are generally
better provided by LR than SR, as it is challenging to assemble the inserted sequence from short read
data (but see Rizk et al., 2014).

Some programs may not accept the alternate allele encoding used for SVs: SV VCFs are generally more
complex than SNP VCFs. For example, REF and ALT can be encoded in different ways depending on
the SV caller or include special characters incompatible with downstream programs. For downstream
programs which do not use allele identities, this information can sometimes be overwritten with dummy
REF and ALT alleles to force programs to accept the VCF without consequence to the analysis.

SVs are better understood in the context of repeat annotation and repeat databases: Because of the
high proportion of repeats in SVs, understanding the abundance and distribution of repeat classes,
including TEs, in the study species’ genome is necessary. This can be done using pre-existing repeat
databases (e.g. Bao et al., 2015), to annotate the genome, and the set of SVs with the program
repeatmasker (Smit et al., 2013). More advanced approaches involve development of species-specific
repeat databases, e.g., using RepeatModeler2 (Flynn et al., 2020). Knowing the repeat profile of SVs,
and which ones are also TEs, will provide insights into formation mechanisms and putative impacts of
different groups of SVs.

A SV may not be a homogeneous unit: It may be relevant, particularly for long SVs, to consider
the breakpoints and the whole sequence separately because each can bear different information about
the evolution of the variant. For example, analyzing sequence identity at breakpoints can reveal
putative formational origin (Harringmeyer & Hoekstra, 2022), while large SVs can have multiple repeat
sequences inside them which have accumulated afterwards (Jay et al., 2021). Hierarchical classification
can be powerful to retrace the evolution of a variant (see Figure 4, Munasinghe et al., 2023).
Recombination suppression areas are not necessarily inversions: INV are often indirectly detected from
the analysis of sequence variation, as suppressed local recombination generally leaves a signal of high
LD and divergence (e.g. local PCAs, (Todesco et al., 2020). However, these patterns should always
be taken with caution since it is only suggestive of a putative SV, possibly INV or a more complex
rearrangement, and can alternatively represent haplotype blocks of different ancestry that have not
been homogenised by recombination. Even for a true INV, the position of the variant remains imprecise
because recombination suppression can expand up to a few 100s of kb beyond breakpoints (Li et al.,
2023).

Effective SV discovery and genotyping with pangenome graphs depends on underlying assembly quality:
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The ability of a pangenome graph to profile population-level SVs accurately relies on input assem-
blies being contiguous and error free. Difficult to resolve regions of the genome, such as those with
high repeat content, are therefore difficult to profile. Pangenome graphs are essential for resolving
complex structural variants, though bioinformatic approaches have limitations and are actively under
development (Rice et al., 2023).

7. What are some exciting or necessary avenues of study for SVs?

Novel avenues of inquiry are opening for studies into SVs as they are analysed across a greater variety of
biological systems. Qualitatively exploring the landscape of SVs along the genome and/or across populations
is an important first step, as many taxa are lacking even a basic picture of how SVs are distributed in the
genome, and how SVs capture population structure and diversity. This can involve creating standard profiles
of SV lengths, types, and consider SV in the light of the repeat profiles. For population genomics, expanding
analysis to SVs alongside SNPs will provide a more comprehensive capture of genetic diversity, which may,
or may not, follow consistent patterns of population structure, distribution of fitness effects (DFE) (with
comparable neutral ref), heterozygosity, and spatial-temporal distribution.

More generally, targeting SVs within an ecological and evolutionary framework, accounting for the different
properties of SVs discussed above, and applied with the best practices open new research directions including;:

e Investigating SVs in small populations to assess how a weakened selection regime influences their
frequency and effects

e FExamining how SVs interact with demographic changes, such as bottlenecks and population expansions.

e Exploring the relationship between SVs, recombination, and population structure across spatial and
environmental gradients, including admixture and hybrid zones.

e Developing improved classification methods for SVs to enhance interpretability (e.g., does SV length
matter? Can we infer formation processes?).

e Developing theoretical frameworks to predict how SV properties influence biological and evolutionary
processes, including their DFE and multi-allelic variation. Theoretical models, simulations, and predic-
tive tools must consider the bidirectional interactions between SVs and biological processes—complex
dynamics that SNP-focused studies have largely overlooked (Fig. 1).

e Advancing statistical methods to account for SV-specific properties in commonly used analyses, ensur-
ing that models appropriately capture their unique patterns and evolutionary consequences.

e Conducting multi-species studies to compare SV diversity (quantity) and SV properties (quality).

e Enhancing bioinformatics tools to improve SV call accuracy and best practices, including the potential
development of a genotype likelihood framework for SVs.

e Investigate SV accumulation and fixation along a gradient of divergence, and at different phylogenetic
scales, to consider significance of structural diversity on longer evolutionary timescales

8. Summary and conclusion

As more diverse study systems explore SVs at the population level, our understanding of how their prevalence
varies across species lineages and evolutionary histories will grow. Throughout the history of the field of
genetics and genomics, every new type of genetic variant (e.g. chromosomal banding, allozymes, microsatel-
lites, mtDNA, SNPs) provided a new, and often expanded snapshot of the genetic diversity that is present
within a species. We should treat SVs similarly, as even those obtained from pangenome graphs will likely
underestimate intraspecific diversity in regions of the genome that are hard to assemble. Contrary to pre-
vious genetic markers that often replaced what was used before for genetic inferences, SVs are not going to
replace SNPs but investigating their properties will advance our understanding of ecological and evolutionary
genomics processes. Although technical restrictions and sources of uncertainty still require thoughtful inter-
pretation of results, the study of SVs in ecology and evolution is opening exciting avenues of scientific inquiry
in different study systems. When accompanied by methodological, statistical, and theoretical developments,
there will undoubtedly be many exciting discoveries forthcoming which will have important implications for
evolutionary theory, conservation analysis, and species’ adaptation to rapidly changing environments.
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