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Long-read sequencing in ecology and evolution: Understanding
how complex genetic and epigenetic variants shape

biodiversity

1 | INTRODUCTION

Ten years ago, the journal Molecular Ecology published a “road map”
paper that reviewed past achievements in the discipline of molecular
ecology, identified research challenges and charted a way forward
(Andrew et al., 2013). That paper was motivated by a symposium
organized during the First Joint Congress on Evolutionary Biology
(Ottawa, July 6-10, 2012). In addition, it occurred on the heels of
a major inflection point in molecular ecology and in life sciences
more broadly: the development and uptake of “next”- or “second”-
generation sequencing technologies, which deliver short DNA reads
(typically shorter than 400 bp) at very high throughput (e.g., sev-
eral billion reads per run; Goodwin et al., 2016). As such, Andrew
et al. (2013) emphasized the promise of second-generation sequenc-
ing for diverse subdisciplines of molecular ecology such as phyloge-
ography, landscape genomics, molecular adaptation and speciation.
Representing more than just a technical advancement, second-
generation sequencing was predicted to stimulate rapid conceptual
breakthroughs in the field, especially in nonmodel species (Stapley
et al., 2010; Tautz et al., 2010). As illustrated by any recent issue in
the Molecular Ecology journal, these predictions were accurate.

While second-generation sequencing has enabled important dis-
coveries at the forefront of molecular ecology, this technology does
not come without limitations, the most prominent of which is short
read length. Indeed, without additional validation, standard short
reads cannot be used to traverse complex regions of the genome
such as repetitive elements, duplications, inversions and other forms
of structural change (Goodwin et al., 2016; Huddleston et al., 2014).
Consequently, these regions have remained relatively unexplored.
Ironically, however, they may also be particularly important for un-
derstanding ecological and evolutionary processes (Wellenreuther
et al, 2019), given their high mutation rates (e.g., Hastings
et al.,, 2009), and the fact that they can be extremely abundant—
often surpassing single nucleotide polymorphisms by several fold,
in terms of the total length of the genome that is affected (1000
Genomes Project Consortium et al., 2015; Mérot et al., 2023).

The technology to obtain reads spanning tens to thousands of
kilobases was already available 10years ago (Hayden, 2009; Munroe
& Harris, 2010), and has been developed by several sequencing
providers, the best-known of which are Pacific Biosciences (here-
after “PacBio”) and Oxford Nanopore Technologies (hereafter

“Nanopore”). Also referred to as third-generation sequencing, these
approaches were initially used to complement short-read data
(Goodwin et al., 2016; Laszlo et al., 2014; Munroe & Harris, 2010).
Despite the potential utility of long reads, the adoption of this tech-
nology has been slow, primarily due to the high error rates reported
for initial iterations of third-generation sequencing instruments
(Glenn, 2011; Ip et al., 2015).

Recent years have brought about two important developments.
First, the error rates of long reads have dropped considerably, in
some cases below 1%, approaching rates characteristic of short
reads (Goodwin et al., 2016). This is due to improvements in se-
quencing chemistry, base-calling algorithms and methods for post-
sequencing error correction (Logsdon et al., 2020; Rang et al., 2018).
Second, methods for assembling long stretches of DNA from short
reads have also become available (e.g., McCoy et al., 2014; Selvaraj
et al., 2013; Zheng et al., 2016). Collectively, these achievements are
helping biologists tackle highly complex and dynamic regions of the
genome, which were largely inaccessible until just a few years ago.
Perhaps most clearly, the consequential role of long-read sequenc-
ing for getting the job done is illustrated by the recent publication
of the first complete, telomere-to-telomere human genome (Nurk
et al., 2022), more than two decades after the genome of our species
was first made available (International Human Genome Sequencing
Consortium, 2001).

This Molecular Ecology Special Issue highlights ways in which
molecular ecologists are utilizing long-read information to explore
the ecological and evolutionary roles of repetitive or otherwise
complex loci. The 19 articles that comprise this issue, covering
a range of plant, animal, bacteria and virus study systems, are
grouped into six sections, which we summarize below. In doing so,
our goal is to emphasize some of the key findings of each study. We
also highlight, where possible, important challenges that will need
to be overcome in the coming years, before long-read sequencing
realizes its full potential. We conclude by summarizing the under-
lying thread of this Special Issue: that complex genetic and epigen-
etic variation, while traditionally more difficult to study, can make
a substantial contribution to processes such as adaptation and spe-
ciation. We anticipate that, with continued improvement in long-
read sequencing, this area of molecular ecology will only continue
to grow, shaping our understanding of downstream biodiversity
consequences of complex variants.
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2 | PROFILING COMPLEX EPIGENETIC
MODIFICATIONS

“Epigenetics” refers to heritable changes in the expression of the
genome that are achieved by means other than direct modifica-
tion in DNA sequence (Bossdorf et al., 2008). While a range of
epigenetic mechanisms are known, including DNA methylation,
histone modifications or small RNAs, research in ecology and
evolution has focused largely on DNA methylation, because it is
characterized by increased stability over generations (Verhoeven
et al., 2016). Among the different types of methylated nucleotides,
5-methylcytosine (5mC) has received the most attention, as it is the
dominant methylation pattern in eukaryotes (Goll & Bestor, 2005).
Recent epigenomic studies have indicated that differential methyla-
tion can have wide-ranging ecological and evolutionary relevance.
For example, broad methylation repatterning is known to follow
hybridization and changes in the genomic background (Rapp &
Wendel, 2005). As well, 5mC variants have been found to be asso-
ciated with diverse environmental variables and with complex phe-
notypic or metabolic traits in a range of plant and animal species
(Bossdorf et al., 2008; Hu & Barrett, 2017; Rapp & Wendel, 2005;
Verhoeven et al., 2016). To obtain genome-wide profiles of 5mC
in population samples, one may treat DNA with bisulphite prior to
sequencing, in a step that converts unmethylated cytosines to ura-
cil, rendering methylated vs. unmethylated cytosines identifiable in
downstream sequence data (Verhoeven et al., 2016).

In one of the two opinion articles of this Special Issue, Nielsen
et al. (2023) explore how long-read sequencing is revolutionizing
epigenomic studies, using as an example bacteria and bacterio-
phages, which have a more diverse methylation repertoire than
eukaryotes. The authors discuss several advantages that PacBio
and Nanopore data offer for the detection of nucleotide modifica-
tions, including the fact that these technologies eliminate the need
for bisulphite treatment and enable de novo detection of complex
epigenetic base modifications. Aside from illustrating state-of-the-
art approaches to data acquisition and analysis, Nielsen et al. (2023)
also identify current limitations of epigenetic profiling as enabled
by long-read sequencing, including the need to develop dedicated
analytical tools that minimize noise from neighbouring nucleotides,
and that implement reference libraries with the signature of diverse
nucleotide modifications. As these advances are achieved, we will
be much better positioned to understand the ecological and evo-
lutionary relevance of diverse epigenetic modifications, including
for the ongoing arms race between bacteria and bacteriophages
(Nielsen et al., 2023).

3 | LINKING COMPLEX GENETIC LOCI TO
GENOMIC NOVELTY

Repetitive regions of the genome such as transposable elements
can be an important source of genomic novelty. Well-known
routes to the reshuffling of chromosomal segments that involve

repetitive DNA include ectopic recombination and nonhomologous
end-joining, which can lead to a variety of outcomes such as dele-
tions, duplications, inversions or fusions (Gonzélez & Petrov, 2012;
Huang & Rieseberg, 2020). As illustrated by contributions included
in this section, long-read sequencing can benefit investigations of
how the repeat landscape may lead to changes in the karyotype
or in patterns of synteny. As an example of changes in karyotype,
Burley et al. (2023) use Nanopore long reads to characterize a large
(134-Mbp) neo-sex chromosome in the blue-faced honeyeater.
Results demonstrated that this chromosome originated via a fusion
between an autosome and the ancestral Z chromosome, with im-
portant consequences for the genomic landscape of diversity and
differentiation. Remarkably, the same chromosomal regions appear
to have fused convergently in other songbird lineages, potentially fa-
cilitated by repeats that are shared between the two chromosomes
(Burley et al., 2023). As an example of changes in synteny, Ferguson
et al. (2023) use Nanopore long reads to sequence, assemble and
compare the genomes of three Eucalyptus species. Results dem-
onstrated that transposon-rich regions of the genome can lead to
synteny loss via small-scale rearrangements. Their study thus chal-
lenges the generally accepted view that Eucalyptus species maintain
a largely syntenic genome. Moreover, results showed that a sizeable
fraction of rearrangements contained genes, and therefore have the
potential to drive adaptation in this species-rich and widely distrib-
uted genus.

Rather than representing an obstacle to be overcome during
genome assembly, repetitive DNA may also be the focus of study.
Peona et al. (2023), for example, investigated the evolution of
satellite repetitive DNA in 24 species of birds. Using linked short
reads and PacBio long reads, the authors catalogued repeats with
monomer sizes ranging from 20 bp to 4 kb that are highly dynamic.
Remarkably, patterns of satellite DNA abundance did not align
with predictions of current models for satellite DNA evolution.
Specifically, satellite DNA profiles were found to be more simi-
lar among deeply diverged species than among recently diverged
species. This result therefore highlights a promising area for fu-
ture study. In addition, Wierzbicki et al. (2023) investigated piRNA
(PIWI-interacting RNA) clusters in Drosophila. These genomic
clusters are known to be rich in repetitive elements and have a
crucial role in the genomic defence against transposable elements.
The authors resolved 20 such clusters from four Drosophila spe-
cies, using contiguous genome assemblies made with PacBio and
Nanopore data. Aside from developing a framework for quanti-
tative investigations of the dynamics of piRNA clusters, which
includes establishing synteny between these highly dynamic loci,
Wierzbicki et al. (2023) show that piRNA clusters evolve rapidly,
mainly due to the insertion of recent transposable elements, and
the deletion of old ones. Remaining challenges include expanding
the taxonomic breadth of studies of piRNA cluster evolution, as
well as extending analyses to a larger fraction of the total piRNA
complement of each genome. As Wierzbicki et al. (2023) point out,
both challenges stand to be overcome with the increased imple-
mentation of long-read sequencing in molecular ecology.
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4 | CONSERVATION GENOMICS

Long-read sequencing is broadening the toolset available for the
management of small populations, by enabling the reconstruc-
tion of gap-free, highly contiguous genomes at a fast pace (Kardos
et al., 2021). This allows us to re-evaluate previous conclusions that
were drawn for at-risk populations based on genetic data, such as
population origin, levels of inbreeding or genetic structure (Kardos
et al., 2021). Moreover, genomic data sets also allow new informa-
tion to be gained regarding the long-term demographic and evolu-
tionary histories of populations, or the contribution of structural
variants to population fitness (Kardos et al., 2021; Wold et al., 2021).

This Special Issue includes examples of long-read genome-scale
analyses in vulnerable or threatened species. For instance, Li, Yang,
et al. (2023) rely on PacBio data and Hi-C technology to assemble
the genome of the takin, a large bovid herbivore currently listed as
vulnerable by the International Union for Conservation of Nature
(IUCN; Li, Yang, et al., 2023). This high-quality chromosome-level as-
sembly was used, along with resequencing data, to demonstrate im-
portant declines in effective population size during the past million
years, and to uncover evidence of runs of homozygosity caused by
recent inbreeding. In another example, Yan et al. (2023) investigate
intraspecific divergence in a hot-spring snake that is endemic to the
Qinghai-Tibet Plateau and is listed as near threatened by IUCN. The
authors use short-read data to infer intraspecific divergence, recon-
struct demographic history and find genes under selection during
local adaptation. By combining these data with PacBio long reads,
the authors are also able to document the abundance of structural
variants and assess their contribution to differentiation among major
lineages in this system.

5 | ADAPTATION GENOMICS

Being able to thoroughly catalogue genetic diversity is critically im-
portant for answering some of the most fundamental questions in
evolutionary biology, such as how wild populations are likely to re-
spond when confronted with challenging or novel environments (e.g.,
Yeaman et al., 2016), or whether and why adaptive evolution repeat-
edly makes use of the same genetic modules (e.g., Jones et al., 2012).
As demonstrated by a number of contributions in this Special Issue,
long-read sequencing is helping us answer these questions.

Xie et al. (2023), for instance, study how mangroves cope with
a unique environment: the interface of land and sea. The authors
rely on a combination of short reads and PacBio long reads to ob-
tain chromosome-level assemblies for two mangrove species, and
for one closely related inland species. In contrast to previous studies
in other mangroves, which found that whole genome duplications
preceded the colonization of novel habitats, Xie et al. (2023) do not
detect evidence of recent polyploidization. Rather, they attribute
the large genome sizes of these species to repeat sequence expan-
sion. Additionally, results emphasized lack of parallelism in gene fam-
ily evolution, consistent with the use of different genetic modules

during adaptation to the intertidal environment in these species.
Evidence for repeated use of the same functional genes was found,
however, in the study of Li, Wang, et al. (2023). The authors relied
on a new chromosome-level assembly for a tropical poplar, obtained
with Nanopore long reads. Comparisons with five other poplar spe-
cies provided evidence of convergent evolution during adaptation
to tropical environments. Hotaling et al. (2023) provide another
exciting example of how long reads are fast-tracking the study of
adaptation. The authors relied on PacBio long reads to obtain a ge-
nome assembly for the Antarctic eelpout, the first representative
of the family Zoarcidae of ray-finned fish to be genome-sequenced.
This highly contiguous assembly in turn allowed the authors to focus
on regions of the genome such as the haemoglobin and antifreeze
gene clusters which, while representing strong candidates for cold
water adaptation, are arranged in highly duplicated tandem arrays
(Hotaling et al., 2023). Results were consistent with convergent as
well as species-specific mechanisms of adaptation to the extremely
cold waters of the Southern Ocean.

A series of other studies in this section illustrate the utility of
long reads for understanding the genetic architecture of functionally
important traits. Nacif et al. (2023), for example, conduct a compre-
hensive investigation of the sex-determining region in Midas cichlid
fish. Using a combination of forward-genetics, PacBio sequencing
and Bionano optical mapping, the authors narrow down sex deter-
mination in this system to an ~100-kb region of the Y chromosome
that is rich in transposable elements. This region harbours a few
partial genes, but also one complete coding gene: a duplicate of the
anti-Mullerian receptor 2 gene (amhr2Y). Because amhr2Y has been
shown to act as a molecular sex-determining locus in other teleost
fishes (Nacif et al., 2023), it represents a strong candidate for fu-
ture functional validation, and probably an additional example of
molecular parallelism. At the other extreme in terms of the scale of
duplication, Zhu et al. (2023) focus on a biennial alpine plant that
sustained two recent rounds of whole genome duplication. In this
system, the authors detail a multi-omics investigation of dimorphic
cleistogamy. Known to have evolved repeatedly across plants, di-
morphic cleistogamy is manifested by the production of both open
(available for cross-pollination) and closed (self-fertilizing) flowers,
and as such is thought to be important for reproductive assurance in
challenging environments (Zhu et al., 2023). An assembly made using
short reads and Nanopore data revealed a genome that consists of
over 70% repetitive sequences. By integrating additional experi-
ments that probed changes in gene expression and in metabolites,
the authors were able to show that a large number of genes and
metabolites differentiate the two types of flowers. This is consistent
with a complex genetic architecture for this trait, which can at least
partially be attributed to past whole genome duplication events
(Zhu et al., 2023). Finally, Cohen et al. (2023) investigate the genet-
ics of pesticide resistance in Colorado potato beetle. The authors
used PacBio sequencing and a trio-binning approach to obtain three
new haploid assemblies with considerably improved contiguity, as
compared to the existing reference genome for this pest species. A
pangenome obtained using all assemblies as well as population-scale
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resequencing data are then used to investigate the role of structural
variants in rapid adaptation to pesticide exposure. Results revealed
that structural variants are abundant, accounting for ~30% of the
genome, while also highlighting cases in which structural variants
may have been adaptive.

Such studies demonstrate the relevance of long-read sequenc-
ing for understanding the process of adaptation. At the same time,
they underline a need for developing analytical approaches that are
designed for structural variants, and that additionally exploit other
layers of information made available by third-generation sequenc-
ing. For example, in the second opinion article of this Special Issue,
Shipilina et al. (2023) consider and illustrate, based on simulated
and empirical data, the utility of haplotype information that can be
obtained using long-read technology, including for analyses of se-
lective sweeps. Specifically, the authors discuss methods based on
ancestral recombination graph reconstruction, which, in addition to
mutation, take into account ancestry and recombination. This infor-
mation, while currently computationally challenging to obtain for
large numbers of samples, could vastly improve resolution as com-
pared to data sets based only on single nucleotide polymorphisms,
including by identifying multiple selective sweeps that occur in the

same genomic region (Shipilina et al., 2023).

6 | GENOMICS OF SPECIATION AND
HYBRIDIZATION

As adaptation proceeds and populations diverge, reproductive isola-
tion may gradually develop. Genomic analyses of species pairs, and
in particular of those pairs that have recently diverged, represent a
promising approach for dissecting the genetic architecture of spe-
ciation and for identifying barrier loci (Ravinet et al., 2017). Several
papers in this Special Issue focus on the speciation continuum and
investigate the contribution of structural variants and recombina-
tion suppression to species differentiation. Mérot et al. (2023), for
example, undertake a detailed genomic investigation of recent spe-
ciation using a pair of whitefish species that diverged in allopatry
starting around 60,000years ago, and then came back into contact
roughly 12,000years ago (Mérot et al., 2023). The authors combined
short-read resequencing with Nanopore long reads to obtain the
first genome assemblies for both Dwarf and Normal whitefish spe-
cies, and to genotype single nucleotide polymorphisms and struc-
tural variants. Whitefish genomes were found to be repeat-rich,
with over 60% of sequence corresponding to interspersed repeats.
Moreover, results indicated that a large proportion of the structural
variants that differentiate the two species were enriched for sev-
eral classes of transposable elements. This is consistent with a role
of bursts in repetitive elements in generating early genome-wide
differentiation between species, and even reproductive isolation
(Mérot et al., 2023).

In another investigation of incipient speciation, Wersebe
et al. (2023) focus on the freshwater crustacean Daphnia. The au-
thors present the first genome-wide scan of differentiation for the

pulex-pulicaria pair of species, which separated roughly 150,000years
ago (Wersebe et al., 2023). A reference genome made for D. pulicaria
using PacBio data, complemented with short reads for both species
and their hybrids, allowed the authors to reconstruct the genomic
landscape of differentiation. Contrary to expectations, results indi-
cated that genomic windows of high differentiation between these
species are restricted to genic regions of high recombination. Finally,
Zhang et al. (2023) present an in-depth investigation of the contri-
bution of structural variation to reproductive isolation, in one of the
few studies so far that has implemented population-scale long-read
sequencing. The authors focus on a natural hybrid zone established
between two species of Lycaeides butterflies that separated over
2.4 million years ago, and that came into secondary contact roughly
14,000years ago (Zhang et al., 2023). Structural variants were geno-
typed for parental and hybrid individuals using Nanopore data, and
then validated using short reads. Genomic cline analyses revealed
over 562 structural variants with a signature of selection in the hybrid
zone. Among different structural variants, deletions were found to
exhibit the largest departures from neutral expectations, pointing to
a large contribution of these variants, along with gene-rich inversions,

to hybrid fitness and reproductive isolation (Zhang et al., 2023).

7 | GENOMICS OF SPECIES
INTERACTIONS

In addition to facilitating in-depth analysis of epigenomes, genomes,
populations and species, long-read sequencing can also be har-
nessed to study species interactions. As illustrated by the two papers
in this section, this information can be broadly relevant in contexts
that range from pathogen control to understanding how biological
communities are assembled. In the first paper, van Steenbrugge
et al. (2023) study the evolution of virulence in potato cyst nema-
todes, which are among the most destructive pathogens of potato
worldwide. The authors rely on Nanopore data to assemble a new
and highly contiguous reference genome for potato cyst nematodes
as well as for an outgroup. These genomes are in turn used to in-
vestigate six families of effectors, which are proteins secreted by
the pathogen that can manipulate plant physiology and have a key
role in virulence. Aside from illuminating patterns of evolutionary
diversification for effector genes, results are also predicted to fa-
cilitate the management of potato cyst nematodes. Specifically, the
findings of van Steenbrugge et al. (2023) should enable molecular
investigations of pathogen populations, and subsequent matching of
potato host resistance genes with pathogen virulence genotypes. In
the second paper in this section, Handy et al. (2023) rely on PacBio
data to investigate the composition of gut bacterial communities for
two carpenter bee species that are incipiently social. In this case, the
ability to obtain full-length 16S amplicons via long-read sequencing
allowed the authors to classify bacterial species with significantly
improved resolution, and to reveal in this way species interactions
that would have otherwise remained cryptic. Results revealed both
shared and distinct elements of the microbiome between the two
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bee species. Moreover, results indicated that different components
of the microbiome might be structured by different processes, in-
cluding geographical isolation and patterns of microbial transmis-

sion, highlighting a promising area for future investigation.

8 | CONCLUSIONS

As illustrated by the collection of articles in this Special Issue, long-
read sequencing is providing molecular ecologists with the infor-
mation needed to tackle some of the most challenging basic and
applied topics in our discipline, with important discoveries being
made across groups of organisms and levels of biological organiza-
tion. These studies collectively emphasize the underlying thread of
this Special Issue: epigenetic variants, structural variants, repetitive
elements and other regions in the genome that may have been hard
to assemble and genotype using short reads can now be properly
traversed and can play a critical role during adaptation and species
diversification. In this context, we emphasize the need for expanding
long-read sequencing at scales that exceed single individuals. While
obtaining highly contiguous reference genomes is an essential first
step, we stand to gain much more from replicate genome assem-
blies, pangenomes and population-scale long-read sequencing, as
illustrated by articles in this Special Issue. At the same time, there is
a critical need for analytical improvements. These include develop-
ing methods that explicitly consider structural variation, as well as
improving the computational efficiency of existing methods, such
that long-range information provided by third-generation sequenc-
ing can be efficiently harnessed for large numbers of samples.

Ten years ago, in their road map paper, Andrew et al. (2013) em-
phasized how next-generation sequencing is improving our obser-
vational abilities, illuminating new areas of study. We are now in a
similar position, on the cusp of accelerated progress facilitated by
recent advances in long-read sequencing technology. With contin-
ued broadening of the molecular and analytical toolkits available
to molecular ecologists, we are increasingly able to push the con-
ceptual limits of our discipline, and to answer ever more challenging
questions of basic and applied relevance about the biodiversity that

sustains us and surrounds us.
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