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Abstract

Whole-genome sequencing of non-model organisms is now widely accessible and has
allowed a range of questions in the field of molecular ecology to be investigated with
greater power. However, some genomic regions that are of high biological interest
remain problematic for assembly and data-handling. Three such regions are the major
histocompatibility complex (MHC), sex-determining regions (SDRs) and the plant self-
incompatibility locus (S-locus). Using these as examples, we illustrate the challenges of
both assembling and resequencing these highly polymorphic regions and how bioin-
formatic and technological developments are enabling new approaches to their study.
Mapping short-read sequences against multiple alternative references improves gen-
otyping comprehensiveness at the S-locus thereby contributing to more accurate as-
sessments of allelic frequencies. Long-read sequencing, producing reads of several
tens to hundreds of kilobase pairs in length, facilitates the assembly of such regions
as single sequences can span the multiple duplicated gene copies of the MHC region,
and sequence through repetitive stretches and translocations in SDRs and S-locus
haplotypes. These advances are adding value to short-read genome resequencing ap-
proaches by allowing, for example, more accurate haplotype phasing across longer
regions. Finally, we assessed further technical improvements, such as nanopore adap-
tive sequencing and bioinformatic tools using pangenomes, which have the potential
to further expand our knowledge of a number of genomic regions that remain chal-

lenging to study with classical resequencing approaches.
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1 | INTRODUCTION

Whole-genome sequencing has become an integral part of bio-
logical research, allowing a range of long-standing ecological and
evolutionary problems to be tackled (Bourgeois & Warren, 2021).
Tremendous progress has, for instance, been made in associating
ecologically-relevant phenotypes to specific nucleotide variants
using forward genetic approaches such as genome-wide associa-
tion studies (GWAS) in a growing number of non-model species. In
parallel, the possibility to describe the genetic diversity of natural
populations at the whole genome level, rather than at a minute sub-
sample of genetic markers, has provided the opportunity to pinpoint
the targets of natural selection under diverse ecological conditions
(Exposito-Alonso et al., 2019; Feng et al., 2019; Wright et al., 2020).

In its simplest form, whole-genome resequencing involves ob-
taining DNA from a set of individuals from one species, and con-
structing genomic libraries indexed to facilitate multiplexing and
typically of short fragments, before proceeding to high-throughput
sequencing. These sequences are then mapped to a reference ge-
nome of the focal (or a related) species before variant calling is
conducted. While this “classical” approach has demonstrated its
power and has become routine, there are a number of situations
where it will fail due to subtle or massive biases at various stages
along the process. Sequence composition is for instance known
to affect representation in the genomic libraries (Kozarewa et al.,
2009). Repeated sequences found across the genome typically have
a highly heterogeneous distribution, being enriched in centromeres,
telomeres and more generally in regions with low recombination,
and are highly problematic at the mapping stage, especially when
the sequencing reads are shorter than the repeat length. Similar
problems arise as paralogous sequences can be mistaken for alleles

of a single gene, instead of separate recently diverged genes, or vice

versa. Genomes also contain regions that are highly diverse across
individuals, exhibiting gene copy number variation between individ-
uals and high degrees of heterozygosity, preventing proper align-
ment to any single reference. Overall, while rapid progress is being
made to improve sequencing methods and to generate unbiased
markers for phylogenomics (Allen et al., 2017; Zhang et al., 2019),
some genomic regions still present persistent problems in assembly
or data handling and interpretation. Yet, these problematic regions
can be of considerable ecological and evolutionary interest, often
associated with the control of very important fitness-related traits,
for example mating preferences, immune responses or other major
adaptive phenotypes. These regions commonly exhibit low levels of
recombination which leads to the accumulation of repeats (Figure 1).
They may show long stretches of sequences in linkage disequilib-
rium, and also include many genomic regions or genetic systems that
are evolving under strong balancing selection.

Here, we refer to these regions collectively as “special inter-
est genomic regions” (SIGRs). We define SIGRs as medium to large
genomic blocks (>10 kb), of greater complexity than a single gene,
with a particular biological function that is the target of study, and
commonly with a distinctive mode of evolution. Examples of SIGRs
are: major histocompatibility complex gene clusters (Yamaguchi &
Dijkstra, 2019); plant heterostyly supergene (Huu et al., 2020); but-
terfly mimicry supergene (Jay et al., 2018); ant supergene of social
organization (Yan et al., 2020); fungal mating-type regions (Branco
et al, 2017); plant multiallelic self-incompatibility locus (Castric
& Vekemans, 2004); sex-determining regions, including recently
evolved (Geraldes et al., 2015) or old sex chromosomes (Xu et al.,
2019). However, some of the challenges we describe also apply to a
broader set of genomic regions such as nucleolar organizing regions
containing tandemly repeated sequences of ribosomal RNA genes
(Handa et al., 2018; McStay, 2016), telomeres (Baird, 2018; Peska
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FIGURE 1 Special interest genomic
regions (SIGRs) regulate ecologically
important traits, but are difficult to
analyse using classical genomic methods
since suppressed recombination leads
to high repeat densities. Haplotype
divergence, represented as distinct blue
and black SIGR boxes, further hampers
the use of single reference genome
assemblies. (a) For illustration purposes,
example recombination frequencies in
centimorgan (cM) per megabase pair (Mb)

Density are shown along a chromosomal region
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& Garcia, 2020), centromeres (Han et al., 2020; Mandakova et al.,
2020) and large haplotype blocks (Todesco et al., 2020).

Special interest genomic regions present a set of characteristic
challenges in simple resequencing studies. However, as we outline
in greater detail below, accurate assessment of intrapopulation
polymorphisms in these regions is crucial for addressing questions
about the impact of important demographic events (e.g., popula-
tion bottlenecks, long-range dispersal, sudden increase in habitat
fragmentation), of speciation processes, or of genomic events (e.g.,
whole-genome duplication), on the biological functions associated
with a given SIGR. Patterns of sequence divergence and sequence
diversity in these SIGRs, when correctly evaluated, may be used to
infer past evolutionary history of the organisms as they may carry
unique molecular signatures of drastic changes in, for example, the
mating system, or they may host genetic barriers responsible for re-
cent speciation events. Also, comparative genomic analyses of these
regions, among closely or distantly related species, may help iden-
tify the functional sequences in what are sometimes still poorly ex-
plored biological systems. Finally, accurate characterization of these
regions is essential for understanding how processes of molecular
evolution, such as transposable element dynamics, or accumulation
of deleterious mutations, are triggered in genomic regions of re-
duced recombination.

In this review, we first highlight how recent technical advances
are promising to substantially alleviate methodological barriers asso-
ciated with the study of SIGRs, including (i) the use of long-read se-
quencing technologies to improve genotyping and de novo assembly
accuracy, and (ii) variation graph or pangenome approaches to bet-
ter integrate haplotype diversity and haplotype divergence in bio-
informatic pipelines. We then illustrate a series of approaches that
have been developed to tackle such regions using examples from the
major histocompatibility complex (MHC), using amplicon and long-
read sequencing (Box 1), sex-determining regions (SDRs), using long-
read sequencing to improve de novo assembly (Box 2) and the plant
self-incompatibility locus (S-locus), using multiple reference mapping
of short-read resequencing data (Box 3). Finally, we discuss some
of the questions raised above, using results from the literature, and

highlighting areas where further progress is likely to be made.

2 | TECHNICAL ADVANCES AND
SOLUTIONS

2.1 | Third generation sequencing: long reads,
single molecules

Long-read sequencing, also called third generation sequencing, be-
came widely available in 2011, when Pacific Biosciences (PacBio)
commercialized the “single-molecule real-time” (SMRT) method-
ology (Amarasinghe et al., 2020; Eid et al., 2009). In 2014, Oxford
Nanopore Technologies (ONT) followed this by releasing the MinlON
device, enabling Nanopore sequencing in almost any laboratory.
Currently, both technologies generate long reads with N50 values

of approximately 30 kb (that is: half of the sequencing data consists
of reads 230 kb). In addition, the ONT platform allows for ultra-long
read sequencing with N50s exceeding 100 kb. However, the DNA
preparation for generating ultra-long reads can be challenging, es-
pecially when working with difficult organisms, with tough cell walls
and problematic secondary chemistry, such as xerophytic plants
(Schalamun et al., 2019).

The PacBio and ONT sequencing technologies follow very dif-
ferent principles. The PacBio SMRT sequencers measure fluores-
cence signals from labelled bases incorporated by a polymerase
that synthesizes the complementary strand of a single circular DNA
molecule. By sequencing the same molecule repeatedly, sequencing
errors can be corrected. On the ONT platform, single DNA strands
are passed through biological nanopores with an enzyme attached,
measuring the changes of the electrical current. Different bases
have different resistances, therefore allowing the sequence to be
inferred from the current changes. The base calling algorithm is
crucial in defining the raw read accuracy. Both methods suffered
initially from comparatively high error rates of more than 10%, but
recent developments have led to dramatic improvements, notably
PacBio's highly accurate HiFi sequencing giving per base accuracies
of >99.9%. This opens completely new opportunities for genome as-
sembly (Nurk et al., 2020).

For the assembly of complex genomic regions, PacBio HiFi and
ONT ultra-long read sequencing are at present complementary ap-
proaches and the optimum technology to use depends on the specific
characteristic of the genome of interest. In the case of near-identical
large repeats, the longer read length of the ONT platform provides
an advantage, while highly repetitive segmental duplications can be
better resolved using HiFi data (Nurk et al., 2020). The two methods,
taken together, enable genome assemblies of impressive quality, and
can generate single contigs representing chromosomes from telo-
mere to telomere, even spanning complex centromeres (Belser et al.,
2021; Jain et al., 2018; Miga et al., 2020; Phillippy, 2020). Special
interest genomic regions like the MHC-locus (Box 1) and the plant
S-locus (Box 3) may be used as a benchmark of the quality of an as-
sembly. Indeed, previous attempts using short-read technology have
proven to be ineffective for proper assembly of the S-locus region
that is strongly enriched in transposable elements (TEs), even when
sequenced from bacterial artificial chromosome (BAC) genomic li-
braries (Figure 2a) (Goubet et al., 2012). Improvements of the ap-
proach involving BAC clones was provided by using long-read PacBio
sequencing technology, which produced an exhaustive assembly of
the S-locus region in several haplotypes (Figure 2b), although it still
necessitates the construction and screening of BAC genomic librar-
ies (Bachmann et al., 2018). However, it has been shown recently
that long-reads obtained by ONT allow reconstruction of the entire
S-locus region in Brassica rapa and B. oleracea using direct individual
whole-genome de novo assembly (Belser et al., 2018). In addition,
for an individual of Arabidopsis halleri heterozygous at the S-locus, it
has proved possible to obtain sequences of the full S-locus region,
for both S-haplotypes, using the latter technology (Figure 2c; V.
Castric, unpublished data).
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FIGURE 2 Influence of sequencing technology on level of assembly of individual haplotypes at the self-incompatibility locus (S-locus)
in Arabidopsis halleri. (a) BAC clones sequenced using short-read lllumina technology, showing fragmented assembly of the S-locus despite
starting from BAC clones (Goubet et al., 2012). (b) BAC clones sequenced using long-read PacBio technology, showing complete assembly
of the S-locus after construction of BAC libraries and screening for the S-locus region (V. Castric, unpublished data). (c) Whole-genome
sequencing using Oxford Nanopore technology, showing large contig sizes encompassing the full S-locus for the two S-haplotypes of a
heterozygous individual (V. Castric, unpublished data). Limits of the contigs are annotated using A. thaliana gene 1Ds

Badouin et al. (2021) recently proposed a new generic method
using third generation sequencing technology to identify genetic
systems evolving under strong balancing selection, such as plant
self-incompatibility systems, in unexplored lineages. The strategy
involves a pooled transcriptomic approach based on long-reads
obtained from tissues of interest (e.g., pollen and pistil for self-
incompatibility). The full transcripts are then mapped on a reference
genome. By focusing on candidate loci that exhibit simultaneously
high haplotype diversity and high sequence divergence among hap-
lotypes, the method avoids potential pitfalls associated with hidden

paralogy.

2.2 | Variation graph and pangenome approaches

The extent of progress made on the quality of reference genome
assemblies is impressive. However, it is now possible to go beyond
this and determine the extent of structural variation (i.e., genetic
polymorphisms in which sections of a genome differ in structure
between individuals of the same species). Structural variation is
now being revealed with unprecedented accuracy, a recent exam-
ple being the discovery of polymorphism of large haplotype blocks
in the genome of sunflower (Todesco et al., 2020). The majority of
structural variants (SVs) are associated with the activity of trans-
posable elements, and a substantial fraction of structural variation
overlaps genes or regulatory elements. Their contribution to pheno-
typic diversity (and their long-term evolutionary impact) is becoming

more apparent, with SVs responsible for changes in gene expres-
sion or dosage (Alonge et al., 2020; Baduel et al., 2021). Recent
bioinformatic methods have been developed to take full advantage
of this better appreciation of genomic diversity, in the form of vari-
ant graphs (Garrison et al., 2018; Hickey et al., 2020). In these ap-
proaches, the genome is not simplified as a single linear stretch of
nucleotides, but is rather represented as an enhanced data structure
(a graph) that integrates the full collection of single nucleotide or
structural variants (the “pangenome”). Sequencing reads can then be
aligned and compared, and variants called on this pangenome rather
than on just a single reference genome. This technical difference is
particularly important in the context of highly heterozygous diploid
genomes, where the strategy of aligning sequencing reads on a hap-
loid reference may be especially problematic. Similar concerns also
arise in cases where samples from closely related species are aligned
to the reference genome of just one (model) species, introducing po-
tentially important biases in the mapping properties among samples.
Overall, taking into account the structure of pangenomes is likely to
result in more accurate mapping for short-read data, for example,
Llamas et al. (2019).

Structural variation or high divergence among haplotypes are
inherent to many SIGRs, and there are several approaches to take
full advantage of the properties of pangenomes. For example, as
the MHC genes are highly polymorphic it can be problematic to
assign amplicon sequences or RNA-seq reads to a specific locus in
the reference genome (Box 1). Indeed, mapping of reads using a ref-
erence that included alternative haplotypes led to more accurate
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BOX 1 Assessing multiallelic diversity and copy number variation in the major histocompatibility complex (MHC)
using amplicon and long-read sequencing

In a majority of vertebrate clades, antigen presentation by classical MHC class | and class Il molecules is the first step in T-cell depend-
ent adaptive immune responses. T-cells then recognize antigens as either “self” or “foreign”, and when the antigen is “foreign”, an
appropriate adaptive immune response is triggered. Each MHC molecule can present a limited number of antigens and there is there-
fore selection for expressing several different MHC molecules to gain the ability to eliminate a wider range of pathogens (Murphy &
Weaver, 2017). Classical MHC genes are among the most polymorphic genes known in vertebrates. In humans, for example, there
have been 7,967 different alleles reported for the HLA-B gene, as reported on the HLA alleles website (http://hla.alleles.org/nomen
clature/stats.html; accessed May 2021). The MHC genes are also polygenic, meaning that there are several gene copies (paralogues)
with different degrees of similarity. The high MHC polymorphism is mainly maintained by selection from a wide range of patho-
gens, the selective mechanisms being negative-frequency dependent selection, fluctuating selection and heterozygote advantage
(Doherty & Zinkernagel, 1975; Hedrick, 2002; Takahata & Nei, 1990). However, a considerable number of studies have also shown
that an MHC-based mate choice can play a significant role in maintaining high MHC polymorphism. This can for example be in the
form of mate choice for partners with specific MHC haplotypes, or mate choice to maximise MHC-diversity (number of MHC alleles
per individual including several paralogues) in the offspring (Kamiya et al., 2014).

Human MHC genes are found spread over a 7 Mb (megabase pair) genomic region on chromosome 6, where the MHC genes are linked
but interspersed with non-MHC genes (Chin et al., 2020; Jain et al., 2018). Human MHC (human leucocyte antigen [HLA]) class | alleles
in open reading frame are found at six different loci (HLA-A, -B, -C, -E, -F, -G) and the majority of these have orthologous loci in other
great apes (Hominidae), lesser apes (Hylobatidae), and other primate clades (monkeys) (Shiina & Blancher, 2019). Interestingly, several
of the MHC class | genes have been tandemly duplicated in monkeys as characterized in the cynomolgus macaque, Macaca fascicularis
(Shiina & Blancher, 2019). Cynomolgus macaques have several MHC class | loci with a large number of paralogues, whereas humans
only have a single MHC class | gene copy per locus (Figure 3). The structural genomic organization of MHC is relatively conserved
among mammals but strikingly different in other vertebrate groups such as fish and birds (Balakrishnan et al., 2010; Chen et al., 2015;
Shiina et al., 2007; Yamaguchi & Dijkstra, 2019). There has been a particular interest in studying MHC in wild birds, probably because
early on it was hypothesized that MHC could influence traits that affect mate choice (Zelano & Edwards, 2002). Songbirds have highly
duplicated MHC class | and IIB genes, many paralogues, and although the number of MHC alleles per individual, over a large number of
paralogues, can be measured using high-throughput amplicon sequencing, the genomic organization of the MHC genes is still to a large
extent unknown (Balakrishnan et al., 2010; Biedrzycka et al., 2017; O'Connor et al., 2016; Sutton et al., 2018).

In summary, classical MHC genes; (i) have high polymorphism, (i) have high sequence divergence among alleles within species in the exons that
encode the antigen binding region but low sequence divergence in the exons that encode the structural parts, (iii) are often found in a synteny of
tandemly duplicated paralogues within loci, and (iv) are found in genomic regions with accumulation of repetitive sequences (TEs).
Amplicon-based technologies to characterize MHC diversity have been used successfully in a wide range of non-model organisms
(Minias et al., 2019; O'Connor et al., 2018), whereas short-read de novo assembly approaches are challenging due to gene copy num-
ber variation between individuals within species. Added to this is the high polymorphism and low allelic divergence in both newly
duplicated gene copies and genes subjected to gene conversion. Due to the repetitive nature of the MHC region it is difficult to as-
semble, as individual sequence reads from short-read technology do not span gene copies and hence several MHC gene copies or
clusters are often collapsed into a single MHC gene or cluster. This results in an underestimation of the true number of MHC genes.
However, due to the high degree of heterozygosity the true number of MHC gene copies can also be overestimated by mistakenly
counting MHC alleles instead of MHC genes. Long-read technologies are helping to address these issues. For example, a human
genome assembled from ONT data assembled all class | HLA genes on a single 3 Mb contig (Jain et al., 2018). Similarly, a de novo
genome assembled for the water buffalo using PacBio reads resulted in characterizing all MHC class Il genes on a single 218 kb contig,
whereas this region previously had 26 gaps when assembled using short reads (Low et al., 2019).

A further advantage of long-read sequences is the ability to phase assemblies and haplotype contigs in order to recover information
on allelic variation. In de novo human genomes the accurate recovery of known HLA alleles has become a benchmark to assess the
success of various long-read sequencing and assembly strategies. However, it should be noted that the HLA genes are single-copy,
whereas in cynomolgus macaques, for example, they are tandemly duplicated with short intergenic distances (see, e.g., the studies
of Chin et al., 2020; Jain et al., 2018; Nurk et al., 2020).

Long-read sequencing is providing us with increasingly contiguous reference assemblies, although population-level assessment of
MHC diversity within these genomes is still challenging. Long-amplicon sequencing of full-length HLA genes can circumvent some
of the allele-calling issues with short-read sequencing. Another promising technique on the horizon is ONT’s adaptive sequencing,
where selective sequencing of parts of the genome is possible without specific wet-laboratory preparation, as discussed for example
in Dilthey (2021) and Payne et al. (2021).


http://hla.alleles.org/nomenclature/stats.html
http://hla.alleles.org/nomenclature/stats.html

6 VEKEMANS ET AL.
A\WALE A& MOLECULAR ECOLOGY

(a)

31.15Mb 31.25Mb 31.35Mb 31.45Mb 31.55Mb

POUSF1 HLA-B MICA MICB

(b)

139.8Mb 139.7Mb 139.6Mb 139.5Mb 139.4Mb 139.3Mb

POUS5SF1 Mafa-B genes MiC1 Micz

FIGURE 3 The core MHC region in humans (Chromosome 6) holds six MHC-I genes in open reading frame (HLA-A to -C and HLA-E to
-G), and the core MHC region in cynomolgus macaque Macaca fascicularis (Chromosome 4) holds five orthologous MHC-I loci (note: no
MHC-C locus). A subset (400 kb in human and 500 kb in cynomolgus macaque) of these homologous genomic MHC regions is shown here,
the flanking genes POU5F1 and MIC genes (green boxes), and the MHC-I genes (orange and yellow boxes) being indicated. (a) MHC class |
region in human (HLA) with single HLA-C and HLA-B gene copies (locations from ensembl GRCh38.p13 assembly chromosome 6) and (b)
MHC class | region in cynomolgus macaque with tandemly duplicated MHC-B gene copies (Mafa, MHC-B genes (Watanabe et al., 2007),
POUS5F1 and MIC locations from ensembl Macaca_fascicularis_5.0 assembly chromosome 4). Note: MHC class | gene(s) at the B locus is

called HLA-B in humans and Mafa-B in cynomolgus macaque

estimates of allele-specific expression in a study with RNA-seq data
from human HLA genes (Lee et al., 2018), and mapping and SNP-
calling were also improved in a genome-wide resequencing analy-
sis using a pig pangenome (Tian et al., 2020). Along the same lines,
Tsuchimatsu et al. (2017), followed by Genete et al. (2020), used se-
quential alignment to a series of S-locus references for efficient and
high throughput genotyping of large collections of individuals from
natural populations in Arabidopsis thaliana and A. halleri, something

that had remained a major technical challenge in the field (Box 3).

3 | DISCUSSION

3.1 | Finding functional determinants in SIGRs

The approaches described above have the potential to help charac-
terize the functional determinants of the phenotypic traits encoded
within these regions, such as the choice of mating partners or the
spectrum of immune response. When characterizing the immune
response, knowledge about the synteny of MHC genes is important
as it can help unravel function, for example single-copy MHC genes
and tandemly duplicated MHC genes might encode MHC molecules
with different functions. Moreover, the different gene copies among
tandemly duplicated genes may, for example, have evolved neofunc-
tionalizations or different degrees of expression (Greene et al., 2011,
Shiina & Blancher, 2019). We do not yet know how to interpret the
limited information available about synteny in the MHC genomic re-
gions in non-model organisms, and it is probably too early to draw
conclusions about synteny differences between species outside
mammals. However, with better knowledge about the organization
of MHC genomic regions from a larger number of jawed vertebrates,

it will be possible to interpret synteny and to measure the degree of
heterozygosity per MHC gene instead of across all MHC gene cop-
ies. This information will help to clarify to what extent MHC genes
encode MHC molecules with similar function in the immune system
and hence can be placed in a single category, and to what extent
they encode MHC molecules with possibly different functions and
hence preferably should be placed in several different categories,
in terms of ecological and evolutionary processes. Both human and
chicken have well assembled MHC genomic regions and the synteny
of the MHC genes can therefore be reflected upon (Shiina et al.,
2007, 2009). Humans have single copy MHC-I genes, with different
functions: the MHC genes HLA-A to -C encode classical highly poly-
morphic MHC molecules with antigen presenting ability, whereas
the MHC genes HLA-E to -G encode nonclassical MHC molecules
that are more monomorphic and with less clear tasks in the immune
system and in self/nonself recognition. A different synteny and
genomic organization is seen in domestic chicken (Kaufman et al.,
1999; Shiina et al., 2007). Here, the single copy MHC-I genes are
classical (i.e., acting via T cells) whereas the tandemly duplicated
MHC-I genes are nonclassical (i.e., acting via natural killer, NK, cells;
e.g., MHC-Y). This is just a conceptual comparison (the classical and
nonclassical MHC-I genes in humans and chicken are not ortholo-
gous) to point out the drastically different MHC organizations we
expect to be found in accurate assemblies of the MHC genomic re-
gions in future long-read genomes.

In plant self-incompatibility, the availability of high-quality as-
semblies of several highly divergent haplotypes at the S-locus in A.
halleri (Goubet et al., 2012) allowed identification of a dozen of small
RNA-producing loci that control the dominance relationships among
self-incompatibility alleles, acting as Fisherian dominance modifiers
(Durand et al., 2014, 2020). In Petunia (Solanaceae), the S-locus is
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BOX 2 Characterizing sex-determining regions (SDRs) in plants using long-read sequencing technologies and de
novo assembly

The problems and potential of studying SDRs are broadly the same in both animals and plants (Charlesworth & Mank, 2010); how-
ever, here we will concentrate on plant systems as they are considered to be particularly labile (Kafer et al., 2017). Land plants
(Embryophyta) have “alternation of generations” and alternate between diploid and haploid stages of the life cycle, with the haploid
stage producing sperm and eggs. In plants such as mosses, in which the haploid stage is dominant, separate sexes (when present) are
determined genetically by a UV system: plants either inherit a U chromosome (female) or a V chromosome (male). The diploid stages
are sexless having both U and V chromosomes. Seed plants, in contrast, have a dominant diploid stage in which sex is genetically
determined by an XY or ZW system, while the haploid stage acquires its sex epigenetically from the diploid parent. In fact, most land
plants are cosexual, having both male and female reproductive structures on the same individual. However, unisexuality (dioecy) has
evolved frequently, and instances are scattered across the flowering plant phylogeny (Renner, 2014). Nevertheless, 43% of all dioe-
cious angiosperms are found in just 34 entirely dioecious clades (Renner & Miiller, 2021).

The evolution of separate sexes has considerable ecological consequences (Lloyd, 1982), in plants no less than in animals, as males
and females may face different selection pressures, particularly if their costs of reproduction differ (Queenborough et al., 2007).
There are a number of studies showing that males and females can occupy different ecological niches (Freeman et al., 1976). Dioecy
is a major mechanism promoting outbreeding, along with the self-incompatibility (SI) systems discussed below. It has been suggested
that dioecy may evolve more easily than Sl systems (Thomson & Barrett, 1981), and through different alternative evolutionary
pathways (Dufay et al., 2014). This supposed easy evolvability might explain the frequency of dioecy on certain islands, where it has
apparently recently evolved from self-compatible immigrants (Baker & Cox, 1984; Thomson & Barrett, 1981). The dioecious mat-
ing system also interacts strongly with hybrid zone dynamics (Pickup et al., 2019), and provides a uniparentally inherited marker of
considerable use in phylogeography (Jobling & Tyler-Smith, 2017). Comparative whole-genome sequencing studies, at the popula-
tion or interspecific level, are particularly promising for studying contrasting evolutionary histories of male and female lineages. For
instance, paternal versus maternal haplotypes may show different directionalities of introgression across hybrid zones, may have
different geographical origin, and may have different times to the most recent common ancestor. Such differences can point to im-
portant undiscovered aspects of species biology.

A further question concerns the molecular pathways involved in the evolutionary transitions between different patterns of sexual
development, for example, between hermaphrodite flowers and unisexual flowers (monoecy and dioecy) in which male or female
floral organs have been deleted or reduced. It is probable that many different molecular mechanisms underlie the evolution of uni-
sexual flower development (Diggle et al., 2011). Parallel evolution (i.e., the reuse of the same underlying molecular developmental
mechanisms) could also play a role. To answer this question, again it is crucial to identify the sex-determining genes or sequences in
diverse dioecious plant species.

With the advent of long-read sequencing, entirely new possibilities are available to the molecular ecology community. High quality
draft genomes can be assembled with unprecedented levels of contiguity. Examples of the use of long-read sequencing for the eluci-
dation of sex determination are provided by studies in asparagus and poplar (Harkess et al., 2017, 2020; Miiller et al., 2020). In both
genera, hemizygous sequences in the male-specific region of the Y chromosome (MSY) are essential for sex determination. In poplar,
a strong candidate gene for sex determination, the response regulator ARR17, was proposed before (Geraldes et al., 2015). However,
only with the use of long ONT and PacBio reads, partial duplicates of the ARR17 gene were revealed in the MSY of different poplar
species (Miller et al., 2020) (Figure 4). With short reads from the lllumina sequencing platform, these duplicated sequences collapse
into a single genomic region. This is a common problem with duplicated sequences that still have high similarity to each other. Long-
read sequencing helps to overcome this difficulty.

VOLECULAR ECOLOGY INVVS T eV

also highly polymorphic and extends over about 15 to 20 Mb (Kubo
et al., 2015), making it very difficult to assemble. Extensive analy-
ses using amplicon techniques and BAC library screening identified
up to 20 pollen-expressed genes within a single haplotype at the
S-locus of Petunia, which are collaboratively contributing to recog-
nition and detoxification of the nonself pistil-expressed proteins (S-
RNases) produced by mating partners (Kubo et al., 2015; Wu et al.,
2020). In order to fully understand this collaborative functional pro-
cess, and its evolution, studies using more efficient sequencing and

assembly approaches are necessary to obtain full S-locus sequences
from many haplotypes.

In sex chromosome studies in non-model organisms, the first
step consists of identifying the SDR according to different strate-
gies (Palmer et al., 2019). The first approaches relate to the abso-
lute numbers of resequencing reads mapping to scaffolds. Scaffolds
with low coverage are suggestive of Y or W linkage. Alternatively,
the ratio of male to female reads that map can be used. However,
these approaches assume that there are correctly assembled
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FIGURE 4 Long-read sequencing
allows assembly of complex genomic
regions. (a) Coverage plot of a short-read
mapping of a male Populus individual
against the (female) reference genome,
showing that the genome region with
the popARR17 gene exhibits suspicious
sequencing coverage. This region,
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scaffolds covering the SDR. Misassembly of the SDR renders these
methods uninformative at best, highly misleading at worst. In such
cases an assembly-free k-mer strategy is preferred. Genomes from
males and females are broken into k-mers (i.e., all possible subse-
quences of length k), then k-mers that are autosomal, versus those
which are sex-linked, can be determined by read count (Akagi et al.,
2014; Carvalho & Clark, 2013; Neves et al., 2020; Torres et al.,
2018). Another approach involves whole genome re-sequencing of
a population of males and females followed by a genome-wide asso-
ciation study (GWAS) to find sex-associated SNPs (Geraldes et al.,
2015). GWAS may be used in wild populations but requires a rela-
tively high number of individuals in the resequencing population to
eliminate false positives. The combination of resequencing results
from closely related species can greatly assist the elimination of false
positives (Geraldes et al., 2015). An alternative to GWAS is to study
segregation directly in a cross under a probabilistic framework, as
implemented by the SEX-DETector model (Muyle et al., 2016). SNP
data from parents and progeny are used to probabilistically assign
SNPs to three segregation types: autosomal, X/Y-linked pairs and
hemizygous. Examples of the use of the SEX-DETector model are
grapevine (Badouin et al., 2020) and Cannabis (Prentout et al., 2020).
An important point to be borne in mind is the necessity of properly
accounting for linkage disequilibrium (LD). Some studies exclude loci
that exhibit high LD, whereas it can be a signal of reduced recombi-
nation around features of interest including sex-determining regions
(McKinney et al., 2020).

3.2 | Inferring demographic or life history changes
from SIGR polymorphism data

When a high-quality assembly of a SIGR is available, carefully de-
ployed short reads from a resequencing experiment using genome

indicated by a red vertical bar, exhibits
1.5- to 2-fold higher coverage than
expected. (b) Long-read assembly of

the male-specific sequence of the Y
chromosome (MSY) reveals partial
popARR17 duplicates nested within
repetitive sequences, readily explaining
inconsistencies in short-read mappings. In
this case the regional repeat architecture
was resolved largely using ONT
sequencing (Mdiller et al., 2020)

reduction techniques can be used to elucidate the evolutionary
and ecological ramifications, such as sex-specific demographic
changes due to life-history evolutionary changes or due to cultural
changes, to mention just a few examples. In humans, as a result of Y-
genotyping, patrilineal demographic events can be precisely dated.
One extraordinary finding has been that if the effective population
size of males and females is modelled back in time using matrilineal
(mitochondrial) and patrilineal (Y-chromosome) data, the male line
(but not the female) shows a marked bottleneck around 7-5 kya
(Karmin et al., 2015). This observation has been attributed to the so-
ciocultural phenomenon of increased formation of, and competition
between, patrilineal kin groups (Zeng et al., 2018). Such inferences,
and many like them, would have been impossible without two dec-
ades of intense study of Y haplogroups. Long-read whole-genome
resequencing will be of considerable importance going forward, par-
ticularly to reveal Y-sequences in individuals that are not present in
the reference genomes. Population genomic analyses of SDRs can
also reveal sex-linkage of species isolating factors. In docks (Rumex)
(Beaudry et al., 2020), a large demographic study has been carried
out on R. hastatulus to test the importance of sex chromosomes on
reproductive isolation (using genome reduction methods rather than
whole-genome resequencing). In this case the species is polymor-
phic for two noninterbreeding sex-systems (XY and XYY) and the
formation of the XYY cytotype (estimated at ~200 kya) was appar-
ently soon followed by genetic isolation, consistent with the hypoth-
esis that the origin of the XYY contributed to reproductive isolation.
This particular example lends itself to genome reduction methods,
but in cases of very small SDRs whole-genome resequencing ap-
proaches are not only advantageous but necessary.

Application of novel approaches to exploit whole-genome rese-
quencing data generated for other purposes, allows to extract accu-
rate polymorphism data from SIGRs such as the plant S-locus (Box
3). These should in particular be valuable for studying the effect of
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BOX 3 Analysing balanced polymorphisms at the plant self-incompatibility locus using multiple reference mapping
of short-read resequencing data

About 40% of hermaphrodite flowering plant species possess a self-incompatibility (SI) system that enforces outcrossing by recogni-
tion and rejection of self-pollen (Igic et al., 2008). In many cases, a single genomic region (called the S-locus) contains the Sl genes,
which typically present extreme variability because of a combination of high allelic diversity and high divergence caused by the
maintenance of haplotypes at these genes over extended periods of time. This is driven by a form of balancing selection, specifically
negative frequency-dependent selection (Castric & Vekemans, 2004). Sl systems are an example of a field studied by two distinct
scientific communities in parallel. First, molecular physiologists have worked out in exquisite detail the mechanisms by which self-
pollen is recognized and rejected in different plant families. This has highlighted the existence of two categories of Sl systems: self-
recognition systems and nonself-recognition systems. The self-recognition systems involve only two cognate genes, one expressed
in the pollen and the other in the pistil. Conversely, the nonself-recognition systems involve a single pistil gene but up to twenty
pollen-expressed genes located at the S-locus that collaboratively determine the paternal Sl phenotype (Iwano & Takayama, 2012).
Second, in parallel, population geneticists have developed detailed predictions for how variation at these genes should be influenced
by natural selection (Charlesworth et al., 2005). At the population level, the frequency at which S-alleles segregate is predicted to be
strongly affected by negative frequency-dependent selection, in the simplest cases causing alleles to be found at frequencies that
are more homogeneous than expected for genes evolving under selective neutrality. Furthermore, negative frequency-dependent
selection promotes higher effective gene flow among populations (Schierup et al., 2000), leading again to greater homogeneity than
expected from neutrality. Whole-genome resequencing surveys in families that evolved independent Sl systems could be highly
valuable to test theoretical predictions about the distribution of S-alleles within and among populations, in relation to their demo-
graphic history, as part of a search for convergent evolutionary properties. However, population-level variation has remained poorly
documented in the empirical literature on Sl systems as the S-locus combines several features that make it technically challenging
to analyse. These are: (i) very high allelic diversity, (ii) high sequence divergence among alleles, (iii) the occurrence of multiple genes
at the S-locus functioning collaboratively to produce the male self-incompatible phenotype in nonself recognition systems (e.g., S-
RNase system of Solanaceae), (iv) strong accumulation of repetitive sequences (TEs) associated with the absence of recombination
at the S-locus (Goubet et al., 2012), and (iv) the existence of many paralogues for the Sl genes including co-evolving paralogues that
modulate the Sl reaction, for example, the SLG paralogue in Brassica (Takasaki et al., 2000). Together, these features have strongly
hindered the large-scale use of both amplicon-based technologies and short-read de novo assembly approaches in the survey of S-
locus diversity in population studies (reviewed in Bachmann et al., 2018 and Genete et al., 2020).

Recently, however, short-read resequencing data were shown to be of high value when used in a mapping approach that attempts to map
sequence reads sequentially against each of the previously obtained reference S-locus sequences, instead of against a single genomic ref-
erence (Figure 5). Such an approach has been used successfully to obtain exhaustive genotypic characterization of the S-locus in cultivars
of the apple tree, Malus domestica (De Franceschi et al., 2018), and in populations of Arabidopsis halleri (Genete et al., 2020) and A. lyrata
(Mable et al., 2018; Takou et al., 2021), two species where molecular polymorphism of the SRK gene had been the focus of several previous
studies (though it remained incompletely described). A dedicated bioinformatic pipeline implementing this approach has been developed
(Genete et al., 2020) and is available at https://github.com/mathieu-genete/NGSgenotyp. It computes a series of mapping statistics to
help identify the matching reference S-alleles (Figure 5c) and also uses a de novo assembly approach to detect new S-allele sequences
that can in turn enrich the reference database (Figure 5b). The power of this approach was demonstrated by obtaining complete geno-
typing tables from the analysis of short-read resequencing data from 56 and 46 individuals of A. halleri (Genete et al., 2020) and A. lyrata
(Takou et al., 2021), respectively. These data allowed the detection of nine and 12 putative new S-alleles for these two species, bringing
the overall species-wide number of S-alleles currently detected in A. halleri and A. lyrata to 63 and 58, respectively, with about 50 alleles
shared between species (X. Vekemans, unpublished data). This pipeline could, in principle, be applied to other highly polymorphic loci
such as the S-RNase self-incompatibility system of Solanaceae, Plantaginaceae or Rosaceae, the MHC (only applicable to MHC genes for
which paralogous sequences can be excluded), the sex-determining gene in honeybee (CSD gene), or multiallelic mating-type loci in fungi.
However, some further difficulties persist in some of these systems. For instance, in S-RNase Sl systems of Maloideae (e.g., apple or
pear trees), the pistil expressed gene, S-RNase, has only two short exons separated by an intron highly variable in size and rich in repeat
elements, for example, Dreesen et al. (2010). In such cases, the mapping approach that involves sequential mapping against each of
the known reference S-allele sequences (Figure 5) may be less successful than in Sl systems that have a single large exon covering the
pollen-pistil recognition domains. Hence, long-read sequencing technologies may be necessary to allow successful genotyping in those
systems. Other developments of the approach could include using a previously established reference database of S-allele sequences
to generate multiple targets for gene capture experiments, followed by multiplexed lllumina sequencing, thus allowing the production
of a powerful and affordable S-locus genotyping platform for large population surveys. Alternatively, such a reference database could
be used, in combination with the new real-time Oxford Nanopore Technology, to perform selective sequencing of the S-locus alleles.


https://github.com/mathieu-genete/NGSgenotyp

10 VEKEMANS ET AL.
A\WVAIE 2A%G MOLECULAR ECOLOGY
(a) SRKSCR (b)
TG i S-Allele_1
>S- e_
s1 = h Ll A ﬁ ACTGGACCTACGC...
>S-Allele_2

s2 _ “ 1 ik, M _ CACGAGTTGACGT...

s3 v“ ﬁﬂ J" A >S-Allele_3
L —— s A — ATCGCGATCGTGAT...

S T T T 1 ot

s S-locus ¥ S-alleles reference

Flanking =31-110 kb Flanking database (SRK gene)

(0
Control gene S-allele_1 S-allele_2 S-allele_3 S-allele_4
-

Mapping statistics -~
-Reference coverage high low high low high
-Seq. mismatches low high low high low
-Read depth high low intermediate low intermediate
Interpretation control non-matching matching non-matching matching

FIGURE 5 Strategy to infer S-locus genotypes from individual short-read resequencing data. (a) VISTA plot of haplotypes at the S-locus
of Arabidopsis halleri showing extremely low sequence conservation, except for the pistil-expressed gene SRK (adapted from Goubet et al.,
2012). (b) Schematic representation of a database of fasta sequences from previously known alleles at the SRK gene, which are used as
references for sequential mapping of short-reads from individual resequencing data. (c) Schematic representation of the results of sequential
mapping against control genes (i.e., single-copy genes with low polymorphism) or against nonmatching versus matching S-alleles. The focal
individual is heterozygous for S-allele_2 and S-allele_4, as mapping statistics against these two references are reporting high coverage of
the reference sequence (proportion of positions with at least 1 read aligned), low sequence mismatches (between the reads consensus and
the reference sequence), and intermediate (about half) read depth as compared to that for control genes (because of heterozygosity at the

S-locus)

major demographic or genomic (e.g., polyploidy) events on S-locus
diversity and evolution. For instance, based on short-read rese-
quencing data from two populations of A. lyrata, one of which having
experienced a strong genetic bottleneck about 70,000 generations
ago, no difference in S-allele diversity was observed between the
two populations, suggesting strong resilience of the S-locus to de-
mographic events thanks to strong balancing selection (Takou et al.,
2021). Analyses of population data could also reveal possible shifts
in mating systems in peripheral populations, as for instance a shift to
a selfing regime, which is considered the most common evolution-
ary trend in flowering plant reproduction (Stebbins, 1974). Such shift
would lead to a signature of drastic reduction in allelic diversity at the
S-locus (Novikova et al., 2017; Shimizu et al., 2004; Vekemans et al.,
2014) besides other consequences affecting genome-wide patterns
of molecular evolution (Wright et al., 2008). Even very ancient shifts
in mating systems could be detected by comparing phylogenetic pat-
terns of S-alleles among species, as suggested by Leducq et al. (2014)
who observed two phylogenetic clusters of S-alleles at the S-locus
of Biscutella neustriaca which they interpret as signatures of a tran-
sitory loss of ancestral Sl, followed by re-activation of functionality
and allelic rediversification from two ancestral S-allele lineages.
Similarly, maintenance of functional diversity after strong bot-
tlenecks has been observed at MHC in the critically endangered
Raso lark, Alauda razae (Stervander et al., 2020). Indeed, despite low
homozygosity at most MHC loci, diversity was maintained through
retention of a high number of gene copies, aided by cosegregation
of multiple haplotypes comprising 2-8 linked MHC-I loci. This high-
lights the importance of assessing not only single locus polymor-
phism, but also copy number variation at the MHC. In contrast, very

low allelic diversity, and only three MHC loci were observed in the
Chinese alligator that went almost extinct in the 1970s and is the

subject of active conservation management (Zhai et al., 2017).

3.3 | Studying patterns of molecular evolution
within SIGRs

The availability of entire sequences of SIGRs in different haplotypes
would allow to better understand patterns of molecular evolu-
tion in these highly heterozygous and nonrecombining regions. In
particular, such regions are expected to accumulate a “sheltered”
load of deleterious variants whose removal by purifying selection
is rendered less efficient by linkage to the balanced polymorphism
(Jay et al., 2021; Uyenoyama, 2005). In self-incompatible plants,
revealing this sheltered load requires carefully designed controlled
crosses, and so far only two empirical studies have documented this
effect (Llaurens et al., 2009; Stone, 2004). First, there is a clear need
to extend this kind of analysis to more study systems to determine
how general this phenomenon actually is. Second, a major puzzle is
that the S-locus region typically contains very few genes, being even
limited in Arabidopsis to only the genes directly involved in the self-
recognition phenotype to the exclusion of any other protein-coding
gene. Hence, the deleterious load can only be caused by variants of
the genes that are flanking the S-locus region. In these conditions,
obtaining reliably reconstructed haplotypes not only of the S-locus
region itself, but also of the linked region will be crucial to determine
the extent of the genomic tract upon which the strong balancing se-
lection acting on the S-locus negatively interferes with the removal
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of linked deleterious variants by purifying selection. Similarly, accu-
rate assembly, using 10x linked-reads technology, of divergent hap-
lotypes generated by large inversion polymorphisms associated with
different wing colour patterns in mimetic butterflies, has been in-
strumental in highlighting evidence for accumulation of deleterious
mutations sheltered in heterozygous genotypes (Jay et al., 2021).
Once this load of deleterious mutations has accumulated in differ-
ent haplotypes, it has been demonstrated to play an important role
in maintaining high levels of heterozygosity and hence in maintain-
ing the balanced polymorphism. A similar enrichment of deleterious
variants in regions linked to balanced polymorphisms has been docu-
mented in the human MHC region (Lenz et al., 2016).

4 | CONCLUSION

Overall, our goal with this review is to summarize recent progress
in a variety of study systems that control essential biological func-
tions but have proven challenging to study because of technical
limitations in the sequencing methods. We show that by adapting
molecular and bioinformatic methods to particular systems, each
with their own set of peculiarities, it is possible to obtain reliable
information on large samples of natural populations, sometimes
even from short-read data alone. Our hope is that in the next few
years, many of these technical challenges will be lifted by further
progress in sequencing methods, allowing many of these regions to
finally be properly represented in population-scale de novo assem-
blies of non-model organisms. How fast this will happen remains to
be determined, but meanwhile we hope that our review will inspire
the study of these fascinating genetic systems in a broader range
of study species, as well as encourage the development of further

technical improvements extending to other difficult study systems.
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