
TIGS 2232 No. of Pages 12

Trends in

Genetics

Review

The long and short of hyperdivergent regions

Nicolas D. Moya1,2,

1Department of Biology, Johns Hopkins

University, Baltimore, MD, USA
2All authors contributed equally to this

article

Stephanie M. Yan1,2, Rajiv C. McCoy1,2,∗, and

*Correspondence:

rajiv.mccoy@jhu.edu (R.C. McCoy) and

erik.andersen@gmail.com (E.C. Andersen).

Erik C. Andersen 1,2,*

The increasing prevalence of genome sequencing and assembly has uncovered

evidence of hyperdivergent genomic regions – loci with excess genetic diversity –

in species across the tree of life. Hyperdivergent regions are often enriched for

genes that mediate environmental responses, such as immunity, parasitism, and

sensory perception. Especially in self-fertilizing species where the majority of the

genome is homozygous, the existence of hyperdivergent regions might imply the

historical action of evolutionary forces such as introgression and/or balancing se-

lection.We anticipate that the application of new sequencing technologies, broader

taxonomic sampling, and evolutionary modeling of hyperdivergent regions will pro-

vide insights into the mechanisms that generate and maintain genetic diversity

within and between species.

Genomic hotspots of genetic variation

The advent of massively parallel short-read sequencing (SRS) technologies revolutionized comparison

of genomes within and between species. One result of this development has been the discovery of

genomic regions with extreme genetic diversity compared to the remainder of the genome[1–6]. How-

ever, discovery of such hyperdivergent regions(Box 1) is easily confounded by technical artifacts such

as sequencing or genome assembly errors. In this review, we discuss hyperdivergent regions in

Caenorhabditis elegans, Homo sapiens, and other organisms, focusing on their identification, preva-

lence across the tree of life, and possible evolutionary origins. First, we describe the discovery of

hyperdivergent regions in C. elegans, as well as methods for calling these regions from SRS

and long-read sequencing (LRS) data. Next, we address how balancing selection (seeGlossary),

introgression, suppressed recombination, and other mechanisms could contribute to

hyperdivergent regions, reviewing examples from nematodes, plants, and humans. Last, we

discuss methods for distinguishing these evolutionary mechanisms on the basis of their unique geno-

mic signatures.

The discovery of C. elegans hyperdivergent regions

The free-living nematodeC. elegans has served as a keystone model in virtually all fields of biology.

C. elegans populations primarily comprise hermaphrodites that reproduce by self-fertilization

(selfing) with rare cross-fertilizing (outcrossing) males that spontaneously arise from meiotic

nondisjunction of X chromosomes. Evolutionary theory suggests that the transition to selfing and

the associated reduction in effective population size lead to reductions in genetic diversity, including

allelic extinction and reduced frequency of heterozygous genotypes. The resulting genome-wide

homozygosity renders recombination within selfing species largely ineffective at generating new

haplotypes [7–10]. Long blocks of linked variants are then subject to intense background selec-

tion, whereby negative selection on linked deleterious variation further reduces diversity [11,12]. As

low genetic diversity limits the potential to adapt to changing environments, selfing has traditionally

been viewed as an ‘evolutionary dead end’ [13,14].

Early population genetic studies showed that genetic diversity in C. elegans is lower than its

outcrossing relatives Caenorhabditis brenneri [15] andCaenorhabditis remanei [ 16]. Historical
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Highlights

Sequencing of diverse Caenorhabditis

elegans samples revealed punctuated

genomic regions with excess genetic

diversity, notable because most of the

C. elegans genome exhibits low diversity

caused by self-fertilization.

Hyperdivergent regions have also been

documented in the genomes of humans

and other mammals, such as the MHC

locus, which encodes essential compo-

nents of the adaptive immune system.

Recent sequencing projects have

uncovered additional examples of

hyperdivergent loci across the tree

of life, including in Capsella plants,

sunflowers, and parasitic nematodes.

Hyperdivergent regions are likely

generated and maintained by mecha-

nisms such as introgression from

diverged lineages, hypermutability,

long-term balancing selection, and/or

local suppression of recombination.

More comprehensive evolutionary

models are needed to determine the

mechanisms that explain hyperdivergent

regions.



episodes of strong positive selection are thought to have purged genetic variation from entire

chromosomes in the worldwide C. elegans population [17]. Over the past few decades, the nem-

atode research community has amassed an ever-growing collection of wild strains and genome

sequences ofC. elegans from around the world, yielding a powerful platform to further investigate

natural genetic diversity of this genetic model. To date, the Caenorhabditis Natural Diversity

Resource (CaeNDR) contains samples and genome sequences of over 1500 C. elegans wild

strains, including strains from all continents with the exception of Antarctica, as well as numerous

oceanic islands [18]. The addition of new strains in more recent population genetic studies has

revealed individuals with unexpectedly high levels of genetic variation that might represent ances-

tral diversity predating recent selective sweeps [3,19].

Trends in Genetics

Box 1. How do we define hyperdivergent regions?

Hyperdivergent regions have been defined as punctate regions of extreme genetic diversity. In C. elegans, these regions

were quantitatively defined by combining sequential intervals of the genome that show high densities of SNVs (>16 variants

per kilobase) and gaps in coverage (0–35% coverage fraction) [3]. These thresholds were selected from a wide range of

values and optimized to generate a set of hyperdivergent regions that best matched amanually curated truth set of regions

defined from pairwise comparison of LRS genomes.

The punctate nature of C. elegans hyperdivergent regions is largely explained by the adoption of selfing as a primary mat-

ing strategy, where regions of the genome that are not protected by mechanisms that maintain genetic diversity become

homogeneous over time. As a result, hyperdivergent regions are most evident in homogeneous populations where there

are substantial local differences in the amplitude of variant density across their genomes. However, many of the studies

described in this review involve populations with varying degrees of selfing or inbreeding, vastly different effective popula-

tion sizes and structures, and other differences in their demographic histories. By consequence, a higher level of neutral

genetic variation in species with high rates of outcrossing and large effective populations could minimize the signal of local

deviations of polymorphism density and obfuscate the detection of hyperdivergent regions. As a result, the thresholds of

SNV density and coverage used to detect hyperdivergent regions in C. elegans are unlikely to be informative when study-

ing other species. This limitation motivates the development of generalizable definitions based on genomic signatures that

are produced by the mechanisms that generate and maintain hyperdivergent regions.

Coalescent theory helped establish models to study the ancestry of a population, and recent advances expanded these

models to repeatable simulations that can include more complex population parameters (such as recombination rate,

population structure, and migration) [57]. Efficient new methods for forward simulation offer additional flexibility, such as

by incorporating various modes of selection and even ecological interactions among species [58]. Such simulations can

help establish null expectations of divergence among the genome sequences of a population, which can be used to iden-

tify outlier loci that violate these expectations (such as hyperdivergent regions). However, such simulations require a priori

knowledge of demographic history, mutation, and recombination rates. Although many of these parameters can be

inferred from genomic data itself, inferences can be confounded by unmodeled phenomena such as linked selection

[59], especially for self-fertilizing organisms where linked selection is intensified.

Alternatively, when comparing closely related taxa, trans-specific polymorphism may be sufficient to define hyperdivergent

regions with increased coalescence time, assuming recombination has not broken up the ancestral haplotypes. In cases

where closely related sister species are available, trans-specific polymorphisms (and closely linked sites) may help distinguish

between deeply coalescing alleles from more recent introgression and gene flow events. Extensive sampling of individual

genomes within a population could also reveal hyperdivergent haplotypes associated with structural variation, which could

help justify a model based on separate evolutionary trajectories by recombination suppression.

Our review provides several examples of organisms across the tree of life with hyperdivergent regions. These regions can

be generated and maintained by various evolutionary mechanisms with complex and sometimes indistinguishable geno-

mic signatures. Additionally, these mechanisms are unlikely to be isolated and can jointly contribute to the evolution of

hyperdivergent regions. As a result, a definition rooted in such evolutionary mechanisms and their genomic signatures is

challenging and requires further study of natural genetic variation.

Because of the low levels of genetic diversity and established homozygosity, C. elegans offers an

ideal case to investigate the genomic distribution and patterns of variation. This variation is not

evenly distributed across the C. elegans genome, but condensed in punctuated hyperdivergent

regions that harbor extremely high levels of single-nucleotide variation (SNV) and structural variation

(SV) [3]. Accurately identifying hyperdivergent regions using SRS alone is complicated by the high

Glossary
Balancing selection: an umbrella term

that describes various modes of natural

selection that favor maintenance of

multiple alleles within a population (see

Box 4 in the main text). Local genealogies

of loci under long-term balancing selection

might exhibit deep coalescence times.

Over long timescales, recombination

events that flank the causal locus break

down linkage disequilibrium, causing short

haplotypes.

Haplotype: a set of physically and

genetically linked alleles (i.e., an entire

chromosome or portion of a

chromosome) that are inherited

together. Linkage between the alleles on

a haplotype is broken down by

recombination over time.

Introgression: gene flow from one

divergent lineage (e.g., species or

subspecies) to another by interbreeding.

Recent introgression events create long,

divergent haplotypes within the recipient

population, as the introgressed

haplotypes have had little time to be

broken down by recombination.

Outcrossing (cross-fertilization): a

reproductive strategy where fertilization

occurs between gametes produced by

different individuals.

Selfing (self-fertilization): a

reproductive strategy where

hermaphroditic individuals fertilize their

own gametes. Some species engage in

both selfing and outcrossing. Selfing is

distinct from asexual reproduction,

where offspring are produced only by

mitosis and are genetically identical

(clonal) to their parent.

Trans-species polymorphism: one

possible signature of balancing

selection, whereby two or more species

share haplotypes or alleles by descent.

This phenomenon occurs when the

polymorphism originates in the ancestral

population and ismaintainedwithin each

lineage after species divergence.
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variant density and lack of homology that distinguish these sequences (Box 2). Consequently, the

accurate sequences and diversity of hyperdivergent haplotypes will likely be revealed only with

de novo assembly guided by LRS or alternative approaches that leverage high-quality assemblies

such as emerging pan-genome methods (Box 3). Pairwise alignment of 15 long-read sequenced

genome assemblies against the existing C. elegans reference genome were used to define and

manually curate a set of high-confidence hyperdivergent regions. This truth set was then used to

optimize the coverage and SNV count thresholds required to call hyperdivergent regions using

SRS data from 328 wild strains. A total of 366 regions that spanned approximately 20% of the

C. elegans reference genome were classified as hyperdivergent in at least one strain [3]. Within

these regions, SRS alignments from diverse C. elegans wild strains possess SNV density that is

16.6-fold the genome-wide average – comparable with levels of sequence divergence observed

between Caenorhabditis species. These peaks of high genetic diversity often contained large

gaps in coverage that could reflect SVs (e.g., insertions, deletions, and inversions) interspersed

with the SNVs (Figure 1).

Trends in Genetics

Box 2. Variants cannot run, but they can hide

Hyperdivergent regions contain a high density of both SNVs and SVs, complicating accurate variant calling using SRS.

Conventional approaches for variant discovery and genotyping based on SRS depend on initial alignment of reads to a

reference genome, and reads that align with low fidelity are often discarded. As a result, the accuracy and completeness

of the reference genome, as well as its genetic similarity with the target sample, impact variant calling accuracy – a problem

termed ‘reference bias’ [60,61]. Insertions, deletions, and inversions (i.e., SVs), can also produce large genomic differ-

ences between the reference and target sample. These SVs are also difficult to discover using SRS, which fails to identify ap-

proximately 50% of deletions and 80% of insertions [62].

Several studies of hyperdivergent regions instead use an alternative approach of LRS to comprehensively assemble and

compare hyperdivergent haplotypes [5,24]. This assembly approach is especially well suited for sequences that are highly

divergent from the reference genome, because it enables more accurate comparison of SV- and SNV-dense sequences that

would otherwise be lost among the set of unmapped reads. As LRS declines in cost, we expect that semiautomated de novo

assembly of complete or near-complete genomes will become an increasingly accessible approach for genetic studies

[63–65] and will reveal additional hyperdivergent regions across the tree of life. However, even whole-genome alignment

is not perfect, and complex genomic rearrangements (e.g., nested SVs and segmental duplications [31]) and highly re-

petitive regions still pose a challenge for variant discovery [66,67].

Comparison of LRS genomes revealed that hyperdivergent haplotypes often contained protein-

coding genes with substantial divergence in their amino acid sequences (<95% identity), as

well as novel genes that were absent from the reference genome. Haplotype calling approaches

showed that as many as seven distinct haplotypes could be identified in a given hyperdivergent

region across only 15 LRS assemblies [3]. In addition, hyperdivergent regions were enriched for

Box 3. The future of hyperdivergent region discovery

As an alternative to whole-genome LRS, targeted LRS can be used to select for reads specific to a region of interest, re-

ducing the cost of sequencing and assembly. The most common methods for targeted LRS involve using a primer [68] or

Cas9 guide RNA [69] to enrich libraries for a specific sequence, followed by sequencingwith either Oxford Nanopore Tech-

nologies (ONT) or PacBio. An alternative method uses ONT to identify and selectively eject reads in real time, thus enriching

for sequencing reads of interest [70]. Targeted sequencing has been used to generate local assemblies of the IGH locus,

creating a customized reference sequence that improves subsequent variant calling with short reads [24].

LRS approaches maximize structural variant discovery, with estimated recall rates of 70–90% compared with 10–70% for

short reads [71,72]. However, these methods are not always feasible in terms of cost and have rarely been applied to pop-

ulation-scale samples. Long-read SV discovery followed by short-read genotyping, achieved via graph or other

pangenome-based methods [73,74], offers a promising middle ground that can combine the resolution of long reads with

the higher throughput of short reads. These methods have been used to identify novel combinations of MHC class II gene

types [73], as well as selection on immunoglobulin genes [26], both of which are known to be highly polymorphic

(i.e., hyperdivergent) in humans. Given sufficient long-read data, these hybrid approaches provide a mechanism that

can bridge the gap between long- and short-read methods and apply them to larger sets of samples.
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genes associated with environmental responses such as olfaction, xenobiotic stress, and pathogen

defense [3]. Along withC. elegans, analysis of a small panel of 35Caenorhabditis briggsae SRS ge-

nomes identified punctuated hyperdivergent regions that were found in shared genomic locations

across the genomes of members of temperate and tropical geographic clades [3]. In parallel,

genome-wide scans of nucleotide diversity in Caenorhabditis tropicalis also identified punctuated

peaks of extremely high diversity in contrast to low levels of diversity elsewhere in the genomes[4].

Trends in Genetics
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(C) (D)

Figure 1. Visualization of hyperdivergent regions with short-read sequencing.Short-read alignments fromCaenorhabditis elegans and Homo sapiens individuals at

hyperdivergent loci. (A) Top and bottom panels show read alignments from a normal genomic region in the N2 (Bristol, UK) and CB4856 (Hawaii, USA) C. elegans strains,

respectively, aligned to the N2 reference genome. (B) Same as in (A), but for a hyperdivergent genomic region. The CB4856 strain shows extensive polymorphism, including

multiple gaps where reads fail to align, overlapping with a series of genes encoding for G protein–coupled receptors (GPCRs), nuclear hormone receptors, and serpentine

receptors. (C) Top and bottom panels show read alignments from a normal genomic region in the CHM13 andNA19323 (Luhya inWebuye, Kenya)H. sapiens individuals, respectively,

aligned to the CHM13 reference genome. (D) Same as in (C), but for a hyperdivergent genomic region. The NA19323 sample shows extensive polymorphism, including multiple de-

letions, overlapping with theHLA-DQA1 and HHLA-DQB1 genes in the human MHC locus.

The existence of hyperdivergent regions that d isplay extreme haplotype diversity and are

enriched for environmental response genes might reflect adaptations that enable C. elegans

(and possibly other selfing Caenorhabditis species) to survive and respond to varying environ-

ments. Although the evolutionary origin of hyperdivergent regions in C. elegans is unknown, it

was hypothesized that their high levels of genetic variation have been maintained by long-term

balancing selection since the evolution of selfing in this species [3]. Alternatively, the authors pro-

posed that shared local environments that harbor multiple Caenorhabditis species could have

permitted introgression events giving rise to hyperdivergent regions. Together, these results

show that regions of high genetic diversity can account for a large proportion of the genome in
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a species and that these hyperdivergent haplotypes might persist because they provide advan-

tages for responding to environmental changes.

Trends in Genetics

Mechanisms that generate and maintain hyperdivergent regions

Multiple mechanisms have been proposed to explain how hyperdivergent regions are generated

(e.g., via an influx of diversity from introgression or locally elevated mutation rate) and maintained

(e.g., via balancing selection or suppressed recombination, which separates haplotypes and

allows them to accumulate different mutations). The case studies in the following sections repre-

sent a few select species with robust evidence of hyperdivergent regions from population geno-

mic data but are by no means comprehensive. Although we classify these examples on the basis

of whether they are thought to involve introgression, hypermutability, balancing selection, or

suppressed recombination, we note that these mechanisms are not mutually exclusive and

that many hyperdivergent regions could be generated and maintained by a combination of

factors, including some that are likely undiscovered.

An origin by introgression

The origin of hyperdivergent regions can be explained by hybridization and exchange of genetic

material between divergent lineages (i.e., introgression), introducing haplotypes with high levels

of nucleotide diversity into a recipient species (Figure 2A). Adaptively introgressed (i.e., beneficial)

alleles would be less likely to drift out of the population, possibly aided by recurrent gene flow or

recombination suppression [20].

A recent study identified 37 regions, ranging from 1 to 100 megabase pairs (Mbp) in size, with

distinct population structure in three sunflower (Helianthus) species. Across the three species,

these regions cover 4–16% of the genome and display highly divergent haplotypes with

sequence identity as low as 94% in some cases (in contrast to a genome-wide average of

99.4% identity). Divergent haplotypes within these regions were associated with traits related

to local adaptation, such as differences in flowering time between coastal island and inland

populations of Helianthus argophyllus or seed size between dune and non-dune populations of

Helianthus petiolaris. Importantly, four regions of the H. argophyllus genome possess haplotypes

that are phylogenetically closer to Helianthus annuus haplotypes than they are to other haplotypes

at the same locus, suggesting the haplotype diversity in these regions might have originated by

introgression. The authors also showed evidence that these regions were frequently associated

with SVs that suppress recombination and thus preserve linkage disequilibrium (LD) among

adaptive alleles [2].

Another example of genetic divergence by introgression is ancient hybridization between modern

humans and two archaic hominin groups, the Neanderthals and Denisovans [21,22]. By conse-

quence of these introgression events, Neanderthal and Denisovan sequences comprise an

average of 2–6% of the genome of contemporary non-African individuals. Archaic introgression

explains some of the variation in the immunoglobulin heavy chain (IGH) locus in humans, a

hyperdivergent region containing genes that contribute to the adaptive immune response. These

genes undergo somatic mutation and recombination in B cells to generate epitopes for antigen

recognition, producing high levels of polymorphism within individuals [23]. IGH haplotypes are

highly variable between populations and harbor a high density of germline structural variants –

including whole-gene deletions and insertions – likely driven by the repeat content of the IGH

locus, which causes an increased rate of segmental duplication [24,25]. Yan et al. identified signa-

tures of strong positive selection on a Neanderthal-introgressed haplotype, encompassingmultiple

IGH genes and at least two SVs, which is nearly fixed in two populations in southeast Asia but at

low frequencies outside of Asia [22,26]. Although archaic introgression only accounts for one of
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the haplotypes segregating at the IGH locus, the combined evidence of somatic mutation, recom-

bination, positive selection, and introgression in this genomic region suggests a history of recurrent

diversifying selection targeting IGH genes, generating and maintaining genetic diversity within a

single individual, between individuals, and between populations.

Trends in Genetics

(A)

(B)

(C)

(D)
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Figure 2. Evolutionary mechanisms for generating and maintaining hyperdivergent regions. The right panels show simplified trees that summarize each evolutionary

scenario. In all cases, haplotypes must remain separate from each other for an extended period of time in order to accumulate mutations and become distinct from each other

(yellow and blue bars). This separation can occur due to the following. (A) Introgression. Recent introgression after an ancient population split creates long, divergent haplotypes in

the focal species. (B) Hypermutability. A genomic region with increased mutation rate generates divergent haplotypes through mutation accumulation over time. (C) Long-term

balancing selection. In an outcrossing species such asHomo sapiens, extended periods of balancing selection result in accumulated recombination events that create very short

balanced haplotypes; in a selfing species, this signature is masked by high levels of homozygosity, resulting in the appearance of long haplotypes. (D) Decreased recombination.

An inversion (bottom chromosome) suppresses recombination within the inverted sequence, causing mutations to accumulate only on the inversion haplotype (rather than being

removed by recombination and drift).

An origin by hypermutability

An elevated mutation rate in specific genomic regions, caused by features such as microsatellite

or mononucleotide repeats, recombination hotspots, or DNA fragility, could also create punctate

regions of excess nucleotide diversity (Figure 2B). For example, at microsatellite loci such as

the trinucleotide expansions that cause Huntington’s disease in humans, replication errors

generate a wide range of haplotypes in the human population, ranging from 10 to 35 repeats

of the trinucleotide sequence for non–disease carriers [27]. Mutation ‘hotspots’ have also been
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identified as drivers of adaptation in stickleback fish[28,29] andbacteria [30], although most such ex-

amples involve directional selection where one haplotype sweeps to fixation within a population. Fi-

nally, LRS of human genomes has recently revealed that nonallelic homologous recombination

between segmental duplications or other repeats can induce recurrent inversions, contributing to

the formation of hyperdivergent loci [31].

Trends in Genetics

Maintenance by long-term balancing selection

The C. elegans examples that we discussed in the first section, as well as several other examples

in the literature, invoke balancing selection as a mechanism for maintaining hyperdivergent

haplotypes (Figure 2C). Balancing selection preserves genetic variation at loci where the fixation

of one allele leads to a reduction in fitness, and several modes of balancing selection have

been described (Box 4) [32]. One potential signature of long-term balancing selection is trans-

species polymorphism, where ancestral variation is maintained within each of two or more

lineages after their divergence from a common ancestor [33].

For example, Capsella rubella, a selfing plant thought to have recently diverged from its outcrossing

sister species Capsella grandiflora (estimated split 170 000 generations ago), possesses numerous

trans-species polymorphisms. Variant calling within natural populations of these two species

revealed that over half of segregating variants in C. rubella (>800 000 SNPs) were shared with

C. grandiflora. Regions with high density of trans-species SNPs were correlated with regions

of high genetic diversity in C. rubella, and immune response loci [such as Arabidopsis thaliana

nucleotide-binding leucine-rich repeat (NLR) homologs] were highly enriched for trans-species

SNPs. Importantly, when incorporating a more distant selfing lineage, Capsella orientalis

(estimated split fromC. grandiflora over 1.8 million generations ago), thousands of polymorphic

sites shared among the three species were identified. Such magnitude of shared polymor-

phism between distant taxa is highly unlikely under neutral evolution, suggesting that ancient

alleles have likely been maintained since the evolution of selfing in Capsella [1].

Depending on the timescale, history of recombination, and architecture of causal mutations,

trans-species polymorphismsmight extend beyond individual SNPs to longer shared haplotypes.

In outcrossing parasitic nematodes of the Heligmosomoides genus, comparisons of genome

sequences of Heligmosomoides bakeri individuals revealed hundreds of punctuated hyperdivergent

regions with high SNP density. These regions span 9.6% of the reference genome and are enriched

for genes associated with parasitism, suggesting that recurrent selection to evade the host immune

Box 4. Modes of balancing selection

Balancing selection acts to preserve genetic variation at loci where the fixation of one allele leads to a reduction in fitness

[32]. Several modes of balancing selection have been described, including:

● Heterozygote advantage, also called overdominance, where heterozygotes possess higher fitness than individuals

with either homozygous genotype [75]. A classic example of heterozygote advantage in humans is the hemoglobin

beta gene, where a sickle cell allele confers malaria resistance in heterozygotes but causes severe disease in homozy-

gotes [75,76]. Heterozygote advantage is expected to maintain two balanced alleles at a locus.

● Negative frequency-dependent selection,where rare alleles possess a fitness advantage. Negative frequency-dependent

selection has been observed in host–pathogen dynamics where pathogens aremore likely to infect hosts that carry com-

mon immune alleles [77]. Because hosts with rare alleles are less likely to be infected, these alleles will increase in

frequency over time [78]. This mode of selection can cause multiple distinct alleles to persist in a population.

● Spatially or temporally varying selection, also called fluctuating selection, where fitness of an allele depends on the envi-

ronment, season, or time period. Local adaptation is a common form of spatially varying selection that maintains genetic

variation at the species level while reducing genetic diversity at the population level. In addition, temporally varying selec-

tion has been observed in some wild populations of Drosophila melanogaster, where the frequency of ancient balanced

alleles in the population fluctuates predictably with season or weather [79–81]. Like negative frequency-dependent selec-

tion, these modes of balancing selection can maintain multiple distinct alleles at each selected locus.

Trends in Genetics, Month 2024, Vol. xx, No. xx 7



system has produced high levels of genetic diversity in these regions. Phylogenetic trees built from

the protein sequences of genes within H. bakeri hyperdivergent regions and their orthologs

in Heligmosomoides polygyrus revealed hundreds of cases – nearly half of all genes within

hyperdivergent regions –where H. bakeri andH. polygyrus did not form separate clades. Importantly,

the synonymous site divergence of genes within shared haplotypes did not differ significantly from the

average genome-wide divergence, which suggests that shared haplotypes did not originate from

recent gene flow. The prevalent haplotype sharing with H. polygyrus indicates that H. bakeri

hyperdivergent regions likely represent ancient genetic diversity that has been maintained since the

last common ancestor of these two species.

Trends in Genetics

Within vertebrates, genome-wide scans in humans and chimpanzees have identified more than

100 loci with evidence of trans-species polymorphisms, enriched for genes involved in host–

pathogen interactions [34]. The best-characterized examples of trans-species polymorphisms

lie in the MHC locus, which encodes antigen-presenting proteins in T cells and is an essential

component of the adaptive immune system [35]. When MHC proteins were first identified in the

1900s, it was discovered that the levels of divergence between human MHC alleles rivals the

divergence observed between species for other proteins [36,37]. Recent analyses support high

heterozygosity and deep coalescence structure at classic MHC genes, including the most

extreme case of HLA-DQB1, where polymorphism has been maintained for more than 45 million

years, predating the divergence of humans and NewWorld monkeys (Figure 1B) [38]. In addition

to SNVs, sequencing and assembly of MHC haplotypes across vertebrate species revealed both

fixed and polymorphic gene duplications of up to 193 copies in some organisms [29–31]. The

evolutionary origins of this hyperdivergent region have been attributed to diverse modes of

balancing selection, including heterozygote advantage, negative frequency-dependent selection,

and spatially varying selection (Box 4) [39].

Finally, we note that selfish maternal [4] or paternal [40] genetic elements can maintain

hyperdivergent regions – likely by balancing selection, although it is uncertain which mode of

balancing selection best explains this phenomenon. Noble et al. [4] and Rockman [41] suggested

that hyperdivergent regions in C. tropicalis persist because of maternal Medea elements, which

kill offspring that are homozygous for a non-Medea haplotype. In this model, Medea alleles

arise on existing haplotypes and subsequently force the Medea haplotype to fixation within a

selfing population. The fixation of different haplotypes in different populations (i.e., spatially varying

selection), coupled with strong LD in selfing species that links a large region of the chromosome

to the Medea element, creates the appearance of hyperdivergence at the species-wide level [41].

Maintenance by suppressed recombination

Suppression of recombination, often through chromosomal rearrangements, is another mecha-

nism by which hyperdivergent regions can bemaintained. For example, an inversion can generate

one haplotype that does not recombine within a population or mutations that impact the recom-

bination rate (e.g., by disrupting recombination hotspots) can limit recombination locally [42].

Although initially neutral, an inverted haplotype that captures locally adapted alleles can quickly

establish in a population by preventing the formation of maladaptive recombinants [43]. As a result,

the evolutionary trajectories of alternative chromosomal arrangements are split, allowing the haplo-

types to accumulate mutations separately and to cause hyperdivergent haplotypes (Figure 2D).

However, the reduction in effective population size for each arrangement can limit the effectiveness

of purifying selection, and deleterious mutation accumulation can cause degeneration of either

haplotype and loss of beneficial alleles [44,45]. Supergenes – tightly linked alleles with the pattern

of inheritance of a single Mendelian locus, often associated with inversion polymorphism – can
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potentially escape this fate. Berdan et al. proposed a model where the accumulation of mutations

in supergene arrangements can also lead to the emergence of alleles that are lethal when homozy-

gous. Individuals that possess both arrangements show higher fitness, and the supergene polymor-

phism is maintained through overdominance (Box 4), balancing the lethal allele (i.e., associative

overdominance) [46].

Trends in Genetics

Another example of hyperdivergence caused by suppressed recombination is the evolution of

heteromorphic chromosomes (i.e., chromosomes that are different in size or content but still

pair during meiosis – most notably, sex chromosomes such as the X and Y in humans or the Z

and W in birds) [47]. Suppression of recombination between sex chromosomes is advantageous

because it forces separation of sex-determining genes onto different haplotypes, which can then

specialize by accumulating sex-specific genes or mutations [48]. Selection for a suppressed

recombination rate is thought to cause mutation accumulation and sequence divergence,

creating two genetically distinct haplotypes. Eventually, this lack of recombination tends to

have a deleterious effect, leading to the accumulation of transposable elements and ampliconic

sequences, followed by degeneration and the loss of functional genes, as on the human Y chro-

mosome [49].

Distinguishing evolutionary mechanisms for generating hyperdivergent regions

Determining the evolutionary mechanisms that generated a hyperdivergent region can be chal-

lenging because balancing selection, introgression, and suppressed recombination leave similar

genomic signatures (or might even be indistinguishable) (Figure 2). Inversions that suppress

recombination are likely the most straightforwardmechanism to identify, because several methods

exist for detecting these SVs from high-throughput sequencing or assembled haplotypes [2].

A common approach for identifying evidence of introgression is the D statistic (also called the

ABBA-BABA test) and related statistics [50]; the ABBA-BABA test was originally developed to

identify Neanderthal-introgressed variants in human populations [51]. This statistic, which re-

quires sequencing data from the introgressing species, an outgroup, and two populations in

the recipient species (one of which has not experienced introgression), reveals introgression

based on an excess of allele sharing between the introgressing species and one recipient species

population. Because balancing selection in particular lineages could also produce an excess of

allele sharing in theory, it is unclear whether this statistic would be appropriate for distinguishing

introgression from balancing selection.

Introgression and balancing selection can sometimes be differentiated using haplotype length: bal-

anced alleles are maintained in the population over long periods of time, causing very short

haplotypes due to the accumulation of recombination events across many generations (Figure 2C).

By contrast, recently introgressed haplotypes have not yet been broken down by recombination

and should exhibit long tracts of LD (Figure 2A). This haplotype length decay has been used to

pinpoint the timing of archaic introgression into human populations [52]. However, one complica-

tion in species such as C. elegans is that excess haplotype length might not be unique to

introgressed sequences, because LD is extensive throughout the genome because of reproduc-

tion by selfing (Figure 2C) [53,54].

As an alternative to LD-based approaches, Koenig et al. [1] and Stevens et al. [5] distinguished

balancing selection from introgression by comparing hyperdivergent haplotypes between

two species that shared trans-species polymorphisms. If these haplotypes were ancestral

(i.e., maintained by ancient balancing selection), hyperdivergent haplotypes in the two species

should be as different as normal regions of the genome. If they were inherited by recent
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introgression from one species, the hyperdivergent haplotypes should be more closely related

than other regions of the genome [5].

Trends in Genetics

Several tools exist for determining whether balancing selection, introgression, or suppressed

recombination generated a hyperdivergent region. These methods include direct discovery of

inversions or introgressed alleles from sequencing data, contrasting the expected lengths of

haplotypes under introgression and balancing selection, and comparing divergence within and

outside of hyperdivergent regions. Simulations are another fairly underexplored method that

could provide additional understanding of how evolutionary phenomena alter genetic and

haplotypic diversity in selfing organisms [41,55,56]. Further development of evolutionary simula-

tions, as well as corresponding population genetic statistics that predict how these mechanisms

should behave under different scenarios, could help identify additional genomic signatures that

distinguish introgression, balancing selection, and suppressed recombination, providing valuable

insights into the evolutionary origins of hyperdivergent regions.

Concluding remarks

The past two decades of genome sequencing, combined with the assembly of high-quality

reference genomes for many species, has revealed that organisms across the tree of life carry

hyperdivergent regions with extreme levels of genetic variation. This observation of excess genetic

diversity has been attributed to introgression, hypermutability, historical balancing selection, sup-

pressed recombination, or a combination of multiple mechanisms. However, confidently distinguish-

ing these mechanisms is challenging, especially in selfing species, where common population

genetic expectations about LD and genotype ratios are violated (seeOutstanding questions).

As LRS becomes more widespread and is applied across additional species, we believe that

hyperdivergent regions will be revealed to be more common than is currently appreciated. We an-

ticipate that in coming years, the combination of additional genomes and novel population genetic

methods will transform our ability to study hyperdivergent regions, advancing understanding of

how genetic diversity is maintained across the tree of life.
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Outstanding questions

As genomes of more species are

sequenced and assembled, will

hyperdivergent regions be ubiquitous

or isolated to specific taxa?

What percentage of hyperdivergent

regions are generated by introgression,

hypermutability, balancing selection, and

suppressed recombination? Are there

additional undiscovered mechanisms?

What could explain the differences in

the proportion of the genome that is

impacted by hyperdivergent regions in

different species?

Can evolutionary simulations accurately

distinguish signatures of balancing

selection and introgression, especially

within selfing species?

What mechanisms besides archaic

introgression and local adaptation

drive the germline hyperdivergence of

the IGH locus in humans? Does the

elevated recombination rate in this re-

gion lead to higher rates of germline

mutation?

To what extent does intragenomic

conflict, such as the selfish Medea

or peel elements reported in

Caenorhabditis, contribute to the

maintenance of hyperdivergent regions?

Aside from inversions, what types of

mutations (e.g., destruction of recom-

bination hotspots) can suppress

recombination?

How does variation and evolution of

mutation and recombination contribute

to patterns of hyperdivergence?

For example, can a locally reduced

recombination rate cause haplotype-

specific mutation accumulation?
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