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Understanding how organisms respond or adapt to extreme environments
including the Arctic is a fundamental challenge in ecology and evolutionary
biology. The Arctic presents an environment that is not only harsh but also
extremely variable, characterized by long, cold, dark winters and short, rela-
tively warmer summers. Such conditions require that the native fauna
possess a range of physiological, morphological and behavioural adaptations
for survival. Among the most fascinating examples of Arctic adaptation
are the ruminants, such as muskoxen (Ovibos moschatus) and reindeer (Rangifer
tarandus), that have evolved specifically to survive in the harsh Arctic environ-
ments. Recent studies have elucidated the bases of morphological, physiological
or behavioural adaptation in Arctic animals, but the genetic basis of Arctic
adaptation remains largely unclear. Li ef al. [1] used a combination of genomics,
molecular evolution and functional work to provide a comprehensive
understanding of the mechanisms and evolutionary processes underlying
convergent Arctic adaptation in ruminants.

Convergent evolution refers to the process by which unrelated or distantly
related species independently evolve similar traits or adaptations as a result of
having to adapt to similar environments [2]. This phenomenon of convergent
phenotypic evolution serves as a powerful framework to uncover the genetic
underpinnings of adaptations to specific environments, as these phenotypic
convergences commonly emerge due to parallel selective pressures. With the
increasing accessibility of genomic datasets of diverse species, a growing
body of recent studies on convergent phenotypic evolution has unveiled
remarkable genomic similarities across distinct lineages [3-9]. Convergent phe-
notypic evolution is hypothesized to be associated with various genetic
mechanisms of genomic convergences. Many comparative genomic studies
have identified convergent amino acid substitution sites in a set of candidate
genes, as well as across entire genomes, revealing that distant species often
exhibit parallel genetic alterations at specific loci, probably fulfilling analogous
functional roles (figure 1a). For instance, a recent comparative genomics study
between bamboo-eating giant and red pandas identified convergent amino acid
substitutions in two limb development genes, DYNC2H1 and PCNT. Specifi-
cally, one of the two convergent amino acid sites is R3128K in DYNC2H]1,
and the amino acid K only occurs in giant and red pandas [7]. Extensive studies
aimed at identifying molecular evolutionary patterns linked to convergent phe-
notypic evolution have yielded different levels of genomic convergences. These
include the synchronized modulation in the non-synonymous to synonymous
substitution ratio (dN/dS), manifesting as either acceleration or deceleration.
The shift in rate of molecular evolution involves focal foreground taxa experien-
cing increasing dN/dS ratios compared to background taxa, indicating
acceleration. Conversely, the decrease in dN/dS ratios in foreground taxa rela-
tive to background taxa suggests deceleration (figure 1b) [3,10]; the observation
of concerted shifts in the intensity of natural selection—either relaxation or
intensification (figure 1b). The degree to which shifts in the distributions of
dN/dS ratio across individual genes or whole genomes can be caused by relax-
ation (weakening of both purifying selection and positive selection, towards
neutrality) versus intensification (strengthening of both purifying selection
and positive selection, away from neutrality) (figure 1b) [3]; and the identifi-
cation of common signatures of positive selection which is the dN/dS ratios
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Figure 1. Types of genomic convergence. The diagram illustrates various types of genomic convergence among species sharing similar traits (orange branches, e.g.
muskoxen and reindeer), contrasted with other species (grey branches) on the phylogenetic tree. Genomic convergence is categorized into four proposed types:
(a) Convergent amino acid substitutions: this type involves the same amino acid substitutions occurring in both targeted species, for instance, S23T and D98G in
genel, K5E and P109W in gene2; (b) convergent pattern of molecular evolution: this encompasses parallel changes in evolutionary rates, either acceleration or
deceleration, in both targeted species compared to others, and consistent patterns of relaxed or intensified selection associated with phenotypic changes; () con-
vergent evolution of gene families: this type is characterized by synchronous expansion or contraction of certain gene families in the foreground species relative to
background species and (d) convergent pattern of gene expression: this involves similar changes in gene expression profiles among the species with shared traits.

of specific genes or loci in focal taxa high than 1 [4,8]. Fur-
thermore, have detected
convergences in gene family dynamics, notably gene loss or
gain, among species exhibiting similar phenotypic traits
(figure 1c) [5,9]. Complementing these findings, a growing

previous studies substantial

corpus of comparative transcriptomic analyses has delineated
correlations between convergent phenotypic evolution and
gene expression patterns (figure 1d) [6,8,9], further substan-
tiating the multifaceted nature of genomic convergence.
Muskoxen and reindeer represent the iconic species that
have undergone convergent adaptation to Arctic extreme
environments. A prior investigation into the reindeer
genome had begun to reveal the genetic basis underlying
Arctic adaptation [11]. However, the extent to which the
Arctic milieu shapes convergent phenotypic traits, particularly
within a cohort of ruminants, remains largely unknown. To
address this question, the authors sequenced the muskox
genome, together with the recently published reindeer
genome [11] and other ruminant genomes [12]. By taking
advantage of comparative genomics analysis, they identified
a set of genomic convergences. These include convergent
amino acid substitutions and patterns of accelerated evolution-
ary rates coupled with positive selection, predominantly
focused on crucial genes implicated in brown adipose tissue
thermogenesis and circadian rhythm regulation. In addition,
they found convergent expression patterns in metabolic-
related genes linked to brown adipose tissue thermogenesis,
providing additional evidence of the concept of genomic con-
vergences [1]. This paper adds to the growing list of
studies that use integrative genomic approaches to elucidate

the genetic underpinnings of convergent evolution and the
extent to which analogous phenotypic manifestations stem
from convergent genomic alterations.

Arctic ruminants possess extraordinary adaptations for
survival in extreme environments. Notably, advanced ther-
mogenesis mechanisms enable these ruminants to efficiently
conserve and use energy in Arctic environment where food
can often be scarce, while unique circadian rhythms facili-
tated their coping with the region’s extreme photoperiods
[13]. In concordance with previous investigations [11,13],
the authors identified distinct genomic convergences in
genes involved in thermogenesis and circadian rhythm regu-
lation. They next asked what is the functional consequences
of genomic convergences during Arctic adaptation. The
authors focused on one key gene, HIF2A, which harboured
convergent amino acid substitutions in both muskoxen and
reindeer, and designed functional experiments by applying
mutation vector construction and co-immunoprecipitation
(Co-IP). They provided putative functional evidence to sup-
port their speculation that convergence in HIF2A protein of
both muskox and reindeer may contribute to heat transfer
from brown adipose tissue to other parts of the body. This
paper stood out because the specific functional assessment
has often been overlooked in diverse species, despite the
identification of numerous genomic convergences.

For decades, studies on genomic convergences have primar-
ily concentrated on the evolutionary dynamics of protein-
coding genes [1—4,7-9]. By contrast, recent comparative geno-
mic studies have begun to focus on the molecular evolution
of non-coding regions across the genomes of diverse species,
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emphasizing the study of conserved non-coding elements
(CNEs). Despite not coding for proteins, CNEs have remained
remarkably unchanged across different species over millions
of years of evolution [14], and are emerging as crucial com-
ponents in the study of evolutionary biology [10,15]. Their
primary biological functions, though not fully elucidated,
are predominantly associated with the regulation of gene
expression and the maintenance of genomic structural integrity.
CNEs function as regulatory elements, acting as enhancers,
silencers or insulators, thereby modulating gene expression
spatio-temporally. Furthermore, CNEs play a critical role in
developmental biology, influencing the precise expression
patterns of genes during ontogeny, which is crucial for
the proper morphological and functional development of
organisms. The genomic datasets from Arctic ruminants, along

with those from other species exhibiting similar pronounced [ 3 |

traits, provide the possibility for future studies to compre-
hensively explore patterns of convergent evolution in both
protein-coding and non-coding regions within genomes,
and also will elucidate in-depth genomic underpinnings of
convergent adaptations.
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