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SUMMARY

Low knowledge sharing across disciplines studying geo-evolutionary processes determining species
adaptations hinders the mitigation of biodiversity loss driven by human-induced climate warming.
Further, the impacts of microbes and light regimes on species adaptations to accelerated climate
warming are largely ignored. On a geologic timescale, range shifts to higher latitudes necessitate adap-
tation to new light environments, including extreme polar seasons, i.e., "polar night." Chemical crosstalk
among coevolving microbes and plants modulates ecologically relevant traits, and photosensitive and
other microbes may aid plant adaptation. We hypothesize that hybridization in new "circumpolar hybrid
zones’’ and plant-microbial cooperation in those zones and elsewhere will be significant in maintaining
genetic admixture and species diversity on a geological timescale. We propose the concept of circum-
polar hybrid zones and an integrated framework, inclusive of microbes, to unite disparate research
disciplines, advance understanding of evolution, and improve strategies for climate adaptation and
mitigation.
OVERARCHING APPROACH TO UNDERSTAND THE
RESILIENCE OF GLOBAL BIODIVERSITY

We call for bringing together multiple evolutionary key processes

to explain the capacity of biodiversity to persist across geolog-

ical timescales and under the pressure of unprecedented climate

change. These key processes include climate-change-driven

species’ range shifts, microbe-assisted plant adaptations based

on light sensitivity, photochemistry and induced responses, and

hybridization. While these processes are thoroughly studied,

and their relevance to adaptive evolution is widely accepted

and reviewed in the literature, the individual processes are

currently siloed into separate disciplines with limited knowledge

sharing. The current knowledge from these disparate fields

varies from separate field observations and qualitative data to

advanced methods-oriented studies on mechanism descrip-

tions. As a result, the causalities determining ecosystem func-

tions, dynamics, and evolution cannot be readily elucidated by

the available datasets, which are largely incompatible for over-

arching approaches. To elevate our understanding of climate-

change-driven species range shifts and the evolution of novel

species assemblages over geological timescales, we integrate

these branches into a holistic framework and suggest a guide

and tools for future research.
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We hypothesize that hybridization and microbes play a signif-

icant role in maintaining and promoting global biodiversity on a

geological timescale. First, resilience, maintenance, and regen-

eration of global biodiversity largely depend on the dispersal

ability of compatible organisms with sufficient genetic variation

required to both cope with changing selection pressures and

diversify. Second, the importance of hybridization to adaptive

evolution and radiation is widely recognized.1–3 Hybridization

can increase the genetic variation in lineages and facilitate

rapid speciation and adaptive radiation, especially if it involves

ancestral variation derived from hybridization.1,4–10 Third,

myriad microbes, plants, and animals have been shown to be

capable of moving into new areas worldwide.11–13 However,

the existence and role of hybridization in higher latitudes and

consequent hybrid speciation in maintaining the genetic admix-

ture to support adaptive radiation and biological diversity on a

geological timescale has been ignored.14 Here, we launch the

term ‘‘circumpolar hybrid zone’’ into the lexicon (Figure 1A)

and propose, for the first time, the theoretical framework that

the polar light environment creates and promotes circumpolar

hybrid zones, which, together with recurrent cross-latitudinal

migration of species, play an important role in maintaining

global biodiversity on the geological timescale (Figures 1B

and 1C).
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Figure 1. Perspective overview
(A) Circumpolar hybrid zones. Climate change will drastically affect biodiversity at genetic, species, and habitat levels. However, introgressive hybridization is
likely to play a significant role in maintaining genetic admixture and species diversity. Moreover, circumpolar (northern and southern polar regions) hybrid zones
are likely to play significant roles in maintaining the genetic potential.
(B) Climate warming and effect on biodiversity. The impact of climate warming is unevenly distributed across latitudes, and it is especially prone in the circumpolar
regions. The effect of climate warming may be evident by measuring species decline (e.g., species A and B). However, with no further information, the evidence
would reveal an imminent extinction process of both species due to climate warming.
(C) Use of the hybridization model. We argue that tackling climate-change-driven biodiversity loss requires that we urgently develop a thorough understanding of
the elements of biological diversity beyond the species level and ensure that sufficient genetic potential will remain to support the associated ecosystem functions
and services on Earth in the future. A hybridization cross-latitudinal model allows a gene-centric quantification of the effect of climate change at species, genetic,
and habitat levels. The genetic potential of a hybrid either decreases (i) or increases (ii) depending on the fitness of the hybrid due to climate.
(D) Environmental factors. Several environmental factors, e.g., photoperiodism, temperature, and soil quality (e.g., pH), are likely to play a major role in the
generation of hybrids. We argue that microbe-assisted plant adaptations, especially those involved in light responses and photoperiodism, are likely to play a
major role in enhancing global biodiversity.
(E) Further experiments. Interdisciplinary research approaches that involve transplant experiments, mesocosm studies, and computational biology methods are
required to test the hypothesis that genetic light sensitivity, photochemistry, and induced responses facilitate microbial-mediated plant adaptations to seasonally
differentiated light environments and that the seasonality of day length promotes themaintenance of circumpolar hybrid zones at higher latitudes, thereby playing
an important role in maintaining biodiversity globally.
The key terms are explained in Box 1.
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POLAR ECOSYSTEMS ARE AT THE HIGHEST RISK

Climate-change-driven loss of diversity at the genetic, species,

and habitat levels represents the greatest global challenge fac-

ing the world today. With the Arctic warming nearly four times

as fast as other regions, polar ecosystems are at particular

risk.15–18 However, our understanding of how fundamental

global boundary conditions, functional organismal diversity,

and causalities determine the consequences of climate warming

on terrestrial biodiversity in polar regions is still in its infancy. We

do know that climate warming promotes species’ range shifts

across latitudes and that moving poleward has geographical

limits. Thus, climate change causes an ‘‘escalator to extinction’’

because cool-adapted species shift their ranges to the poles,

only to be extirpated if conditions are unsuitable for survival.19

The outcomes, however, vary in different areas of the polar

regions.

Climate warming will drastically alter the landscapes of the

northern and southern polar regions. In the Northern hemi-

sphere, the impact of climate warming is unevenly distributed

across the Arctic circumpolar region. Due to the warming ef-

fects of the Gulf Stream (Figure 2), comparable climate zones

are present at higher latitudes in Western Europe compared
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with other parts of the Arctic, and cold-adapted Northern Eu-

ropean species are expected to be the first Arctic species

driven to move longitudinally to other colder Arctic regions

of Eurasia and North America.20 In the long term, the polar

glaciers will disappear, and the Arctic Basin, which is a

semi-enclosed ocean covered by floating sea ice, will become

an open ocean. Although the predictions of global climate

models vary, most suggest that the Arctic Ocean will be ice-

free before the end of the century.21,22 In contrast, less than

2% of Antarctica—the world’s fifth-largest continent—is ice-

free, but this is estimated to increase by close to 25% by

the end of the century.23 Thus, climate warming will generate

new ice-free areas on the Antarctic continent, which will be

the last remaining large-scale habitats in the world suitable

for terrestrial species adapted to extreme cold. Polar regions

are, therefore, both sensitive habitats under pressure as well

as final refuges for cold-adapted species moving to higher lat-

itudes in response to global heating. As a result of unprece-

dented climate warming, evolutionary processes in the polar

regions will reshape future biodiversity assemblages at the

geological timescale. The study of these phenomena in the

polar regions provides crucial insight into the mechanisms of

adaptation, the understanding of which is essential to



Box 1. Glossary

Adaptive radiation: rapid speciation and phenotypic adaptation of new species with a common ancestor as response to new or

changing environment.

Allopatric: species or populations occurring in separate, non-overlapping geographic areas.

Allopolyploidy: evolutionary processwhereby an additional set of chromosomes is derived from another species. Allopolyploidy is

commonly detected in many groups of plants.

Conjugation: the transfer of genetic material between bacterial cells.

Holobiont: the assemblage of different species forming a coevolving ecological unit, usually a eukaryotic host (e.g., plant) and its

associated endo- and extracellular microbes.

Horizontal gene transfer (HGT): exchange of genetic material between organisms without mating.

Hybridization: in biology, hybridization means the sexual crossing between two genetically distant organisms. Hybridization can

occur within (intraspecific hybridization) or between species (interspecific hybridization).

Hybrid speciation: the origin of a new species through hybridization between distinct species.

Hybrid zones: the geographic regions where genetically divergent populations, varieties, subspecies, or species meet and

interbreed.

Introgression: transfer of genetic information from one species into the gene pool of another as a result of hybridization and

repeated backcrossing.

Microbial rhodopsins: membrane-embedded proteins that provide light-dependent ion transport in microbes.

Niche: the position a species occupies within an ecosystem as defined by the range of abiotic and biotic resources and conditions

required for persistence of the species.

Parapatric speciation: speciation in contiguous but spatially segregated environments where subpopulations evolve in reproduc-

tive isolation and eventually become reproductively incompatible with each other.

Phenology: the timing of recurrent life cycle events of organisms, e.g., time to grow, reproduce, migrate, and become dormant.

Photoperiodism: responses of organisms to the relative length of the day and the night.

Phytochromes: a group of pigments capable of absorbing red- and far-red light from the visible light spectrum.

Primary producers (/autotrophs): green plants and microorganisms that are capable of converting the energy in light (photoau-

totrophs) and/or inorganic material sources (chemoautotrophs) into organic substances.

Proteorhodopsin (PR): photoactive retinal-binding membrane proteins.
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mitigating global biodiversity loss associated with climate

change.

LINKING PHOTOPERIODISM, PHENOLOGY OF
REPRODUCTION, AND HYBRID ZONES TO ADAPTIVE
RADIATION

Hybrid zones have played a significant role in the evolu-

tionary trajectories of all major groups of plants and

animals.1,4,7,8,10,24–27 Taxonomic surveys and genomic data sug-

gest that although hybridization can arise, for example, as a

consequence of human actions, hybrid zones are commonly

attributable to changes in species geographic ranges due to

Earth’s paleoclimatic periods and/or the physiographic features

of Earth, such as chains of mountains and islands.24,26,28 Conse-

quently, hybrid zones can persist for hundreds or thousands of

years, during which gene flow may occur between both inter-

breeding species and genetically divergent intraspecific lineages

and, thereby, facilitate introgression, hybrid speciation, allopoly-

ploidy, and adaptive radiation of new species.1,6,25,29 However,

hybrid zones and hybrid species are dynamic in space and

time due to both natural and human-assisted environmental

changes and novel species invasions.3,8,9,24,26 Thus, the de-

tected adaptive radiation and global biodiversity can be ex-

plained by the forces driving species range shifts, which can

lead to repeated hybridization, rapid reproductive isolation

from the same ancestral population without physical isolation,

and reticulated evolution.1
Anthropogenic climate change has been recognized as

among the most important contemporary forces driving species

range distributions3,20,30–32 and, consequently, facilitating

reproductive isolation during parapatric speciation and novel en-

counters between previously allopatric taxa.33,34 Because

anthropogenic climate warming in the Arctic and Antarctic is

substantially faster than the global average,15–17 it is expected

that the reshuffling of species assemblages and interspecific in-

teractions—potentially leading to adaptive hybrid speciation—

will be unprecedentedly strong at higher latitudes.35 Observa-

tional evidence from the Northern hemisphere, where hybrids

and hybrid speciation have mainly been studied, supports this

hypothesis. Hybrids are commonly detected at higher latitudes

in aquatic and terrestrial environments in both plants and

animals.9,11,21,26,36–40 For example, natural hybrids of herba-

ceous and woody plants appear to be particularly common in

the Arctic and sub-Arctic regions.11,41 To date, the high preva-

lence of hybridization at higher latitudes has commonly been ex-

plained by alternating glacial and interglacial periods during the

Quaternary period that led to contractions and expansions in

species distributions.26,42 The resultant recurrent isolation and

contact of species propelled the divergence of intraspecific line-

ages.26,42 In accordance with this, increasing evidence suggests

that climate-change-driven poleward shifts in species ranges

potentially result in novel hybrid zones, especially at higher lati-

tudes.32,34,43 Similarly, the decisive role of hybrids as reservoirs

of genetic diversity and a storehouse of cold-tolerant genes in

species threatened by climate change has been recognized.10,14
One Earth 7, September 20, 2024 1531



Figure 2. World climatemap illustrating that the distributions of land
and sea in the polar regions are the inverse of each other, and similar
climate zones are present at higher latitudes in Western Europe
compared to the latitudinal distribution of those zones in North
America and Eurasia
Data taken from the WorldClim Database (http://www.worldclim.org/).
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In contrast, here we incorporate entirely overlooked organismal

adaptations to day length, light intensity, and spectral composi-

tion in this context.

Given that phenology is crucial for individual fitness, particu-

larly in strongly seasonal environments, we emphasize the role

of a poleward increase of seasonal fluctuation in day length as

an accurate and consistent abiotic environmental force used

by many organisms to coordinate their phenological events

(Figure 3A).20,44–47 Compared to more variable seasonal cues,

seasonality in light intensity, duration, and spectral composition

are stable abiotic environmental factors that do not change with

local or global climatic conditions, as these changes are gov-

erned by the tilt of the Earth’s axis and elliptical orbit around

the Sun.44 Globally, this seasonality in day length determines

the availability of solar energy for primary producers as well

as the ecosystems depending on them at both ecological and

evolutionary timescales.20,44 Although a changing climate may

relax or strengthen temperature barriers and allow organismal

range shifts, the organisms must cope with light-driven season-

ality in primary production in addition tomultiple novel stress fac-

tors. This is particularly pronounced in polar ecosystems within

the Arctic and Antarctic circles, which are characterized by ex-

tremes ranging from the polar day in summer to the polar night

in winter. The optimal timing of reproduction is particularly
1532 One Earth 7, September 20, 2024
important for organismal fitness in these extreme environments,

where the time window for successful reproduction and

offspring survival is most limited due to the seasonality of solar

energy (Figure 3A).

We hypothesize that stabilizing selection by a combination of

seasonal variation of day length and a short growing season

should narrow the variance in reproductive timing in populations

and increase the synchrony of reproductive phenology among

populations, especially at higher latitudes (Figure 3B). This

causes overlap in the timing of reproduction among genetically

distinct populations, phenotypically distinguishable or plastic

groups defined as subspecies or varieties belonging to a

species complex, and species that are otherwise compatible

(Figure 3C).11 We acknowledge that several pre- or postzygotic

reproductive barriers, such as temporal, behavioral, mechanical,

or gametic mismatch, as well as low viability and the sterility of

hybrids, may restrain interbreeding.2 While acknowledging the

complexity of these reproductive barriers, we concentrate on

spatially overlapping distributions and synchronous reproduc-

tion of organisms because they are the primary prerequisites

for hybridization and hybrid zones.

As a global and stable abiotic ecological filter, a poleward in-

crease in the seasonality of day length may create, promote,

and maintain multispecies hybrid zones at higher latitudes. Un-

der a changing climate, synchronous reproductive timing re-

quires the ability of both native and invading species to respond

and adapt to new temperatures and light environments. In gen-

eral, life history traits can evolve in response to changing selec-

tion pressures if there is sufficient genetic variability or pheno-

typic plasticity. The relative importance of phenological events

for different life forms depends largely on the life history strate-

gies of the organisms; for example, the timing of reproduction

is crucial for sexually reproducing and short-lived organisms

such as annual plants.20 An increasing number of observational

and experimental studies have demonstrated that native and

invading wild and domesticated species are able to successfully

synchronize their biological events with changing temperatures

or new light environments.44,46,48,49 Thus, we expect that

climate-change-driven range shifts leading to the spatial overlap

of genetically divergent populations, varieties, subspecies, or

species create opportunities for gene flow and introgressive

hybridization between them due to light-environment-driven

convergence of reproduction timing.

Introgressive hybridization can facilitate speciation and adap-

tive radiation in several ways. For example, introgressive hybrid-

ization can (1) facilitate gene flow across the hybrid zone, (2) in-

crease genetic variation and alter the genetic correlations among

traits, (3) reshuffle DNA into new combinations and thereby facil-

itate the operation of genetic material in novel cellular and onto-

genetic contexts, and (4) alter ecologically important phenotypic

traits.1,4We argue that future studies should take hybrids into ac-

count as ‘‘poorly differentiated waystations in a continuous hier-

archy of biodiversity’’6 and aim to capture the breadth of relevant

genetic diversity, structure, and dynamic features of themosaics

of genotype frequencies in populations and supposed species

and species complexes rather than focusing only on species

diversity. To this end, hybridization challenges the biological

species concept. However, if we accept recurrent hybridization

and consequent introgression as a process increasing genetic

http://www.worldclim.org/
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Figure 3. The timing of reproduction across
latitudes
Effects of latitude-based seasonal variation of day
length on phenology and the time window for suc-
cessful reproduction (A) and latitude-driven stabi-
lizing selection on light-dependent traits (B) and
the timing of reproduction (C). The different colors
in (C) indicate genetically distinct populations or
species.
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variation during speciation, then we can expect that the promo-

tion of hybrid zones by poleward increases in the seasonality of

day length will result in phylogenetic nets with genotypic clusters

rather than classic bifurcating trees comprising clearly distinct

species (Figures 4A and 4B).

EVIDENCE OF HYBRIDIZATION AT HIGHER LATITUDES

In concordancewith our hypothesis of circumpolar hybrid zones,

hybrids are commonly found in many sub-Arctic and Arctic

plants.11,41,50,51 Many of these plants are trees, suggesting that

introgressive hybridization provides the genetic variation neces-

sary to adapt to harsh environmental conditions, particularly in

perennial species with a long life expectancy and high age at

maturity. For example, hybridization has played an important

role in the evolution of forest trees.41,51 In addition, photoperiodic

adaptation and adaptability to new light environments require

that the species’ photoperiodic life history traits are heritable.45

Thus, predicting species’ range shifts across latitudes and their

probability of hybridizing with other compatible lineages and/or

species requires an understanding of the relative importance of

phenotypic plasticity and the genetic regulation of the traits

determining their timing of reproduction. This further includes a

need to understand the genetic mechanisms that may promote

or constrain the adaptive evolution of the species and their hy-

brids. The eco-evolutionary consequences can be strikingly

different, depending on whether the timing of reproduction is

phenotypically plastic, genetically determined, and/or epigenet-

ically modulated, even if the populations appear to be similarly

adapted to the environment. This is because phenotypically

plastic individuals with low genetic variation may perform simi-

larly to individuals reproducing at the optimal time in a population

with sufficient genetic variability.
As hybridization can occur when two or

more species overlap geographically and

display hierarchical spatial metapopulation

structure with local populations connected

by dispersal,52 hybrid zones can simulta-

neously develop among newly intercon-

nected populations as well as multiple

species.5,53,54 We propose that such lati-

tude-related hybridization can have great

but largely ignored repercussions even in

ecological time, and these repercussions

should be taken into account in further

explorations of biodiversity and how it re-

sponds to a changing climate (Figure 4C).

Hybridization may play an equally impor-

tant role at other trophic levels at higher
latitudes aswell. In addition to plants, many invertebrates and ver-

tebrates display photoperiodic adaptations,45 and hybrids are

commonly detected in many animal taxa at higher latitudes in

both aquatic and terrestrial environments.21,36,55–60 For example,

natural hybrids of several invertebrate taxa,26 fish,56,60 and other

vertebrates, including rodents, weasels, ungulates, bears, and

whales,21,26,37 appear to be common in Arctic and sub-Arctic re-

gions. Presumably, such adaptive responses to seasonal light en-

vironments are likely to evolve if the fitness of the species is highly

dependent on other species adapted to photoperiodic cues20 and

reinforced by hybridization-driven trophic cascades.

SHIFTING FROM A SPECIES- TO A HOLOBIONT-
ORIENTED APPROACH

The majority of previous ecological studies on the effects of

climate change on biodiversity at higher latitudes concentrate

on the importance of the temperature window for species’ range.

Albeit acknowledging this inevitable important factor (in addition

to the low level of nutrients), we wish to turn our attention to

plant-associated microbes and how they could facilitate adaptive

radiation of plants into polar regions (Figure 1D). As polar regions

warm, newly ice-free terrestrial areas will be, however, first avail-

able to pioneering microorganisms from sub- and supraglacial

sediments and organisms shifting their ranges poleward.61–63

Here, we propose that the great adaptive capacity of microbes

plays a significant role in ecological succession in polar areas

characterized by extreme seasonality of solar radiation. Recent

advances in molecular microbiology have revolutionized our un-

derstanding of the diversity and functions of microbial organisms.

Today, we know that microbes are ubiquitous and essential asso-

ciates of virtually all higher organisms.64–66 Similarly, microbes are

found in nearly all plants and known to play a fundamental role in
One Earth 7, September 20, 2024 1533
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C

B Figure 4. Phylogenetic scenarios
Bifurcating phylogenetic tree (A) and phylogenetic
network with genotypic clusters (B). Hybrid speci-
ation and introgression between lineages are indi-
cated in red and blue, respectively. Hypothetical
phylogenetic scenarios of eight species to generate
hybrids (P(h) = 1) at different latitudes in relation to
their distribution overlap (C). (i) Star phylogeny
(P(o) = 1) with the total spatial overlap in the
Arctic. (ii) Unresolved phylogenetic tree (P(o) = 0.5)
with a 50% spatial overlap at lower latitudes. (iii)
Resolved phylogeny (P(o) = 0) with no spatial
overlap at the Equator.
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determining the fitness of their hosts. Microbes associated with

their shared hosts comprise multipartite entities, holobionts,

which are an extended phenotype and the target of phenotypic

selection.67,68 Plant microbiomes are evolutionarily older than

contemporary land plants themselves, and the majority of plant

evolution has fundamentally incorporated coevolutionary pro-

cesses of plant-microbe interactions.64,66,69,70 Plant microbiomes

are crucial to plant nutrition acquisition, pest and pathogen resis-

tance, tolerance to abiotic stress, and plant growth regulation.66,71

Microbes modulate plant growth and adaptation both directly by

producing biocontrol or signaling compounds and indirectly via

release or modification of phytohormones.68,71 Thus, plant micro-

biomes will likely be a major factor determining the direction and

dynamics of the primary succession as polar regions are exposed

to pioneer plants.

We next explore the bases of light responses in bacteria

and plants and suggest how the light environment may affect

their phenology, adaptive coevolution, and distribution. Then,

we propose a conceptual framework for how photoperiodism

in bacteria and plants based on light sensitivity, photoactive

properties of biomolecules, and/or chemical signaling involved

in microbe-plant holobionts may facilitate plant adaptations71–73

to promote the maintenance of biodiversity at higher latitudes.

Finally, we propose avenues for how the framework can be ap-

proached by field and laboratory experiments, modern genomic

tools, and computational biology (Figure 1E).

GLOBAL DISTRIBUTION OF FREE-LIVING AND PLANT-
ASSOCIATED PHOTOACTIVE BACTERIA

We propose a conceptual framework for how bacteria may facil-

itate plant adaptations via universal and evolutionarily conserved
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photosensory proteins72,73 and promote

the maintenance of biodiversity at higher

latitudes. To do this, we first explore the

biophysical and genetic bases of light re-

sponses in bacteria and plants. Then, we

suggest how the light environment affects

their phenology, adaptive coevolution, and

distribution.

Today, bacterial DNA constitutes

approximately 30% of the total DNA in

the biosphere.74 Biogeographical distribu-

tion, abundance, and diversity of free-

living bacteria appear to be primarily

determined by niche differentiation rather
than limited by dispersal.75–77 In accordance with this, bacterial

densities (107–1010 per gram soil) and species richness do not

differ from those in temperate climates, while the community

composition of polar soil microbiomes clusters apart from

those in temperate regions.78,79 Likewise, endophytic bacteria

from Arctic plants are taxonomically more closely related to

bacteria from other cold climates, including Antarctica, than

from geographically closer temperate climate plants,80,81 and

endophytic fungi from Antarctica are phylogenetically close to

subarctic moss-associated fungi.82 This relatedness strongly

suggests the global presence of plant-associated microbiota

endemic to cold climate ecosystems. The fitness of organisms

in polar regions is challenged by both low temperatures and

strong seasonality in day length in higher latitudes. Thus, we hy-

pothesize that the light environments shape polar microbiota by

selecting for photoactive bacteria capable of using day length to

coordinate their phenology. In some cases, fungal seasonality is

known to be mediated by photoperiodism and temperature,44

and numerous marine and terrestrial microorganisms are known

to be photosynthetic or phototactic or respond to light in other

ways.73,76,83,84 Furthermore, recent evidence has revealed that

photoactive bacteria are ubiquitous in sub-Arctic and Arctic

plants.85

Studies on photochemical responses have focused mainly on

photoactive retinal proteins, for example microbial rhodopsins,

which function in light-energy conversion and light-signal

transduction.86 Microbial rhodopsins, originally discovered in

extremely halophilic (salt-saturated water) archaea, produce

light-driven energy in photoheterotrophic bacteria, widely pre-

sent in oceanic waters worldwide,87 and may play a unique

role in biogeochemical cycles.88,89 Importantly, in addition to

proteorhodopsin (PR)-containing phototrophic (PRP) bacteria,



Figure 5. The role of photoactive bacteria in terrestrial polar ecosystems
Photoactive bacteria-mediated support to heterotrophic microbes and plants in terrestrial polar environments (A). The major photosensory proteins of microbes
indicated with the wavelength range of their activity (B). The structures on the lower image relate to the action of the red photosensory protein, phytochrome.97,98
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photoheterotrophic microbes include also aerobic anoxygenic

phototrophs (AAPs), which perform anoxygenic photosynthesis

on or in their hosts.90,91 Remarkably, some phototrophs contain

both phototrophic mechanisms, named thus dual photo-

trophs.92 We revealed that these dual phototrophs, mainly

described from cold ecosystems, have wide photosensor pro-

tein compositions93 that may facilitate advanced sensing of the

light environment. Moreover, some species may use far-red light

for oxygenic photosynthesis, mainly distributed across hypersa-

line lakes, corals, and Arctic and Antarctic regions.84 This

suggests that many photoactive protein complexes play a

significant adaptative role, already recognized for aquatic pro-

karyotes83,90,92 but also increasingly reported for terrestrial

plant-associated67,72,85,94 prokaryotes.

The presence of PRP genes in photoheterotrophic bacteria

varies across latitudes90 and supports our hypothesis that diver-

gentmicrobial adaptations occur in response to different light en-

vironments across latitudes. Microbial rhodopsin genes tend to

be evolutionarily conserved and widely detected across all three

domains of life (Bacteria, Archaea, and Eukarya).86 They are also

found in some giant viruses, which may modulate light-depen-

dent signals in infected hosts.95 The question iswhether the rapid

adaptive evolution of microbes can facilitate plant adaptations to

photoperiodism.

PLANT ADAPTATIONS MEDIATED BY BACTERIA AT
HIGHER LATITUDES

Photosyntheticmicrobes have long been recognized as support-

ing heterotrophic microbes and higher trophic life forms in polar
marine and terrestrial environments. Photosynthesizing and

other microbes readily occupying the open terrestrial niche of

uninhabitable land promote primary succession by improving

soil organic matter and fertility (Figure 5).96 These adaptive pro-

cesses involved in terrestrialization are topical for understanding

the colonization of microbes and plants on postglacial land

emerging in polar regions as a result of anthropogenic climate

warming.

The importance of microbes to soil quality and function are an

established axiom. Mounting evidence has also revealed that mi-

crobes are ubiquitous and essential associates of plants and an-

imals,26,66 and all living organisms share a universal and funda-

mental repertoire of chemical processes enabling interkingdom

signaling.99–101 Chemical crosstalk among coevolving microbes

and their hosts has been demonstrated to modulate ecologically

relevant traits of the holobiont, including photosynthetic systems

and improved tolerance to various abiotic and biotic stresses

such as low temperatures, desiccation, and salinity.102–105 In

addition to chemical signaling, endofungal and plant pathogenic

microbes can directly regulate gene expression in their hosts via

secreted transcription factors targeting host genes.106,107 We

can therefore presume thatmicrobes likely have evolved to chem-

ically mediate the species with which they interact and coevolve.

However, these interactions havebeen remarkably underexplored

in polar regions, and currently, the role of interspecific crosstalk

mediated via photochemical signaling between microbes and

plants is virtually unexplored. Regarding plant adaptations in

seasonally light-limited environments of higher latitudes,microbial

phytochromes could be particularly prone to control adaptive

plant functions because their activity state is controlled by red
One Earth 7, September 20, 2024 1535



Figure 6. Species’ range shifts across
latitudes with different light environments
during the cycles of the Earth’s cooler and
warmer periods in geological time
Phylogenetic trees indicate the relative importance
of introgressive hybridization vs. bifurcating
speciation (Figure 4) in adaptive divergence.
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and far-red absorption properties of the photosensory protein,73

thus balancing the outside and inside of the general plant chloro-

phyll a (Chl a) absorption region.108 Furthermore, recent studies

have shown that light quality controls the colonization, virulence,

and conjugation of some plant pathogenic bacteria109–112 andmi-

crobes can contribute to plant fitness by altering their reproduc-

tive allocation and timing.113,114

Genes encoding for light-sensitive proteins are susceptible to

horizontal gene transfer (HGT),115 which is the dominant mode of

protein innovation in bacteria.116–118 As it is well known that gene

transfer from bacterial (e.g., Agrobacterium fabrum) to plant

genomes takes place in nature and the laboratory,99 and interdo-

main HGT is possible,115,119,120 we should not rule out that

regulatory genes determining adaptive phenological timing can

also be transmitted from bacteria to plants in evolutionary time-

scales.

We propose three avenues by which free-living and plant sym-

biotic bacteria with dynamic photoactivation capabilities can

facilitate plant adaptations to seasonally light-limited terrestrial

environments at higher latitudes (Figure 5A). First, microbes

can improve the physical, chemical, and biological quality of

soils by converting solar energy and dead organic matter into

plant mineral nutrition (Figure 5A).61–63 Second, given that plants

and associated microbes comprise multipartite holobiont en-

tities,66 we propose that soil and plant-associated microbes

with high adaptive potential can facilitate plant adaptations via

chemical crosstalk by releasing or modulating universal and

evolutionarily conserved chemistry among the partners, thereby

determining the adaptive phenological timing of the holobiont in

the prevailing light environment (Figure 5B). Microbes can shift

host phenology by, for example, altering nutrient acquisition,

resource allocation, and hormonal pathways.121 Third, although

extremely rare, regulatory genes determining adaptive pheno-

logical timing according to prevailing environmental cues

may also be transmitted from the rich and dynamic photorecep-

tion palette of bacteria to plants in geological timescales

(Figure 5A). The situation can be further complicated when

invading plant-microbial symbiota adapted to different light

environment come into contact with native species and their

microbial symbionts. This may lead to horizontal transfer of

symbiont assemblage between the host species and phenotypic
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and reproductive phenology modulations

of ‘‘holobiont hybrids.’’122

CONSEQUENCES OF THE
GEOLOGICAL TIMESCALE

In short, we hypothesize that hybridization

and microbial cooperation play a signifi-

cant role in maintaining and promoting
global biodiversity on a geological timescale for the following

two reasons. First, because hybridization can increase the ge-

netic variation in lineages and facilitate rapid speciation and

adaptive radiation (especially if it involves ancestral variation

derived from hybridization)1,4–7 circumpolar hybrid zones,

together with recurrent cross-latitudinal migration of species,

play an important role in maintaining global biodiversity on the

geological timescale (Figure 6). Second, the resilience, mainte-

nance, and regeneration of global biodiversity largely depend

on the dispersal ability of compatible organisms being sufficient

to retain the genetic variation required to cope with changing se-

lection pressures and diversify. Myriadmicrobes, plants, and an-

imals have been shown to be capable of dispersing into new

areas worldwide,11,12 but the role of circumpolar hybrid zones

and consequent hybrid speciation in maintaining the genetic

admixture to support adaptive radiation and biological diversity

on a geological timescale has been ignored.

OUTLOOK

As a theoretical and working framework, there are three main

questions: (1) how should the proposed holistic framework be

approached with the current tools, (2) do the novel insights

contribute to the broader understanding of global biodiversity

and its responses to environmental changes, and (3) what is

the added value of the holistic approach over current practices

to mitigate ongoing climate-change-driven biodiversity loss. Ad-

dressing these issues requires identification of biases and blind

spots in contemporary research and scientific discourse. A ma-

jority of studies on climate-change-driven eco-evolutionary dy-

namics include (1) descriptions of threatened species and

habitat destructions, (2) retrospective studies on fossil records

or modern and archaic genomes, or (3) predictive approaches

taking advantage of global open-access databases, bioinfor-

matics, and computational biology. Yet, increasing understand-

ing of the complexity of species interactions, genotype-environ-

ment interactions, genetic and epigenetic regulation, and other

biological-context-dependent processes have revealed that

experimental field studies testing how species respond to

changing selection pressures are required before we can accu-

rately predict the consequences of climate change on global



Box 2. Quantification of hybridization and HGT patterns across latitudes

Hybridization in eukaryotes (mostly in plants) and horizontal gene transfer (HGT) in prokaryotes (archaea and bacteria) are ongoing

and frequent6,117 and one of the major sources of genetic innovation118,128 enabling the colonization of new environments.129,130

Phylogenomic analyses suggest that episodes of massive HGT were crucial for the emergence of major groups in archaea and

eukaryotes.128 Methods to detect hybridization131–133 and HGT128,134 are abundant in a wide range of disciplines. Here, we pro-

pose the use of genome-wide comparative analyses of phylogenetic134 trees together with Bayes’ conditional probabilities135 to

quantify gene exchange at different latitudes (Figure 4C). Tree comparison methods, such as the Tree-Net-Trend (TNT) score,136

provide a direct measure of gene exchange (hybridization or HGT) within and across biogeographical regions. The TNT is based on

the analysis of minimum evolutionary units (phylogenetic quartets) and quantifies the evolution of species in a scale from 0 (pure

tree-like evolution) to 1 (pure network-like evolution). A simple Bayes’ conditional probability model of hybridization probability

P(H), with only two parameters (Equation 1), that includes the probability to generate viable hybrids P(h) and the probability of over-

lap (in a broad sense) between two species P(o), may be used as a base model to explain broad differences in gene exchange

across different latitudes.

PðHÞ = PðhÞ = PðoXhÞ
PðhÞ Equation 1
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biodiversity. This highlights the importance of empirical factfind-

ing to enable decisive actions that reduce biodiversity loss and

the severity or irreversibility of disruptions to diverse ecosystem

functions and services across the globe.

Here, we emphasized the importance of hybridization and mi-

crobial-mediated plant adaptations to light environments at

higher latitudes (Figure 1). Hybridization has been known and

discussed since at least the time of Linnaeus.6 After decades

of absence, the importance of hybridization resurfaced in the

context of recurrent glacial periods promoting genome reorga-

nization in Hewitt’s 1996 paper, ‘‘Some genetic consequences

of ice ages, and their role in divergence and speciation.’’42 Since

then, advances in molecular microbiology have revolutionized

the ability of scientists to study genetic diversity and hybridiza-

tion, and this has led to an extreme abundance of literature on

the topic. To date, genetic variation and gene combinations re-

sulting from hybridization have been detected in at least 10% of

animal and 25% of plant species.7 However, much of the scien-

tific, and particularly the public, discussion of biodiversity loss

continues to be species-centric and centered on animals and

plants. Modeling of the laws of functional diversity by taking

into account maintenance of phylogenetic potential has been

suggested.123 However, we would still include, in future models,

hybridization as a potential source to maintain phylogenetic

biodiversity. We are still just beginning to understand the impor-

tance of microbial diversity and how microbes may facilitate

hybrid speciation of their hosts and promote the genetic

diversity necessary to adapt to new or changing selection

pressures.66,124

We argue that tackling climate-change-driven biodiversity loss

would benefit greatly from a stronger knowledge base that can

advance our thinking on biological diversity beyond the species

level and bring to the fore the fact that we must assure that suf-

ficient genetic potential will remain5,125 to support the associated

ecosystem functions and services on Earth in the future. Here,

we hypothesize that microbes, and especially their light re-

sponses and photochemistry, may play an important role in

promoting global biodiversity. Interdisciplinary experimental ap-

proaches are required to test the hypotheses that genetic light
sensitivity, photochemistry, and induced responses facilitate mi-

crobial-mediated plant adaptations to seasonally differentiated

light environments and that the seasonality of day length pro-

motes the maintenance of circumpolar hybrid zones at higher

latitudes, thereby playing an important role in maintaining biodi-

versity globally. Interdisciplinary research to assess these topics

should combine (1) molecular genetics and genome-wide

comparative genomics to examine both global-scale dispersal

and connectivity of microbes and their host organisms, as

well as to trace evidence for ancient and recent hybridization

across latitudes117,126; (2) research on chemical ecology probing

ecologically relevant molecular signals and biosynthetic re-

sponses of microbe-host plant interactions102–105; (3) empirical

ecology using, e.g., reciprocal transplant experiments across

latitudes to test the importance of the light environment on the

timing of reproduction127; (4) crossbreeding experiments to

test species potential to hybridization; and (5) computational

biology to assess the contributions of the abiotic environment

and species interactions to genetic diversity and phenotypic

plasticity (Figure 1E).

For example, light-dependent variation in bacteria across lat-

itudes at genes, pangenomes, and microbial communities can

be quantified with phylogenetics and probabilistic models.115

(Box 2). In addition to providing a theoretical understanding of

how novel species assemblages may arise in the circumpolar

region at a geological timescale, a practical application of the

framework’s incorporation of microbes, light regimes, and

photosensitivity should be considered in risk assessments and

used in the development of sustainable agricultural and forest

practices. Particularly relevant for future food security and

sustainable use of natural resources is the modeling and predic-

tion of production ranges as climate heating shifts agriculture

and forestry to higher latitudes. Range limits for production

will need to take into consideration (1) ecological mismatch in

essential ecosystem services such as pollination, (2) research

and development for species and varieties suitable to the

available light regimes, and (3) the plant-microbial communities

and microbial mediation that facilitate crop adaptations and

production.
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Rı́o-Álvarez, I., González-Melendi, P., Zamorano, J., Tapia, C., Rodrı́-
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Puechmaille, S.J., Novella-Fernandez, R., Alberdi, A., and Manel, S.
(2019). Considering adaptive genetic variation in climate change vulner-
ability assessment reduces species range loss projections. Proc. Natl.
Acad. Sci. USA 116, 10418–10423. https://doi.org/10.1073/pnas.
1820663116.

126. Jordan, C.Y., Lohse, K., Turner, F., Thomson, M., Gharbi, K., and Ennos,
R.A. (2018). Maintaining their genetic distance: Little evidence for intro-
gression between widely hybridizing species of Geum with contrasting
mating systems. Mol. Ecol. 27, 1214–1228. https://doi.org/10.1111/
mec.14426.

127. Leinonen, P.H., Helander, M., Vázquez-de-Aldana, B.R., Zabalgogeaz-
coa, I., and Saikkonen, K. (2019). Local adaptation in natural European
host grass populations with asymmetric symbiosis. PLoS One 14,
e0215510. https://doi.org/10.1371/journal.pone.0215510.

128. Koonin, E.V. (2016). Horizontal gene transfer: essentiality and evolvability
in prokaryotes, and roles in evolutionary transitions. F1000Res. 5. F1000
Faculty Rev-1805. https://doi.org/10.12688/f1000research.8737.1.

129. Hall, R.J. (2016). Hybridization helps colonizers become conquerors.
Proc. Natl. Acad. Sci. USA 113, 9963–9964. https://doi.org/10.1073/
pnas.1611222113.
130. Milner, D.S., Attah, V., Cook, E., Maguire, F., Savory, F.R., Morrison, M.,
M€uller, C.A., Foster, P.G., Talbot, N.J., Leonard, G., and Richards, T.A.
(2019). Environment-dependent fitness gains can be driven by horizontal
gene transfer of transporter-encoding genes. Proc. Natl. Acad. Sci. USA
116, 5613–5622. https://doi.org/10.1073/pnas.181599411.

131. Goulet, B.E., Roda, F., and Hopkins, R. (2017). Hybridization in plants:
Old ideas, new techniques. Plant Physiol. 173, 65–78. https://doi.org/
10.1104/pp.16.01340.

132. Pr€ufer, K., Racimo, F., Patterson, N., Jay, F., Sankararaman, S., Sawyer,
S., Heinze, A., Renaud, G., Sudmant, P.H., de Filippo, C., et al. (2014).
The complete genome sequence of a Neanderthal from the Altai Moun-
tains. Nature 505, 43–49. https://doi.org/10.1038/nature12886.

133. Schaefer, N.K., Shapiro, B., and Green, R.E. (2016). Detecting hybridiza-
tion using ancient DNA. Mol. Ecol. 25, 2398–2412. https://doi.org/10.
1111/mec.13556.

134. Puigbò, P., Wolf, Y.I., and Koonin, E.V. (2019). Genome-wide compara-
tive analysis of phylogenetic trees: The prokaryotic forest of life.
Methods Mol. Biol. 1910, 241–269. https://doi.org/10.1007/978-1-
4939-9074-0_8.
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