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Microbial Adaptation
Depends on the Scale

of Linkage

Selective sweeps in the human gut microbiome can appear
localized to individual genes or distributed across whole
genomic backgrounds. These contrasting patterns show that
the scale of microbial adaptation is not fixed, but inferred
from linkage, recombination and ecological structure.
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he biological scale of adaptation

in microbial populations remains

difficult to define. In recombining
populations, adaptive variation may be
localized to individual loci, distributed
across linked genomic backgrounds, or
embedded within ecological lineages
maintained by transmission, demo-
graphic structure, and niche differenti-
ation'. Two recent studies of the human
gut microbiome highlight this problem
from complementary perspectives. One
identifies gene-specific sweep signa-
tures consistent with adaptive loci be-
coming partially decoupled from their
genomic backgrounds, whereas the
other identifies genome-wide sweeps
that generate coherent ecological units.
Their contrast illustrates a central
challenge for microbial population
genomics: the scale at which adaptation
is inferred depends on how linkage,
recombination, and ecological structure
are modeled.

Wolff and Garud? identify loci
whose linkage patterns depart from the
genome-wide background, emphasizing
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cases in which nonsynonymous vari-
ation and local linkage are consistent
with gene-specific selective sweeps. Yu
and colleagues?® instead identify cases
in which linkage extends across much
of the genome, consistent with the ex-
pansion and subsequent diversification
of genomic backgrounds that behave
as ecologically differentiated popu-
lation units. Both studies use linkage
to infer selection, but they interpret
linkage at different scales: one detects
local departures from genome-wide
structure, whereas the other interprets
genome-wide structure as evidence of
lineage-level expansion.

This distinction matters because
sweep detection does more than identify
candidate targets of selection; it assigns
adaptive change to a biological scale.

[ .
Our data therefore suggest that selection

is frequently strong enough to permit

genome-wide selective sweeps even under

. . . . »
high recombination regimes.

— Yu et al. Nature. 2026.

Gene-specific and genome-wide sweeps reveal microbial adaptation’s scale

WHY IT MATTERS

Microbial evolution is often interpret-
ed through whichever unit is easiest
to measure: genes, genomes, strains,
or ecological lineages. These studies
show that the apparent unit of adap-
tation can shift depending on linkage,
recombination, and population struc-
ture. That distinction is central for
microbiome science because it affects
how adaptive traits are identified,
how population histories are recon-
structed, and how genetic change

is connected to ecological function.

In complex microbial communities,
adaptation may not belong neatly to a
single gene or a whole genome, but to
the scale at which selection remains
coupled to ecological context.

Local departures from genome-wide
linkage disequilibrium, especially when
associated with nonsynonymous vari-
ation, can identify candidate adaptive
loci with evolutionary histories partially
decoupled from the rest of the genome*.
Yet these departures are interpreted
against genome-wide structure that may
also reflect host transmission, migra-
tion, diet, industrialization, antibiotic
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exposure, or lineage sorting. Converse-
ly, a genome-wide sweep can reveal

the expansion of a successful genomic
background, but does not alone specify
which genes, traits or ecological interac-
tions contributed to that expansion. In
both cases, the inferred unit of adapta-
tion depends on assumptions about the
coupling among selection, recombina-
tion and demographic structure®.

The two studies are therefore better
interpreted as capturing different levels
of a shared evolutionary process rather
than as alternative models of microbial
adaptation. Genome-wide sweeps may
establish or reveal the lineage structure
within which subsequent recombi-
nation redistributes adaptive alleles.
Gene-specific sweeps may then alter
trait variation within those lineages, or
move adaptive functions among them,
without eliminating their broader
population history. The critical ques-
tion is not whether microbial adapta-
tion is fundamentally gene-centered
or genome-centered, but under what
conditions recombination is sufficient
to decouple adaptive loci from the
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genomic and ecological backgrounds in
which they arise.

Future work will need approach-
es that distinguish whether adaptive
signals are localized to individual loci,
distributed across linked genomic
backgrounds, or organized by ecological
population structure. Candidate adap-
tive loci should be interpreted in rela-
tion to the populations that carry them,
including whether they move among
genomic backgrounds through recom-
bination® or remain embedded within
ecological units that preserve coherent
population structure. Genome-wide
sweeps, in turn, should be connected to
the genes, traits, and ecological con-
ditions that may have favored lineage
expansion. The next challenge for
microbiome evolution is therefore to de-
termine when recombination separates
adaptive alleles from their genomic
backgrounds, when linkage preserves
lineage-wide responses to selection, and
when ecological differentiation gener-
ates or maintains the genomic structure
interpreted as sweep-like signatures.

KEY FINDINGS

Selective sweeps in microbial populations
can be detected at different biological
scales, from individual genes to whole
genomic backgrounds.

Gene-specific sweeps suggest that recom-
bination can partially decouple adap-
tive loci from the broader genome.

Genome-wide sweeps reveal cases where
entire genomic backgrounds expand
as coherent ecological units.

The inferred unit of adaptation depends
on how linkage, recombination,
demography, and ecological structure
are modeled.

Microbial adaptation is not inherently
gene-centered or genome-centered; it
depends on the scale at which selec-
tion remains coupled to population
structure.
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