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Eco-evolutionary dynamics link microbial diversity, environmental change, and 
genome-resolved ecosystem function

Microbial ecology increasing-
ly depends on connecting 
hidden genetic diversity to 

ecological function. This issue focuses 
on two ways that microbial ecologists 
make that connection: by resolving 
fine-scale adaptation within a dominant 
soil bacterium, and by reconstructing 
genomes from uncultivated microbes 
directly from environmental DNA.

	 The first dispatch goes inside 
our PNAS paper on Curtobacterium 
adaptation along a Southern California 
climate gradient. By combining micro-
bial biogeography, trait assays, recipro-
cal transplants, and field experimental 
evolution, the study shows that micro-
bial responses to climate can involve 
both ecological sorting of pre-existing 
ecotypes and rapid evolution within 
lineages.

	 The second dispatch focuses 
on metagenome-assembled genomes, or 
MAGs, as tools for studying organisms 
that remain difficult to cultivate. MAGs 
allow researchers to infer metabolic 
potential, track functional traits across 
environmental gradients, and generate 

hypotheses about uncultivated organ-
isms involved in biogeochemical cycling 
and specialized metabolism.

	 Together, these pieces high-
light a central challenge in microbial 
ecology: ecosystem processes depend 
on genetic and functional variation that 
is often invisible to broad taxonomic 
surveys. Understanding microbial 
responses to environmental change 
requires matching the biological ques-
tion to the right scale, from traits and 
mutations to reconstructed genomes 
and community-level function.

“Identifying feedbacks between ecology and evolution along temporal and spatial 
scales has revealed broad new frontiers in biology. Perhaps even more importantly, 
these insights are forcing us to reexamine foundational assumptions. Ecologists can no 
longer justify the assumption that evolution does not influence ecological patterns and 
processes. The challenge is to improve our ability to predict when and how evolution 
shapes both spatial and temporal ecological patterns so that we can create a truly inte-
grated biology.”

— MC Urban et al. 2020.
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Reconstructing 
Microbial Life from 
Metagenomes
Metagenome-assembled genomes have transformed micro-
bial ecology by linking uncultivated lineages to metabolic 
traits, biogeochemical processes, and specialized metabolite 
potential. Yet MAGs are not direct observations of  organ-
isms; they are reconstructed genomic hypotheses whose 
power depends on community complexity, sequencing 
depth, strain structure, and careful interpretation.

By Alexander B. Chase, Ph.D.
Department of  Earth Sciences, Southern Methodist University, Dallas, TX

APRIL 14, 2026 (republished from blog post on 11/15/2021)

Environmental DNA reconstructed into genomes and ecological hypotheses

Metagenome-assembled 
genomes have transformed 
how microbial ecologists 

study organisms that remain difficult 
or impossible to cultivate. Most micro-
bial diversity is still poorly represented 
in culture collections and reference 
databases, which limits our ability to 
connect uncultivated lineages to ecolog-
ical function. MAGs address this gap by 
reconstructing genomes directly from 
environmental DNA, allowing research-
ers to infer the metabolic potential 
of abundant but poorly characterized 
microorganisms. They do not provide 
complete or direct observations of 
organisms, but they create testable 
genomic hypotheses about the roles that 
uncultivated microbes play in biogeo-
chemical cycling, community metabo-
lism, and chemical interactions.

	 One of the foundational 
demonstrations of this approach came 
from Tyson and colleagues, who re-

constructed genomes from a relatively 
low-complexity acid mine drainage 
biofilm community1. That study showed 
that shotgun metagenomic data could 
be assembled and binned into popula-
tion genomes, revealing both metabolic 
interactions and evolutionary structure 
within the community. The recovered 
genomes suggested a community 
organized around carbon and nitrogen 
exchange, while genomic variation 
within Ferroplasma populations re-
vealed mosaic structure generated by 
related ancestral genome types. Just 
as importantly, the study established a 
conceptual path forward: environmen-
tal sequencing could recover genomes 

from uncultivated strains and species, 
extending microbial genomics beyond 
the limits of cultivation.

	 Later applications expanded 
this framework into more complex 
environments, including soils. Diamond 
and colleagues reconstructed nearly 800 
MAGs from Mediterranean grassland 
soils and linked genomic potential to 
environmental gradients, including 
rainfall and soil depth2. This work 
showed how MAGs can connect micro-

“Genome reconstruction was facilitated 
by the fact that the community was domi-
nated by populations of a few genomically 
distinct species.”

— Tyson et al. 2004.
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WHY IT MATTERS

Most microbial diversity remains 
poorly represented in culture collec-
tions and reference databases. Metag-
enome-assembled genomes (MAGs) 
help address this gap by reconstruct-
ing genomes directly from environ-
mental DNA, revealing the metabolic 
potential of  uncultivated microor-
ganisms and generating hypotheses 
about their ecological roles.
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Reconstructing Microbial Life from Metagenomes

bial lineages to carbon and nitrogen 
compound turnover in heterogeneous 
environments. Rather than treating soil 
microbial communities as taxonomic 
inventories, the study used genome-re-
solved metagenomics to ask which or-
ganisms encode the pathways needed to 
transform specific organic compounds 
under different environmental condi-
tions. This type of analysis is especially 
valuable for poorly characterized but 
abundant groups such as Acidobacteria, 
which are difficult to culture yet often 
dominant in soils. Their reconstructed 
genomes revealed extensive carbo-
hydrate-active enzyme repertoires, 
suggesting important roles in organic 
matter degradation.

	 MAGs have also expanded the 
search for microbial specialized metab-
olism. Crits-Christoph and colleagues 
showed that novel soil bacteria encode 
diverse biosynthetic gene clusters, indi-
cating that poorly characterized lineag-
es may be major reservoirs of secondary 
metabolite biosynthesis3. Sharrar and 
colleagues extended this insight by 
showing that biosynthetic potential 
varies across bacterial phyla, soil depth, 

and vegetation type4. Together, these 
studies suggest that specialized me-
tabolites are not randomly distributed 
across soil microbiomes, but structured 
by lineage identity and environmental 
context.

	 The broader importance of 
MAGs lies in their ability to connect 
microbial diversity to ecological func-
tion in systems where cultivation alone 
provides an incomplete view. They 
allow researchers to identify candidate 
metabolisms, track functional potential 
across environmental gradients, and 
generate hypotheses about the activities 
of uncultivated organisms. At the same 
time, MAGs should be interpreted as 
reconstructions rather than definitive 
biological units. Their accuracy depends 
on community complexity, sequenc-
ing depth, strain variation, assembly 
quality, and binning decisions. Used 
carefully, MAGs provide one of the most 
powerful frameworks for linking hidden 
microbial diversity to the processes that 
shape ecosystems.
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KEY FINDINGS

•	 Most microbial lineages remain unculti-
vated, leaving major gaps in reference 
genome databases.

•	 MAGs enable genomic reconstruction of  
uncultivated microorganisms directly 
from environmental DNA.

•	 Early MAG studies demonstrated that 
community genomes could reveal 
metabolic exchange, population struc-
ture, and evolutionary processes.

•	 Soil MAGs have linked uncultivated bac-
terial lineages, including Acidobacte-
ria, to carbon turnover, carbohydrate 
degradation, and environmental 
gradients.

•	 MAG-based analyses can reveal biosyn-
thetic gene clusters and specialized 
metabolite potential across poorly 
characterized microbial groups.

•	 MAGs are powerful ecological tools, but 
they should be interpreted as recon-
structed genomic hypotheses rather 
than direct organismal observations.

1. GW Tyson, J Chapman, P Hugenholtz, EE Allen, RJ Ram, PM Richardson, VV Solovyev, EM Rubin, DS Rokhsar, JF Banfield. 2004. Community struc-
ture and metabolism through reconstruction of microbial genomes from the environment. Nature 
2. S Diamond, PF Andeer, Z Li, A Crits-Christoph, D Burstein, K Anantharaman, KR Lane, BC Thomas, Chongle Pan, TR Northen, JF Banfield. 2019. 
Mediterranean grassland soil C–N compound turnover is dependent on rainfall and depth, and is mediated by genomically divergent microorganisms. 
Nature Microbiology 
3. A Crits-Christoph, S Diamond, CN Butterfield, BC Thomas, JF Banfield. 2018. Novel soil bacteria possess diverse genes for secondary metabolite 
biosynthesis. Nature 
4. AM Sharrar, A Crits-Christoph, R Méheust, S Diamond, EP Starr, JF Banfield. 2020. Bacterial secondary metabolite biosynthetic potential in soil varies 
with phylum, depth, and vegetation type. mBio
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Inside the Paper: 
Microbial Adaptation Along a Climate Gradient
Microbial communities respond quickly to environmental 
change, but those responses are often interpreted as eco-
logical shifts in community composition. Our PNAS paper 
asked whether microbial responses to climate also reflect 
evolutionary processes, using field experiments with Curtobac-
terium across a Southern California climate gradient.

By Alexander B. Chase, Ph.D.
Department of  Earth Sciences, Southern Methodist University, Dallas, TX

JULY 21, 2022

Microbial climate responses combine ecological sorting with rapid evolution in the fieldMicrobial communities often 
respond quickly to envi-
ronmental change. In most 

microbiome studies, these responses 
are interpreted as ecological processes: 
some taxa increase, others decline, and 
community composition shifts toward 
the conditions imposed by the envi-
ronment. Evolution is usually treated 
separately, often through laboratory 
experiments in flasks, simplified media, 
and controlled stressors. Our PNAS 
paper was motivated by the space 
between these traditions. We wanted to 
know whether microbial responses to 
environmental change in nature reflect 
not only ecological sorting, but also evo-
lutionary change within a focal lineage.

	 The conceptual starting point 
was biogeography. In plants and ani-
mals, biogeographic patterns are often 
studied at the species or population 
level, where distributions can be linked 
to dispersal barriers, adaptive traits, 
environmental gradients, and evolu-
tionary history. Microbial biogeography 

has historically operated at a coarser 
scale. Conserved marker genes such 
as 16S rRNA make it possible to survey 
broad microbial diversity across many 
environments, but they often collapse 
substantial genetic and physiologi-
cal diversity into a single operational 
taxonomic unit. At that resolution, a 
microbial lineage may appear widely 
distributed across many habitats, even 
if it contains distinct populations with 
different traits and environmental pref-
erences.

	 This scale problem matters 
for interpreting microbial responses 
to climate. If traits are conserved at 
different phylogenetic depths, then the 

“The consideration of eco-evolutionary dynamics may therefore be important to un-
derstand the response of soil microbiomes to future environmental change..”

— Chase et al. 2021.
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WHY IT MATTERS

A major question in ecology and 
evolution is how biodiversity orig-
inates, persists, and responds to 
environmental change. For microbes, 
this question has often been stud-
ied at the community level, using 
marker-gene surveys to show that mi-
crobiomes differ across habitats and 
environmental gradients. Yet these 
surveys often lack the resolution 
needed to identify population-level 
differentiation, trait variation, or 
rapid evolutionary change. By com-
bining microbial biogeography, trait 
assays, reciprocal transplants, and 
experimental evolution in the field, 
this study tested whether climate re-
sponses in a dominant soil bacterium 
reflect both past adaptive differentia-
tion and contemporary evolution.



•MICROBIAL PLANET DISPATCH VOL. 3 • ISSUE 1 MICROBOMICS.COM

Microbial Adaptation Along a Climate Gradient

taxonomic unit used to define diversity 
must match the trait and process being 
studied. Deeply conserved traits may 
explain broad habitat associations, 
while shallowly conserved traits such 
as temperature performance, substrate 
use, drought tolerance, or growth rate 
may structure populations within what 
appears to be a single taxon. Resolving 
microbial microdiversity is therefore 
necessary for applying trait-based and 
biogeographic frameworks to microbial 
adaptation.

	 We focused on the leaf litter 
microbiome across a regional climate 
gradient in Southern California. The 
sites varied in temperature, precipi-
tation, vegetation, and litter chemis-
try, creating a natural space-for-time 
gradient from desert to subalpine 
environments. Previous work showed 
that microbial community composi-
tion differed across these sites and that 
communities shifted when reciprocally 
transplanted across the gradient1. To 

connect these community-level pat-
terns to organismal traits, we targeted 
Curtobacterium, an abundant leaf litter 
bacterium that dominated the grassland 
site and represented a substantial frac-
tion of the community.

	 Our prior genome sequencing 
of isolates revealed that Curtobacterium 
contained extensive fine-scale diversity 
hidden within broad marker-gene desig-
nations2. Strains grouped into genomic 
clades that were not captured well by 
common 16S rRNA classifications. We 
then measured traits expected to matter 
in leaf litter, including growth, carbon 
substrate degradation, and biofilm 
production across temperature condi-
tions. Closely related strains tended to 
share similar trait profiles, and these 
trait differences corresponded to the cli-
mate gradient. Some clades performed 
better under hotter conditions, while 
others were associated with cooler or 
higher-elevation environments. These 
patterns supported the interpretation 
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that the genomic clades represented 
ecotypes.

	 The next question was whether 
these ecotypes would respond pre-
dictably to environmental change. In 
a reciprocal transplant experiment, 
microbial communities from different 
sites were placed into microbial cages 
containing sterile grassland litter and 
transplanted across the climate gradient 
for 18 months. The cages allowed water 
and nutrients to pass through while 
limiting dispersal from surrounding 
communities. After transplantation, 
community composition shifted toward 
the local environment, regardless of 
the initial inoculum. When we focused 
specifically on Curtobacterium, metag-
enomic data showed that ecotype 
composition also shifted by transplant 
site3. This indicated that pre-existing ge-
netic and physiological variation within 
Curtobacterium contributed to ecological 
responses under different climate con-
ditions.

	 That result addressed past 
adaptive differentiation, but not rapid 
evolution. To test whether evolution 
could also occur on ecological times-
cales, we ran a parallel field experiment 
with a single Curtobacterium strain. The 
strain was inoculated onto sterile leaf 
litter, placed in microbial cages, and 
transplanted across the same climate 
gradient. Every six months, the popu-
lations were transferred to fresh sterile 
litter and sampled for genomic and 
metagenomic analysis. This design 
borrowed from experimental evolution, 
but moved the experiment into natural 

Curtobacterium ecotypes differed in climate-associated traits, linking phylogenetic structure to field distributions along the gradient. 
Community-weighted trait shifts after transplant suggest that local climate selected for ecotypes with distinct growth, biofilm, carbon 

degradation, and temperature-performance strategies.
From Chase et al. 2021.
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field conditions with real temperature, 
moisture, and seasonal variation.

	 After 18 months, we detected 
nonrandom mutations associated with 
transplant environment. Mutation ac-
cumulation varied across sites and was 
greater when the strain was moved away 
from its native mid-elevation grassland 
environment into more extreme desert 
or subalpine conditions. One repeat-
ed mutation occurred in wcaJ, a gene 
predicted to encode an enzyme involved 
in exopolysaccharide production. This 
mutation appeared in lower-elevation 
sites characterized by hotter and drier 
conditions, suggesting a possible link 
between surface polysaccharides, mois-
ture stress, and climate adaptation.

	 The central result was not that 
ecology or evolution alone explained 
microbial responses to environmental 
change. Instead, both operated within 
the same system. Pre-existing ecotypes 
shifted in abundance when commu-

nities were transplanted across the 
climate gradient, reflecting ecological 
sorting of trait variation. At the same 
time, a single strain accumulated envi-
ronment-associated mutations under 
field conditions, showing that rapid 
evolution can occur outside simplified 
laboratory environments.

	 This work reframes microbial 
climate responses as eco-evolutionary 
dynamics. Community shifts may reflect 
sorting among lineages that already 
differ in traits, while populations 
may also evolve new variation during 
environmental change. For soil microbi-
omes, this distinction matters because 
microbes mediate decomposition, 
carbon cycling, and nutrient turnover. 
Predicting how microbial communities 
respond to warming, drought, or altered 
precipitation requires resolving the fine-
scale diversity hidden within broad taxa 
and measuring the traits that connect 
that diversity to environmental perfor-
mance.
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KEY FINDINGS

•	 Broad marker-gene surveys can mask 
ecologically important bacterial 
diversity.

•	 Curtobacterium contained fine-scale ge-
nomic clades with distinct physiolog-
ical traits.

•	 These clades represented ecotypes that 
were differentially distributed across a 
climate gradient.

•	 Reciprocal community transplants 
showed ecological sorting of  Curtobac-
terium diversity by local climate.

•	 A single-strain field evolution experiment 
detected mutations associated with 
transplant environment.

•	 Microbial responses to climate can in-
volve both ecological shifts and rapid 
evolutionary change.
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3. AB Chase, C Weihe, JBH Martiny. Adaptive differentiation and rapid evolution of a soil bacterium along a climate gradient. Proceedings of the National 
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