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Abstract

Dietary changes can alter the human microbiome with potential detrimental conse-

quences for health. Given that environment, health, and evolution are interconnected,

we ask: Could diet-driven microbiome perturbations have consequences that extend

beyond their immediate impact on human health?We address this question in the con-

text of the urgent health challenges posed by global climate change. Drawing on recent

studies, we propose that not only can diet-driven microbiome changes lead to dys-

biosis, they can also shape life-history traits and fuel human evolution. We posit that

dietary shifts prompt mismatchedmicrobiome-host genetics configurations that mod-

ulate human longevity and reproductive success. These mismatches can also induce

a heritable intra-holobiont stress response, which encourages the holobiont to re-

establish equilibrium within the changed nutritional environment. Thus, while mis-

matches between climate change-related genetic and epigenetic configurationswithin

theholobiont increase the risk and severity of diseases, theymayalso affect life-history

traits and facilitate adaptive responses. These propositions form a framework that can

help systematize and address climate-related dietary challenges for policy and health

interventions.
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INTRODUCTION

Climate change can impact human health through manifold

pathways.[1] Until now, public attention and scientific studies on

the implications of climate change for human health center largely on

CO2 emissions and health risks generated by rapid onset climate disas-

ters (e.g., floods, heat waves, and epidemics). While still relatively rare,

these disasters are projected to become more frequent and intense

as the climate changes.[2–4] Exposure to dangerous conditions during

these events is high and survivors may suffer from long-term health
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crises (e.g., the loss of motor function). However, the various impacts

of climate change on human health may also be less perceptible. Its

effects may insidiously accumulate over time much like slow onset

climate disasters.[5] A failure to account for how climate change may

impact human health through quotidian pathways constitutes a sig-

nificant blind spot in our understanding of the toll that anthropogenic

warming can take on humans. One such pathway is diet.

Climate change and developmental pressures influence a number

of factors that shape human diet, including crop yield,[6–9] farming

practices,[10] and dietary habits.[11,12] Farmers may already be chang-
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ing their practices to accommodate to a changing climate, with clear

implications for diet. For example, a case study of eight Aymara com-

munities in Bolivia found that farmers were planting less of what they

consideredmore climate vulnerable crop like isaño (Tropaeolum tubero-

sum) while introducing what they perceived to be sturdier crop.[10]

What are the consequences of the resulting dietary changes for human

health and evolution? While the link between climate change and diet

may be well established in the literature, the mechanisms by which

dietary changes translate into health consequences and help generate

novel phenotypic traits still require elucidation.

Here, we attempt to fill this gap. Dietary intakemay influence health

through its effects on the host’s epigenetics[13–15] (Box 1) and the

host’smicrobiome (seebelow).Moreover, there are complexepigenetic

relationships between host andmicrobiome, and it is a formal possibil-

ity that epigenetic phenomena can impact evolution.[16] On this basis,

we put forward a model that accounts for interactions between epige-

netic mechanisms and the humanmicrobiome aswell as their crosstalk

with host genetics. We maintain that conceptualizing humans as flex-

ible ecosystems or holobionts (as commonly done for, e.g., corals[17])

may help reveal some of the consequences that diet-related changes

have for human health, and also offers predictions of future genera-

tions of human life-history traits and adaptation capacity. In ourmodel,

climate change-induceddietary shifts can increasehealth risks through

dysbiosis. At the same time, these processes prompt microbiome

reconfigurations that trigger cross-generational adaptive responses to

environmental change. As a key pathway to these short- and long-term

effects, we identify the microbiome-epigenome-immunity axis. More

generally, we propose a mechanistic framework which connects two

so-far insufficiently connected debates: the effects of global climate

change on diet, and the complex relationship between microbiome,

epigenome, and host.

FROM DIET TO PHENOTYPE THROUGH THE
MICROBIOME

In recent years, the microbiome has emerged as a new mediator

between environmental cues (e.g., nutritional patterns) and human

health. The human microbiome includes all those bacteria, archaea,

fungi, protists, and viruses that colonize, among others, human skin,

placenta, uterus, seminal fluid, lungs, saliva, oral mucosa, conjunctiva,

and especially the gastrointestinal tract. If we view the human as

an integrated ecosystem with its microbiome[31]—a holobiont[32–36]—

then, the microbiome renders a vast array of ecosystem services.[37]

By ecosystemserviceswemean that thehumanmicrobiome stimulates

the immune system and shapes its development,[38–40] contributes to

thedevelopment and functioningof thenervous system,[41–43] the syn-

thesis of micronutrients,[44] nutrient digestion and absorption, and to

energy regulation.[45–50]

The reliability of these ecosystem services hinges on an effective

crosstalk between the host and its microbiome, which is influenced by

dietary patterns.[51–57] It follows that climate change-induced mod-

ifications in diet or life-style may also impact the host’s health sta-

Box 1. Diet, human health, and epigenetics

Diet has a major impact on human health. Variable diets

and dietary patterns can modulate inter-individual variabil-

ity (e.g., increase the risk of cardiovascular diseases).[18]

Diet contributes to birth weight,[19] which is a major pre-

dictor of infant and child health, and adult disease sus-

ceptibility. Diet also affects longevity and reproduction.[20]

For example, dietary restrictions—reduction of food intake

without starvation—can up-regulate pathways involved in

stress response and innate immunity, and down-regulate

pathways involved in growth and reproduction across dif-

ferent species.[21–26] Diet can also have long-term, intergen-

erational consequences.[19,27] Offspring of parents with a

compromised immune state due to malnutrition (i.e., over-

or under-nutrition) themselves also often suffer immune

system perturbations.[28] Further, in response to increased

parental dietary energy, offspring display elevated pro-

inflammatory and reduced anti-inflammatory and immune

regulatory traits.[29] Yet, under certain conditions, dietary

changes may also yield opposing, positive effects on the

health of future generations. In one example, the grandchil-

dren of a cohort of Northern Swedes who experienced peri-

ods of crop failures over multiple generations display lower

risk of mortality, cardiovascular diseases, and diabetes com-

pared to the previous generations.[30] Some of these stud-

ies hint at epigenetic mechanisms underlying diet-related

effects on human health.[14]

tus, in line with recent suggestions.[58] Indeed, changes in the human

gut microbiome (e.g., due to the increasing use of antibiotics in

food production) have been associated with the genesis and progres-

sion of different disorders[59–61] such as autoimmune diseases,[62–65]

cancer,[66] metabolic disorders (e.g.,[60,67]) and mental disorders, like

depression,[68] via the so-called “gut-brain axis.” The molecular basis

of this relationship as well as the range and strength of the linkages

between a phenotype and a microbiome’s composition and abundance

remains, however, unclear.[69]

THE MICROBIOME WITHIN AND ACROSS
GENERATIONS

Diverse evolutionary and ecological models of microbiome estab-

lishment, stability, and transmission across generations have been

proposed.[70–75] The extensive crosstalk between the human host and

its resident microbiome suggests that they have co-evolved or may

have co-adapted, that is, the human microbiome has co-evolved with

the host, adapting to the human ecosystem and developing mutual

benefits.[33,34,76,77] Consistent with this view, only a minute subset
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of known bacteria phyla occur in the human ecosystem.[78–84] It is

also possible that intra-holobiont associations reflect a one-sided

process of adaptation (e.g., the host has adapted to its microbes,

but the microbes have not adapted to their host).[85,86] But how can

co-evolution—let alone one-sided adaptation or co-adaptation—

between the microbiome and the human host be achieved? This

question is critical for understanding the effects of diet on human

health and evolution. Co-evolution implies that the microbiome must

be inherited and/or faithfully acquired across generations. But how?

Microbiota configuration is largely shaped in early life.[87,88] In

adults, microbiota retain a level of flexibility that may to some

degree be modulated by environmental conditions and factors such

as the host’s genetic background, behavior and life-style, sex, and

age.[51,89–93] Thus, the cross-generational recurrence of microbiome

components relies, partly at least, on biological processes that unfold

in early life. In humans, the maternal environment appears to con-

tribute to the bacterial colonization of the infant gut.[56,94,95] How-

ever, this maternal contribution is most likely partial and thus insuffi-

cient to guarantee a faithful transmission analogous to genetic infor-

mation. Stable (environmentally inherited) cultural and behavioral pat-

terns can compensate for inadequate trans-generational stability of

host-microbiota relations. For example, stable cultural patterns in

feeding practices, delivery modes, and hygiene lead to similar micro-

bial successive colonization during infancy.[96] As it is in other ani-

mals, social interactions and networksmay open channels formicrobial

transmission.[97–99] Finally, host genetics may also play an important

role in the acquisition, maintenance, and stability of the microbiome,

particularly in the gut.[90,100–102] Genetically determined immune

traits may, alongside competition between microbial cells, help reg-

ulate and maintain appropriate compositions and levels of microbial

populations in a givenniche space. In sum, vertical andhorizontal trans-

missions alongside host genetics contribute to themicrobiome’s cross-

generational stability.

This list is incomplete. We propose that the host’s epigenome con-

stitutes another, so far underexplored, pathway for stabilizing the

environment-dependent host-microbiome interaction across genera-

tions. The proposed contribution by the host epigenome to micro-

bial colonization is consistent with studies that tie epigenetic changes

(e.g., DNAmethylation, histonemodifications, regulation by noncoding

RNAs[103]) to microbiome colonization and functionality.[104] It also

aligns with reports in which microbiome-altering epigenetic modifica-

tions are associated with the genesis of diseases.[105,106] Additionally,

the host epigenome may both shape and be shaped by the acquired

microbiota. The acquiredmicrobiota can influence host appetite, feed-

ing behavior, and food choice (e.g.,[107,108]), which in turn affect gene

regulation and regulate the immune response.[109]

Thus, we suggest that not only may the microbiome be faithfully

transmitted and acquired across generations through various modes

and channels; it can also remodel the host epigenome. This epige-

netic remodeling influences offspring development, effectively linking

current environmental changes such as dietary shifts to future vari-

ation in the host’s developmental, metabolic, and immunological pro-

cesses. This mutual process of epi- and microbiome remodeling could

F IGURE 1 The holobiont’s microbiome-epigenome-immunity
axis. (1) Climate change alters human diets. (2) Climate change-related
dietary shifts can shape themicrobiome (e.g., influencingmicrobial
diversity, composition or metabolites), the host’s epigenome (e.g.,
through ingested compounds that modify gene expression), and the
host immune systems (e.g., nutritional deficit can delay immune
responses against pathogens). (3)Within the human holobiont the
crosstalk between themicrobiome, the host epigenome, and the host
immune systems is extensive and dynamic. The host DNA and the
environment influence this crosstalk (e.g., epigenetic factors flag the
host niches for microbial colonization, a process that is also shaped by
immune systems). Diet-mediated effects can knock the relationship
betweenmicrobiome, epigenome, and immune systems off balance,
with repercussions for holobiont traits, within and across generations.
(4) Simultaneously, the human holobiont actively modifies its
environment (e.g., through cultural niche construction) with potential
downstream feedbacks

unfold across generations until the holobiont system has achieved a

state of equilibrium (host-microbiome match). These ideas are central

to the proposed “microbiome-epigenome-immunity axis” model pre-

sented next (Figure 1).

FROM DIETARY CHANGES TO ADAPTATION
THROUGH DISEASE

Expanding on the foregoing propositions, we posit that the domi-

nance and the recurrence of microbial species and their functions

in humans[93] partly reflect conserved epigenetically-regulated pro-

cesses that can transfer ecological information across generations.

These epigenetic processes may guide the host’s microbial coloniza-

tion directly (e.g., through niche-specific gene regulation) and/or indi-

rectly (e.g., through the plastic selectivity of the immune system[110]).

The stability offered by the host’s genome and socio-cultural con-

text reinforces said epigenetic processes. We further posit that the

“microbiome-epigenome-immunity axis” is sensitive to climate change-

related shifts in diet, eating habits, and stress-related nutritional

changes. Sufficient dietary changes alter the host epigenome and, by

extension, the host microbiome. At the same time, they affect the pro-

cess of microbial colonization and, through this, the host epigenome.
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These dynamics generate varying levels of mismatch between the

host’s genetic makeup and its non-genetic components, thereby pro-

ducing two key effects and trade-offs.

First, ecosystem services within the holobiont (see “From diet to

phenotype through the microbiome”) may be disrupted and harmful

phenotypes may emerge. This aligns with the often-proposed link

between abnormal gut microbiome composition and conditions such

as obesity,[111] inflammatory bowel diseases,[112,113] and others.[114]

However, dietary changes and anthropogenic effects that alter the

resident or colonizing microbiota (e.g., antibiotics) may also yield

non-disease phenotypes. Previous studies suggest that a dysbiotic

holobiont environment (i.e., one that engenders an imbalance in the

composition and metabolic capacity of the microbiome) is associated

with a reduced activity of the innate immune system in early life

and the over-stimulation of the adaptive immune system (AIS) later

in life.[115–117] On the one hand, AIS over-stimulation may enhance

immunological misfiring, which facilitates the onset of autoimmune

diseases.[115] On the other hand, AIS over-stimulation may potenti-

ate the holobiont defense mechanisms, which normally deteriorate

with age,[118] thereby extending the holobiont’s lifespan. Moreover,

the enhanced immunological misfiring that results from AIS over-

stimulation is expected to lower the chances of carrying pregnancies

to term.[119] For instance, the autoimmune disease systemic lupus

erythematosus increases the risk of pregnancy loss, pre-term delivery,

and placental insufficiency.[120,121] Thus, while increasing the risk of

disorders, diet-related changesmay also enhance longevity and reduce

reproductive success in humans.

Second, the mismatch between the host’s genetic makeup and its

microbiome is likely to generate intra-holobiont stress, which may

impose varying degrees of pressure on the holobiont components. This

pressure, in our model, is analogous to that which unfolds in host-

pathogen interactions or during biological invasions between native

and invading species. Host-microbiome mismatch may, for example,

trigger undesired immune responses, which weaken the host while

simultaneously creating niche space for colonization after native (i.e.,

co-evolved) microbial components have been damaged. Thus, this

mismatch represents a first step toward the acquisition of adaptive

changes. To understand this evolutionary process it must first be noted

that the mismatch between the host’s genetic makeup and its micro-

biome can be inherited by successive generations. More specifically,

the epigenome of dysbiotic holobionts might be passed from mother

to fetus through direct transmission of the epigenetic modifications or

by de novo induction of epigenetic marks.[122–124] These recurring epi-

genetic patterns favor the reconfiguration of the parental microbiome

in the descendant holobionts (e.g.,[125]). This means that the descen-

dants of individuals with autoimmune diseases are likely to display the

same traits via non-genetic inheritance. Consistent with this, autoim-

munedisorderswithmodest heritability and sharedenvironmental risk

factors often recur across generations.[126,127] An implication of this

model is that the positive correlation between parental and offspring

lifespans in humans partly reflect trans-generational epigenetic inheri-

tance, in line with previous observations,[128,129] and findings in other

species.[130]

Compared to previous generation(s), the recurring physiological or

immune response of descendant holobionts can be either attenuated

or exacerbated depending on the level of mismatch between the host

genes (half of which are inherited from the mother and half from

the father) and the environment (which may be relatively constant

or vary between generations). In a largely constant environment,

inter-generational shifts in phenotypic traits may be directional and

tend towards a local optimum. Alternatively, inter-generational shifts

may be fluctuating and irregular when the environment continually

changes. In the simplest case of a largely constant inter-generational

environment and narrow genetic variability, the intra-holobiont stress

facilitates the recovery of pre-dysbiosis relationships between life-

history traits (i.e., reproductive success increases at the expense of

longevity).More generally, we posit that there is a natural tendency for

the mean fitness of a population to rebound upon health equilibrium

disruption (Figure 2). Similar dynamics have been associated with

“assisted gene flow,” a practice by which suitable genotypes are relo-

cated to help local populations to keep pace with climate change.[131]

This relocation of nonlocal genotypes may result in outbreeding

depression, which reduces a population’s mean fitness relative to

the parental population.[132,133] However, this reduction in fitness

is most often temporary. The local population recovers within a few

generations, possibly acquiring even higher mean fitness values than

before the immigrant genotypes were introduced.[134]

RE-ESTABLISHING THE HOST-MICROBIOME
EQUILIBRIUM

Epigenetic mechanisms that affect the inheritance of phenotypic

states[34,135] can contribute to the establishment of optimal fitness in

the new environment. Besides this, genetic changes that re-establish

the host-microbiome harmonious relationship may also occur. Immu-

nity, reproduction, and lifespan-related host genes underlie much of

the plasticity discussed above. It follows that changes in these genes

could help re-establish the pre-dysbiosis host-microbiome equilibrium.

Indeed, these genes play a major role in human adaptation, being

among themost frequent candidate targets of selection.[136–140]

Genetic changes may also accumulate in the microbial compo-

nent of the holobiont. Stress-induced mutagenesis boosts muta-

tion rates in microbes, accelerating the emergence of beneficial

genetic variants.[141] Moreover, the rapid adaptation of the micro-

biome to stress (exposure to a toxic agent) and selection of resis-

tant bacteria may enable the host’s offspring to develop higher toxic

tolerance,[142,143] which could be inherited though different channels

of microbial transmission.[143,144] Finally, microbiome-driven adap-

tations to new diets may explain the consumption of seaweed in

humans,[145] the evolution of herbivory in cows,[146] and sanguivory

in vampire bats.[147] For example, it has been suggested that a sub-

stantial part of the morphological, immunological, and physiological

adaptations necessary to cope with the new diet of vampire bats were

not due to genomic adaptations in the host, but rather were driven by

positive selection on genes in the functional core microbiome of com-
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F IGURE 2 The holobiont’s health and adaptation in response to dietary shifts. Dietary change triggers a host microbiomemismatch that
perturbs the holobiont (e.g., triggering undesired immune responses in the host), while promoting its adaptive response (e.g., by creating niche
space for novel microbial colonization). Arrows depict the evolutionary trajectory of human holobionts sparked by a climate change-induced
dietary shift. Dietary change-related intra-holobiont stress is depicted in the first phase (red arrow). Here, holobionts face an increased
susceptibility to illnesses, such as allergies and autoimmune diseases, which can be epigenetically inherited. In this perturbed health state,
holobionts are subjected to pressures that promote the acquisition of microbial, genetic, and non-genetic variation, which eventually allows the
holobionts to attain a new balance (green arrow)

mon bats.[147,148] Thus, thanks to the adaptive changes in their micro-

biome, holobionts may evolve adaptive solutions to nutritional chal-

lenges. Adaptive changes in the host genome may or may not accom-

panymicrobiome reconfigurations.

In sum, diet-related intra-holobiont stress may promote both

genetic and non-genetic changes in the host and microbiome that may

be transmitted to the next generation(s). While these changes may

increase disease susceptibilities, they may also contribute to the re-

alignment of host and microbiome interests. A re-established harmo-

nious crosstalk between host and its microbiome (if achieved) signals

the optimal integrated performance of the holobiont in the new envi-

ronment (Figure 2).

MODEL IMPLICATIONS

The model presented above implies that host genes and microbiome

may co-evolve and develop co-dependencies, consistent with a vast

body of literature.[33,34,76,77,149] By integrating ecological, immuno-

logical, and evolutionary views on the holobiont, this model recon-

ciles two seemingly distinct perspectives: the hologenome perspec-

tive, where the host and its microbiome evolve as a single cooper-

ative unit of selection,[34,150,151] and a perspective that considers a

host-microbiome system to be an ecological community[36,152] and an

immunological individual.[153]

This integrative account extends the influential framework offered

by the hologenome theory of evolution[76,150,154] in two significant

ways. First, it makes novel predictions about evolutionary dynamics.

Rather than assuming that rapid changes in the microbiome could

provide the host with the time necessary to adapt and evolve,[155] a

process comparable to the Baldwin effect (see also[110]), our model

predicts that the holobiont experiences short-term health struggles

and a host-microbiome mismatch that must be solved. In other words,

it points towardsmore complex dietary-induced evolutionary trajecto-

ries of the holobiont that occur at different time scales. It generates the

testable hypothesis that the likelihoodwithwhich diseases emerge and

the rapidity withwhich adaptation to the environment can be achieved

scale positively with the levels of mismatch between the host’s genetic

background and the epigenetic and microbial changes. Differently

put, high levels of stress may be both detrimental and beneficial for a

population depending onwhich temporal scale the observer uses.

Second, our model expands the so-far largely gene-centered evolu-

tionary viewof holobionts—as hologenomes—through a focus on other

levels of organization. This especially concerns the epigenome and the

various non-genetic processes involved in themicrobiome-epigenome-

immunity axis. Through this broader perspective, the proposed model

reconciles current and past views on the relative contribution of genet-

ics, epigenetics, environmental change and stress to the biased produc-

tion of adaptive variation (Box 2).

In addition to these expansions on the hologenome approach, this

model provides an operational definition of “healthy” or “favorable”

microbiome, that is, microbial consortia that are in harmony not only

with the host’s lifestyle and socio-cultural and environmental settings

but, to a substantial part, as well with its genetic background. These

consortia do not need to be composed of fixed species. Due to con-

siderable metabolic redundancy, genes with the same function are dis-

tributed across many bacterial species. This allows a “healthy” gut

microbiome to be assembled in many different ways, and allows for
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Box 2. Biased variation in evolution

There are several explanations for how adaptive variation

is produced in evolution (for a brief historical overview,

see[156]). According to awidespreadview, genetic variation is

assumed to be impervious to environmental challenges, and

therefore, toorganismal prospects of adaptation. In this view,

variation is random, gradual and slow. Another viewpoint is

that variation is biased with respect to possible phenotypic

outcomes.[157] The concept of developmental bias suggests

that “perturbation (e.g., mutation, environmental change) to

biological systems will tend to produce some variants more

readily, or with higher probability than others”.[158] Recently,

the possibility of additional plasticity-led routes to adapta-

tion, other than the widespread view of allelic replacement

due to selection, has come to light.[159] Plasticity can be

a first step in the emergence of heritable phenotypic vari-

ation through processes of “genetic assimilation,” that is,

across generations, plastic phenotypes can be reconstructed

without a sustained environmental stimulus once their pro-

duction is “canalized” through the acquisition of a genetic

basis.[160–162] Until now, few biologists have considered the

microbiome of developing organisms as a potential source

for biased adaptive variation.[110,146,163] Ourmodel points in

that direction.

the loss or rediscovery of microbial taxa across host generations.[164]

This definition could help implement optimal therapeutic strategies

for “precision” gut microbiome modulation, which to date remain

vague.[165]

Themicrobiome is often considered to be a fruitful target for thera-

peutic intervention of numerous chronic diseases, such as autoimmune

diseases.[166,167] Provided that an altered microbiome is causally

linked to a certain disease, forms ofmedical intervention that currently

alleviate the health challenges associated with the focal disease are

likely tomitigate or suppress the intra-holobiont stress. This, under our

model, implies that medical intervention also delays the emergence of

potentially adaptive variation. Qualitatively similar conclusions were

drawn previously, based on the idea that medical intervention relaxes

natural selection on disease-associated genetic variants.[168,169]

Finally, should our model be correct, then the current failure to

account for the epigenetic-microbial context and inter-generational

influences impede our understanding of many diseases. Specific

genetic variants that are often associated with increased risk of, for

example, cancer, might be significant only insofar as they are coupled

with associated (micro)environmental factors.[170,171] This is impor-

tant given the healthcare industry’s rapid evolution. Patient-tailored

treatments that followadecontextualized identificationandprediction

of disease-susceptibility loci should be avoided unless non-genetic and

environment-driven changes are also taken into account.

CONCLUSIONS

Until now few biologists have considered the microbiome of devel-

oping organisms as potential sources of biased and rapid adaptive

variation,[110,146,163] particularly in humans. Here, we introduce a

forward-looking model where the microbiome plays a role in the

adaptation of modern human populations to environmental changes.

We posit that dietary changes reconfigure epigenetically-controlled

equilibrium health states in integrated human-microbiome collectives

(holobionts). This reconfiguration is a double-edged sword. On the one

hand, it may increase the risk and severity of diseases by modulating

the expression of the holobiont’s life-history traits, such as longevity

and reproduction. On the other, it helps re-align the holobiont sys-

temwith thenewnutritional environment, leveraging thepressure that

the mismatch between host’s genes and microbiome generates. These

hypothesized dynamics need not be exclusively coupled with ongoing

climate change, nor must they apply exclusively to human holobionts.

Rather, similar dynamics in the microbiome-epigenome-immunity axis

may have occurred in response to past non-anthropogenic climate

change and contributed to the evolutionary trajectory of our and other

species.[172] To further explore the consequences of these ideas in

humans, a closer look at the microbiome-epigenome-immunity axis

is warranted. This axis connects two so-far insufficiently interlinked

fields of research: human health and human evolution. In other words,

we need to understand that the holobiont is both an immunologi-

cal individual and an evolutionary individual. In order to study the

complex entanglement of these two, we first need to grasp the lim-

its and the scope of microbial variation in humans and to understand

how widely and rapidly the (gut) microbial community can be restruc-

tured in the face of environmental change. A second challenge is to

understand if (and if so, how) differences in gut microbial variability

between and within human populations can lead to different health

and evolutionary responses to climate change-related nutritional chal-

lenges. Finally, the development of patient-tailored medical applica-

tions should not view human individuals as the sole targets of climate

change-related health interventions.[173] Instead, the collective of the

holobiont should be considered a potential patient. Its complex inter-

nal interrelations, crosstalk, and tradeoffs need to become the focus of

attention.
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