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Even when the gutisrichin nutrients, microorganisms can experience
nutrient deprivation owing to factors such as fluctuations in host feeding
patterns, microbial competition and selective nutrient uptake by the host.
Nutrient starvation affects microbial survival, microbiome dynamics and
intestinal stability, yet remains underexplored. This Perspective explains
how nutrient deprivation shapes microbial physiology, ecology and
evolution to drive complex interactions both among microbial species and
between microorganisms and their host. We discuss host lifestyles that can
result in microbial starvation, including diet shifts, fasting and hibernation.
We also highlight critical gaps in our understanding of how starvation
affects microbial community assembly, stress responses and cross-feeding

fromlysed cells, with implications for chronic infections and therapeutic
strategies. We outline technological developments needed to unravel
microbial survival strategies under nutrient deprivation. Understanding
how starvationin all its forms shapes the gut ecosystem will beimportant to
ultimately advance microbiome engineering and health interventions.

Bacterial life involves exposure to dynamic environmental condi-
tions. Adaptingto these fluctuationsis crucial for growth and survival.
Acommon, usuallyinevitable, transition is between nutrient-rich (feast)
and nutrient-poor (starvation) conditions. These extremes impose
distinctselective pressures: feasting selects for rapid growth, whereas
starvation selects for survival'. In contrast to the wide range of stud-
ies asking how nutrient-rich conditions affect the growth of single
microbial species, much less effort has focused on the effects of nutri-
entdeprivation. Most studies of bacteria under starvation conditions
have focused on a few model species such as Escherichia coli’ and to
some extent Bacillus subtilis®* and Bacteroides thetaiotaomicron*, or
on pathogens like Staphylococcus aureus™ and Mycobacterium tuber-
culosis". Very few studies have investigated starvation in non-model
commensals, and even less in the context of complex communities®,
whichhasleft manyimportant questions about the ecological relevance
of starvation unanswered.

The animal gut is a highly dynamic environment, with diurnal
fluctuations in both nutrients? and microbiome composition that can

be modulated through time-restricted feeding®. Bacteria can undergo
nutrient starvation during periods of fasting, whether short like the
periods between meals or extremely long such as during hibernation.
More generally, any species that is unable to access any of the nutrients
thatitrequiresisnutrient deprived. Inthis scenario, bacterial starvation
can be viewed as a physiological or metabolic state that varies across
species rather than being globally imposed by the environment. Bac-
teria can experience nutrient deprivation resulting from many causes,
including diet shifts and competition with other microorganisms or the
host that deplete a preferred nutrient. Thus, the gut environment can
benutrientrich for some species and nutrient poor for others depend-
ing on the distribution of available nutrients and individual require-
ments. These factors can be directly or indirectly affected by host
behaviours, such as weight-loss plans and religious fasting. Although
gut commensals may have some forms of environmental ‘memory™**
thatenable themto retain physiological or metabolic adaptations from
previous nutritional conditions, host behaviours such as diet changes
are probably largely unanticipated by their microbial inhabitants. The
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Fig. 1| Bacterial strategies to cope with nutrient starvation. a, Bacterial growth
typically follows distinct growth phases in batch culture in laboratory settings
with distinct phenotypes. Lag phase features non-growing or slow-growing,
adapting cells, whereas exponential (log) phase is driven by growing and dividing
cells. Stationary phase is when cell division is balanced by cell death and the
number of viable cells remains relatively constant. Death phase is when most cells
lose viability and die. Finally, long-term stationary phase is when a small fraction
of cells survive and can persist for extended periods by recycling nutrients

and cellular debris from dead cells. In E. coli, GASP mutants start to emerge
during this phase, a phase that remains largely unexplored in other species. b,
Bacteria use physiological adaptations that enable their survival under nutrient
limitation. Some produce siderophores to obtainiron iniron-limited conditions.

Spore formation enables bacteria to persist in harsh environmental conditions,
such as starvation, for extended periods of time; when favourable conditions
return, spores germinate and cells reinitiate growth and division. Many bacteria
activate the stringent response, which arrests growth and can lead to the
activation of genes involved in sporulation, virulence and biofilm formation.
Some bacteria activate the general stress response, which upregulates genes
involved in resistance to oxidative stress, osmotic stress and heat shock. Stalk
formationis anormal part of the C. crescentuslife cycle, and under phosphate
starvation, C. crescentus enters a non-replicative state characterized by an
increase in cell length and the development of a significantly longer stalk that
enables greater nutrient uptake.

ability to deal with nutrient limitation should therefore be anintrinsic,
primary component of the fitness of any gut microorganism, and may
be critical for its long-term survival and propagation to other hosts.
Taken together, the potential implications of starvation conditions
on gut health and chronic infections are vast but understudied, and
the degree of importance and most relevant consequences remain
undetermined.

Appreciation for the effects of starvation stretches back to the
seminal work of Jacques Monod'®, who described the succession of bac-
terial growth phasesinbatch culture (Fig.1a). Nonetheless, the advent
of novel tools and expanded knowledge regarding the importance of
microbiomes in host function provide motivation for revisiting this
topic in many contexts. In this Perspective, we discuss current knowl-
edge, mostly based on in vitro studies, about bacterial strategies for
surviving nutrient starvation conditions relevant to gut bacteria, the
relationship of bacterial starvation to host behaviours and avenues
for future research (for a review on mechanisms of bacterial starva-
tion response strategies in model organisms, see ref. 17). A primary
purpose of this Perspective is to inspire more studies of gut bacterial
and community behaviours in nutrient-poor conditions by focusing
onfundamental unanswered questions and the challengesin address-
ing them. How does starvation affect microbial community assembly,
diversity and stability? When does starvation result in bacterial cell
death? And what are the consequences of starvation-induced cell
death and lysis on the ecology and evolution of microbiomes? We
compare the physiological, ecological and evolutionary consequences
of short-term versus long-term nutrient deprivation, which could be
likened to hunger and starvation, respectively. We also discuss when

bacterialcommunities would belikely to experience nutrient starvation
inahost. We consider how nutrient starvation affects the response of
bacteria to other stresses and perturbations commonly found in the
gut,including antibiotics, temperature, oxygen exposure and phages.
Ultimately, such knowledge is fundamental for understanding the gut
ecosystemand could provide new strategies forimproving health and
treating disease.

Physiological and evolutionary consequences of
bacterial nutrient starvation
Bacteria have multiple strategies to cope with nutrient limitation
(Fig. 1). Acommon initial response is to enhance acquisition and
sequester scarce nutrients, for example, by producing siderophores
to scavenge limited iron'. If scavenging fails and nutrients remain
scarce, bacteria may enter adormant state (stationary phase) or die'.
However, death is not inevitable; some bacteria can survive starva-
tion for years through the acquisition of genetic adaptations that give
them a growth advantage in stationary phase (GASP) (Fig. 1a). These
mutations are detrimental to the bacteria after return to nutrient-rich
conditions?. With afew notable exceptions®, most insights into genetic
adaptation in the long-term stationary phase come from laboratory
studies focused on model organisms, particularly E. coli***>**. Hence,
itisdifficult to know whether these effects represent general principles
of how bacteria respond to starvation, particularly in the gut where
many species have unique physiologies.

The degree and duration of nutrient limitation depends on the
environment, which means that bacterial responses to nutrient star-
vation and their local ecology and lifestyle are deeply connected.
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For instance, the way that enteric bacteria such as E. coli adapt to
nutrient limitation may be due to their frequent transitions between
nutrient-rich environments, such as the gut, and those that are
nutrient-poor, like soil**. If E. coliis starved of carbon, nitrogen, phos-
phate, iron or any one of the amino acids, it enters growth arrest and
activates stress responses to enhance survival. These responsesinclude
the stringent response, a specific signalling pathway triggered by nutri-
ent limitation®, and the general stress response, whichis regulated by
the sigma factor RpoS* (Fig.1b). By contrast, the stringent response in
Caulobacter crescentus, a species that mostly inhabits nutrient-poor,
freshwater environments, requires starvation for multiple nutrients
and a higher threshold for activation compared with most other spe-
cies”. This requirement for more severe, multinutrient starvation is
probably an adaptation tolifein nutrient-poor habitats, which enables
ittodistinguish actual starvation from typical nutrient fluctuations and
avoid unnecessary activation of costly stress responses. C. crescentus
also exhibits responses distinct from enteric bacteria. Under phosphate
starvation, it enters anon-replicative state characterized by anincrease
in cell length and elongation of its stalk appendage to scavenge nutri-
ents™ (Fig. 1b). In the prominent gut commensal B. thetaiotaomicron,
the genes responsible for growth arrest during carbon starvation are
also important for mouse gut colonization; this functional overlap
is conserved across the Bacteroides genus but not in E. coli**’, which
suggests that adaptation to feast and famine lifestyles may be specific
to certain commensals.

To survive long periods without nutrients, some Gram-positive
species can form spores, which are replicative units adapted for dis-
persaland survival under unfavourable conditions (Fig. 1b). In the gut,
loss of the ability to sporulate in many Firmicutes species (for example,
lactic acid bacteria) has been suggested to be an adaptation to the
nutrient-rich gutenvironment®. However, other species (for example,
the pathogen Clostridioides difficile’) have maintained the ability to
sporulate. Understanding how dietary fluctuations and starvation
for specific nutrients affect the evolutionary trajectory of sporulation
loss and gain, and whether the presence of spore formers in the gut is
primarily due to adaptation to other stresses such as antibiotics** and
ethanol®, remain open questions.

Starvation and the bacterial response to stressors
and perturbations

In E. coli, rejuvenating cells emerging from starvation can exhibit a
wide distribution of lag times depending on the growth conditions
and the time scale over which starvation occurs®**, Cells that take
longer to start growing are in some cases protected from antibiotics
(forexample, persisters)**?, aresult that suggests that starvation can
have beneficial side effects. In addition, gradual versus acute starva-
tion can lead to very different rejuvenation dynamics. During growth
inminimal medium supplemented withamino acids, acute starvation
viatreatment with serine hydroxamate drives cellsinto a range of dis-
rupted states that ultimately manifest in slow and heterogeneous lag
times during rejuvenation’. By contrast, gradual starvation (through
either nutrient depletion or gradual increases in serine hydroxam-
ate concentration) induces aregulated response that enables cells to
reach arelatively uniform stable state that ultimately results in rapid
and homogeneous recovery®. These differences affect the fraction of
persister cells present after starvation, which ultimately affects how
bacteriasurvive antibiotic exposure. Sudden starvation also protects
E. colifrom heat stress®®, which could be relevant for bacteriain the gut
during fever or exercise.

Inadditionto what could be considered side effects, the transcrip-
tional program of bacteria may reflect co-adaptation to the multiple
stressors inevitably present in any environment, particularly the gut.
Bacteria exhibit similar physiological responses to both nutrient supply
and osmotic stress, including theinduction of genes under RpoS con-
trol,andin£. coli, entry into stationary phase confers cross-protection

against osmotic stress™. It has been suggested that co-regulation of
these stress responses is an evolutionary adaptation to frequent expo-
sure to concurrent nutrient and osmotic fluctuations, such as the
coupled feast-famine cycle and hydration changes*® experienced by
gutbacteriadueto eating or dietary shifts and the nutrient-osmolyte
concentration differences between the concentrated host and the
comparatively dilute external environment. Co-regulation ensures that
bacteria can efficiently cope with multiple stressors simultaneously
to enhance their survival and competitiveness, as has been shown for
oxygen and heat shock*. In B. subtilis, dormancy induced by resource
limitation protects against phage infection because phages are unable
toattachtoendospores, which leads to reduced bacterial mortality*.
Whether this benefit is a side effect or a co-adaptation remains to be
determined.

Overall, the ability of starvation to protect bacteria against other
stressors highlights the importance of the nutritional environment
when studying stress responses. It raises the intriguing question of
whether the molecular mechanisms of non-nutrient stress responses
have been co-opted from nutrient stress responses. To address this
possibility, further research on the commonalities and differences
among stress responses is needed, especially in non-model organ-
isms and in diverse communities and distinct environments that may
fundamentally alter response behaviours.

Within-host conditions that induce bacterial
nutrient starvation

Bacteriaresiding in or trying to invade new hosts are often exposed
to environments in which nutrients are limited. Below, we discuss key
host-mediated and microbiome-mediated mechanisms by whichbac-
teria are starved of their preferred nutrients in a host.

Host immune responses to infection

Duringinfection, many bacterial pathogens must acquire some nutri-
ents from their hosts to proliferate. As a defence mechanism, animal
hosts have evolved strategies to starve pathogens of their preferred
nutrients (often metals such as iron) through specific depletion at
infection sites (for instance, by producing proteins that bind free
iron or sequester bacterial siderophores). This process is known as
nutritional immunity* (Fig. 2a). In turn, pathogens have co-evolved
strategies to circumvent such host-imposed starvation. Trace met-
als are acquired by hosts through their diet and then absorption in
the gastrointestinal tract, which means that excess dietary metal can
increase the risk of bacterial infections. Metal deficiencies can also
increase infection risk owing to both weakened hostimmune systems
and enhanced adaptation by pathogens to low-metal environments
compared with commensals. As a result, hosts typically have mecha-
nisms to tightly regulate metal levels*. Bacterial pathogens and hosts
also compete for sugars**, amino acids® and fatty acids*®. To overcome
host-imposed nutrient restrictions, many pathogens use nutritional
virulence mechanisms, which involve the upregulation of virulence
genes, such as those encoding toxins like extracellular proteases and
lipases”, that promote their survival by extracting nutrients from host
tissues**°. Understanding the mechanisms and evolutionary processes
thatunderlie exploitation by pathogens and starvation by the host will
provide new opportunities for nutrient-based therapeutic interven-
tions against bacterial infections.

Nutrient competition and colonization resistance

One of the major functions of the gut microbiome is to protect its
host against colonization by pathogens, which can be accomplished
through winning the competition for nutrients® (Fig. 2b). Bacterial
communities cultured in vitro were able to recapitulate the variable
sensitivity of mice to Salmonella colonization before and after antibi-
otictreatment®. This result suggests that starvation through microbial
competition is a primary mechanism for combatting pathogens. In
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Fig. 2| How bacteria experience nutrient starvationinahost. a, Nutrient
starvationis oftenimposed by the host asanimmune response to prevent
infection by pathogens. For example, the host uses multiple mechanisms to
restrictiron availability to invading pathogens, including import of free iron into
host cells (1), secretion of proteins that bind and sequester extracellular iron (2)
and secretion of proteins that bind and neutralize bacterial siderophores (3).

b, Nutrient starvation can be imposed through competition with other bacteria.
When nutrient preferences overlap, competition for nutrients increases and
less competitive bacteria may become starved. This competition for shared
nutrients between resident bacteria and invading pathogens is a potential
mechanism of colonization resistance. ¢, Nutrient starvation can be imposed

by the host during dietary shifts, caloric restriction or fasting. The schematics
atthe bottom indicate trajectories of species abundances from before to after
the diet change. During a dietary shift, certain bacterial species become starved
of their preferred nutrients and decrease in abundance, whereas other species
increase in abundance owing to increased levels of the nutrients that they are
better adapted to. Caloric restriction decreases total nutrient availability,
whichleads to areductionin total bacterial abundance. Fasting imposes a
drasticreductionin nutrientinput (close to zero), which can lead to starvation
and drive some bacterial species to extinction. Inband ¢, the circles represent
nutrients; inb, arrows represent the nutrient preferences of the cells.

line with this phenomenon, a recent study showed that increasing
microbiome diversity can enhance colonization resistance against
pathogens™, potentially because a more diverse microbiome is more
likely to deplete the nutrients that pathogens need for growth. Future
studies are required to establish how generalizable this finding is across
communities, perhaps by elucidating the closest competitors of a
pathogen (or other invading species)** and then determining whether
successful invasion requires a privileged nutrient niche®.

Host diet changes

Astraightforward mechanism by which gut bacteriaexperience nutri-
entrestriction is caloric restriction or fasting by the host, in which
the overall levels of all nutrients decrease from a normal set point.
Caloricrestriction and fasting are distinguished by their degree and
duration: caloric restriction typically involves long-term decreases
in the amount of dietary nutrients (the types of nutrients may also
change), whereas fastingis aswitch between normaland (close to) zero
dietary consumption (for instance, during a religious fast) (Fig. 2c).
Hibernation, a natural fasting strategy used by many animals to cope
with food scarcity owingto seasonal fluctuations, is typically preceded
by afeasting period to help withstand the subsequent long-term fast.
Regardless of the degree of nutrient restriction, reduced caloricintake
affects both the host and the microbiome.

Nutrient starvation need not be as binary as fed versus fasting;
it can also result from dietary shifts. For example, ketogenic diets
involve reduced consumption of a single dietary component, effec-
tively carbohydrate starvation, compensated by increased fat and
protein intake. No-fat or low-fat diets can similarly be thought of as

dietarylipid starvation. Although diet shifts do not necessarily involve
adecreasein calories, they nonetheless involve a qualitative changein
thetypesof nutrients available and a quantitative change in the levels
of some of the nutrients that overlap between the diets. Thus, bacterial
speciesthat thrivedin one diet may find themselves largely starved of
their preferred nutrients after the shift, either due to direct changesin
dietary makeup or toindirect effects on the microbiome, for example,
the elimination of a cross-feeding partner®.

Impact of feast-famine dynamics on the gut
microbiome across animal hosts

Although dietary perturbations are generally highly complex, compari-
sons across studies are beginning to reveal conserved versus specific
microbiomeresponsesto feeding-fasting cycles (Fig. 3a) across both
hosts and perturbation time scales.

Fasting as asurvival strategy and dietary plan

Hibernation leads to an extreme change in host diet that affects host
metabolism, especially lipid metabolites®, and both the quantity and
quality of nutrients available to the gut microbiome (Fig. 3b). Inanimals
such as the 13-lined ground squirrel, hibernation affects the diversity
and composition of both the luminal*® and mucosal®” microbiome.
Hibernating squirrels exhibit reduced microbiome diversity, decreased
abundance of the Firmicutes phylumandincreased abundance of the
Bacteroidetes and Verrucomicrobia phylacompared with active squir-
rels”. In hamsters, fasting results in an increased relative abundance
of the Verrucomicrobia member Akkermansia®, similar to hibernating
squirrels. In free-ranging brown bears, hibernation leads to several
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Fig. 3 | Effect of dietary perturbations on host-associated microbiomes.

a, Feeding (feasting) increases the contribution of dietary nutrients, such

as simple sugars and fibres, whereas fasting increases the contribution of
non-dietary host-derived nutrients, including mucin glycans and nutrients from
sloughed intestinal cells, in shaping the composition of the gut microbiome.

b, Feast-famine cycles are common across diverse animal hosts owing to their
lifestyles. Examples include hibernation in free-ranging brown bears and in
13-lined ground squirrels, and sit-and-wait foraging in the Burmese python.
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Such cycles have broad consequences for their microbiome, generally leading to
decreasesin bacterial diversity and changes in abundance of specific taxa. c, In
humans, diverse practices like prolonged fasting, caloric restriction and dietary
shifts have some common effects on the gut microbiome. For example, a shift
from a plant-based to an animal-based diet leads to anincrease in the abundance

of bile-tolerant bacteriaand a decrease in bacteria that specialize in degrading
plant polysaccharides.

« Bile-tolerant bacteria
= Alistipes, Bilophila, Bacteroides A
« Plant polysaccharide specialists
= Roseburia, Eubacterium rectale,
Ruminococcus bromii (Firmicutes)

outcomes similar tosquirrels, includingless diverse microbiomes and
reduced levels of Firmicutes and higher levels of Bacteroidetes com-
pared with the active phase® (Fig. 3b). Hibernating brown bears also
have less variable microbiomes across the population thaninthe sum-
mer, which perhapsreflects the role of nutrient fluctuations in micro-
biome variability®®, and reduced levels of Actinobacteria. Sit-and-wait
foragers (for example, Burmese pythons; Fig. 3b) can fast for more than
1month, in contrast to animals that feed very regularly (for example,
mice). Such long-term fasting is associated with an increase in Bac-
teroidetes, a decrease in Firmicutes and a reduction in diversity and
richness®, asimilar signature to hibernating squirrels and bears despite
the global differences in microbiome composition across host species.

Intermittent fasting is an increasingly common form of tempo-
rary starvation in humans® that stimulates bacterial adaptation and
may have effects on host health by affecting chronic infections, host
metabolic regulation and longevity®***, For instance, a10-day fast inter-
vention led to an increase in the relative abundance of Bacteroidetes
and Proteobacteria, a decrease in Firmicutes and was associated with
changes in health biomarkers such as serum glucose levels and fecal
branched-chain amino acid levels®* (Fig. 3¢, top). Although intermit-
tent fasting generally increases the diversity of the gut microbiome in
humans, its effects on specific microbial taxa vary across studies®. In
mice, intermittent fasting increases the relative abundance of Akker-
mansia, and the presence of the microbiome improves metabolic
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homeostasis of the host®. The relative abundance of Akkermansia has
alsobeenshowntoincreasein humans followingavery low calorie diet,
atthe expense of bacteria specializing in the breakdown of plant poly-
saccharides® (Fig. 3c, middle). Although the abundance of the human
gut commensal Akkermansia muciniphila has been associated with
positive metabolic outcomes in some contexts®®, the long-term health
implications of its increased abundance during nutrient restriction,
particularly alongside aloss of fibre-degrading bacteria, remain unclear.

Collectively, these results suggest that fasting favours taxa such
as Bacteroidetes or Verrucomicrobia that specialize in the metabolism
of host-derived N-linked glycans in shed epithelial cells or O-linked
glycans attached to mucin glycoproteins, respectively, compared
with taxa specializing in dietary glycans, like Firmicutes® (Fig. 3a).
Experiments analysing the response of species in these phylain vitro
may reveal whether higher fitness during starvation is intrinsic to
particular taxa. However, these responses are not universal. A com-
parative study across five vertebrate hosts and two gut regions found
that changes to microbial diversity and composition during fasting
were largely idiosyncratic, varying across host taxa and among hosts
across gut regions’®. Thus, the diet-microbiome-host triad may be
more complex than previously thought. Questions arise as to the fac-
tors explaining such variability in response to long-term fasting. In
hibernating mammals, temperature is a major confounding factor’®.
More generally, response variability could be due to differencesin host
lifestyles, resident microbiome composition and host physiological
responses to fasting and other dietary perturbations. More work is
needed to distinguish between shifts in microbial composition and
metabolism that are directly due to dietary changes versus indirectly
dueto host physiological responses.

Dietary shifts

The composition of the gut microbiome canrapidly respond to dietary
shifts, with qualitative changes within 24-48 hinsome cases, as altera-
tions to the set of available nutrients promote the growth of different
sets of species”. For species that persist after a dietary shift, alterations
intheir abundance may be dueto changesingrowth rate aswell as the
competitive landscape. Species that decrease to very low abundance
or become extinct after shifts are presumably starved of one or more
essential nutrients, either due to the absence of such nutrients in the
diet or their faster consumption by competitors (Fig. 2b,c). Consist-
ent with thisidea, among the Hadza hunter-gatherer population, the
seasonal availability of various foods drives the disappearance and
reappearance of certain taxa in their microbiomes’.

In humanized mice (ex-germ-free mice colonized with a human
stool sample), a shift from a fibre-rich diet to a fibre-poor diet results
in many apparent extinctions, particularly of bacteria known to be
adapted to fibre degradation’. However, such extinctions are some-
times reversible when a fibre-rich diet is restored™, a result that con-
firms the importance of particular nutrients for directly maintaining
these species at undetectable levels. During long-term maintenance
on a fibre-poor diet, successive generations of mice exhibit progres-
sively more extinct species’™, many of which do not recover when the
fibre-rich dietisrestored. Itremains unclear whether these extinctions
are physiologically similar to when starvation of planktonic bacte-
riainduces cell death, as opposed to competitive interactions in the
microbiome, including killing by other members as the microbiome
composition changes. Quantifying the transcriptional signature of
species asthey goextinct during adiet shift could provide insights into
their responses and whether starvationis the primary driver. Moreover,
itisunclear how long the diet shift must persist toirreversibly change
the microbiome, although the time scale over which dietary shifts exert
deleterious starvation effects will probably be distinct across species
and environments. Experiments to test the effect of these factors are
difficult to carry out in humans but may be addressable in controlled
invitro environments or in gnotobiotic mice.

Many studies have focused on broad compositional shifts in the
gut microbiome in response to dietary changes, which can involve
bacteria that increase host inflammation (for example, Proteobacte-
ria”), or produce beneficial compounds such as short-chain fatty acids
(SCFAs) (for example, bifidobacteria and lactobacilli”®). Diet-induced
compositional changes canalter the ability of the host to digest fibre”,
proteins’ and plant compounds such as isoflavones’, which further
modifies the nutrient landscape. Over time, the host and microbiome
adapttothe new nutrient environment, with changes in the metabolic
output and interactions in the microbiome that lead to further com-
positional changes. Shifts to a high-fat, low-fibre diet that mimics the
diets of Western populations typically result in decreased microbial
diversity and associated reductions in beneficial bacteria, potentially
with negative consequences for host health®’. By contrast, plant-based,
vegan or vegetarian diets enhance diversity and the abundance of
fibre-degrading microorganisms®’. From a mechanistic standpoint,
it is thought that fibre degradation has positive impacts on host
health through SCFA production, which reduces inflammation and
promotes intestinal barrier integrity®. However, this outcome relies
on the host having a reservoir of fibre-degrading species, otherwise
undigested fibre can have negative consequences on the immune
system. In patients with irritable bowel disease, the inability to fer-
ment undigested fibres often leads to pro-inflammatory responses
and compromised gut barrier integrity®’. Thus, the combined effects
of diet and microbiome starvation on host health may depend on the
context and hence be challenging to predict.

Some gut microorganisms have sufficient metabolic flexibility
that they canregulate their preferred nutrients depending on what is
providedinthehostdiet. Although this flexibility may be constrainedin
the context of adiverse community with many competitors, it can also
provide acompetitive advantage. For instance, astudy using gnotobi-
otic mice colonized with a defined community of human gut bacteria
showed that Bacteroides cellulosilyticus was able to reshape its tran-
scriptionalactivity and resource use in response to dietary changes®.
Its broader repertoire of polysaccharide utilization loci and greater
metabolic flexibility compared with other species gave it a competi-
tive edge in diverse nutrient environments. Bacteria can also acquire
de novo mutations on relatively short time scales®* that are adaptive
during a dietary shift®. In a community, particularly one as dense as
the gut microbiome, there may also be enhanced opportunities for
horizontal transfer of genes important for survival in a new environ-
ment. It is an open question as to whether mutants are maladapted
once a nutrient-rich environment is restored, akin to the trade-off in
GASP mutants between stationary-phase survival and rapid growth*?.
Mapping the common and unique adaptations that result from fasting,
caloric restriction, hibernation and dietary shifts, particularly in the
highly controlled context of manipulating the nutrient environment
of a single species or acommunity in vitro, could provide a rigorous
framework for defining a spectrum of starvation.

In humans, dietary shifts from a high-sugar and low-fat diet to
alow-sugar and high-fat diet starves bacteria well adapted to sugars
and poorly adapted to fats (Fig. 3c, bottom). The duration of the shift
and adaptation of gut commensals to starvation can have long-term
impacts on gut microbiome composition'*”’. The wide diversity of
human diets may exert a similarly wide range of effects on the gut
microbiome; currently, the dearth of information about microbial
responsesto starvation makes it challenging to predict host outcomes.

Another key aspect of dietary shifts involves variations in micro-
nutrient and vitamin intake. For example, taurine is a semi-essential
amino acid that can be synthesized by mammalian hosts from cysteine
but is primarily obtained through diet. In humans, taurine intake can
vary widely, from zero for plant-based (for example, vegan) diets to
around 10 g per day, as taurine is abundant in shellfish, meats and
energy drinks. In the human gut, Bilophila wadsworthia is a key
taurine-utilizing bacterium?®® that thrives on animal-based diets™
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(Fig. 3¢, bottom). However, it is unclear how the gut microbiome col-
lectively responds to taurine restriction or starvation in individu-
als on vegetarian or vegan diets compared with the taurine feast of
animal-based diets. Given the importance of taurine for human health®,
abetter understanding of diet-induced variationsin taurine levels and
their potential effects on host metabolism, including the endogenous
synthesis of taurine, isneeded to determine the full scope of nutrients
for which the microbiome faces shortages.

Conclusions and future perspectives
Nutrient availability is an integral part of how microbiomes assemble;
therefore, understanding how microorganisms respond when nutrients
become scarce should be a major focus of future research. As most
bacteria on Earth are probably in a state of starvation, an improved
understanding of the microbial responses to starvation will be critical
to fully grasp microbiome dynamics and stability and could provide
opportunities for the rational design of nutrition-based interventions.
Although we know very little about microbial starvation responses in
the gut, recent studies have started to derive relatively simple assembly
rules for communities in nutrient-replete conditions***%, Hopefully,
similar mechanisticinsights will be realized for the complex realities of
nutrient-deprived environments. Targeted studies in vitro and inanimal
models should reveal the extent to which community behaviours can
be predicted based on the starvation responses of each constituent
microorganism. Moreover, the development of devices that can sam-
ple the gut microbiome in situ (Box 1) could enable the development
of novel microbiome engineering approaches. For instance, targeted
nutrient delivery to particular gut regions to promote beneficial species
while starving undesirable bacteria or control of local inflammation
through nutrients could beimpactful strategies to promote gut health.

Despite the potential future importance of these research areas,
many challenges remain. The gutisacomplex ecosystem, and changing
asingle nutrient factor can have unpredictable consequences through
direct,indirectand higher-orderinteractions. As aresult, microbiome
variability acrossindividuals and strain-dependent metabolic capabili-
ties may require personalized interventions. Although animal models
provide some control over host variables, such as microbiome and diet,
important physiological differences with respect to human behaviour,
including feeding patterns and host metabolism, may be integral to
fully understanding starvation conditions. Because starvation affects
microbial abundance, measurement strategies that quantify both abso-
lute and relative abundances as well as viability may be critical (Box 1).

Dietary changes lead to significant shifts not only in the gut micro-
biome but also in host physiology. The primary goal of the host is to
maintain homeostasis and to ensure that its energy needs are met. To
achieve this goal, animals have developed mechanisms to respond to
nutrient perturbations, such as shifting to ketosis during carbohydrate
restriction®. In this physiological state, lipid stores are mobilized and
fat becomes the primary fuel source for adipocytes and myocytes.
These highly evolved strategies to deal with nutrient-based stressors
distinguish the host from the more malleable gut microbiome, which
can adapt to dietary fluctuations through the introduction of new
species and by exploiting the metabolic flexibility of its members.
Host-microbe symbioses may be particularly beneficial during nutri-
ent deprivation. This is the case for microbiome-mediated nitrogen
recycling that benefits hibernating 13-lined ground squirrels during
the winter fast®. Another example is when the endosymbiont Buchnera
aphidicolaincreases the expression of genes for essential amino acid
synthesis to aid its aphid host during suboptimal nutrition®*2, Thus,
dietary interventions designed to enhance host resilience to nutrient
stress need to consider the interplay between host homeostasis and
promotion of a beneficial gut microbiome.

Recent studies have highlighted the role of dietin shaping health
outcomes, such as the use of ketogenic diets to manage epilepsy” and
microbiome-directed complementary food formulations to counteract

BOX1

Tools for studying nutrient
starvation in microbiomes

Interrogation of bacterial responses to nutrient starvation will
benefit from high-throughput and precise measurements of
single-cell growth and viability, as well as strategies to study
starvation in complex bacterial communities. Characterization
of microbial metabolic activity as a proxy for nutrient availability
in natural environments is challenging, although methodologies
such as nanoSIMS can quantify the incorporation of labelled
substrates in single microbial cells in complex communities®. Live/
dead cell staining can be used to quantify membrane integrity
as a proxy for cell viability”’, and methods based on fluorescence
in situ hybridization can be used for differentiating species and
determining their spatial distribution in a community®. Live
imaging and flow cytometry of obligate anaerobes, as many
gut commensals are, is challenging; hence, their growth and
viability remain underexplored. It will be fascinating to explore the
effects of nutrient starvation on anaerobic species with recently
developed tools—such as droplet microfluidics for high-throughput
cultivation®, single-cell RNA sequencing for transcriptional
programming'®® and fluorescent proteins that function in anaerobic
environments'”'—to analyse subcellular organization.

A particularly important aspect of starvation is the potential
for cell death and its ensuing effects on the population. Lysed
cells form a mixture of dead bacterial biomass and debris
known as ‘necromass’, which can in principle be used by other
microorganisms for growth. Bacterial necromass recycling has been
studied in marine'® and soil'®® environments using *C-labelling,
which has revealed substantial variability across species but
potentially as much as ~25% assimilation'®®. Given the variable
and stressful conditions in the gut, including shifts in nutrient
availability, variation in pH and oxygen levels and the presence
of exogenous stressors like antibiotics and host-derived immune
factors, it would not be surprising to observe a high fraction of dead
cells and biomass turnover. Moreover, interbacterial competition,
such as toxin production or type VI secretion system-dependent
killing known to occur in the gut environment', can contribute to
necromass, Whereas starved cells may be sensitized to killing'*>'°°.
However, gut necromass dynamics remain largely unexplored,
which is partly due to the difficulty of sampling in the human gut.
The development of noninvasive devices that sample multiple
regions of the human gut and are sufficiently inexpensive for
longitudinal sampling'®”, combined with high-throughput
cultivation plus functional and metabolic profiling of model
bacterial communities®#*'°*""°, could help uncover the diversity
of bacterial survival strategies across gut environments and their
potential implications for health and disease.
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malnutrition in children®*. However, unlike drugs and pharmaceuti-
cals for which we typically have detailed knowledge of specific mol-
ecule-target interactions, our understanding of how nutrients affect
the host and microbiome atamolecular levelis limited. This knowledge
gap highlights the need for future research to determine these interac-
tions, with the aim of combining precision pharmacology with preci-
sion nutrition to optimize health outcomes.

The evolutionary consequences of prolonged nutrient deprivation
presentanotherintriguing area of study. Investigating these evolution-
ary processes could reveal new avenues for manipulating the microbi-
omeinways that favour beneficial species and suppress harmful ones.
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Looking ahead, the potential to engineer the gut microbiome through

targeted nutrient manipulation is both exciting and vast. The future of

microbiome research lies not only in understanding how these com-
munities assemble and function under optimal conditions but alsoin

deciphering how they survive,adaptand even thrive when nutrients are

scarce. Through arefined understanding of microbial survival mecha-
nisms and community dynamics under starvation conditions, we can
beginto explore therapeutic strategies that leverage these insights.
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