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SUMMARY The transfer of nutrients between cells, or cross-feeding, is a ubiquitous
feature of microbial communities with emergent properties that influence our health
and orchestrate global biogeochemical cycles. Cross-feeding inevitably involves the
externalization of molecules. Some of these molecules directly serve as cross-fed
nutrients, while others can facilitate cross-feeding. Altogether, externalized mole-
cules that promote cross-feeding are diverse in structure, ranging from small mol-
ecules to macromolecules. The functions of these molecules are equally diverse,
encompassing waste products, enzymes, toxins, signaling molecules, biofilm com-
ponents, and nutrients of high value to most microbes, including the producer
cell. As diverse as the externalized and transferred molecules are the cross-feed-
ing relationships that can be derived from them. Many cross-feeding relationships
can be summarized as cooperative but are also subject to exploitation. Even
those relationships that appear to be cooperative exhibit some level of competi-
tion between partners. In this review, we summarize the major types of actively
secreted, passively excreted, and directly transferred molecules that either form
the basis of cross-feeding relationships or facilitate them. Drawing on examples
from both natural and synthetic communities, we explore how the interplay between
microbial physiology, environmental parameters, and the diverse functional attributes of
extracellular molecules can influence cross-feeding dynamics. Though microbial cross-
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feeding interactions represent a burgeoning field of interest, we may have only begun
to scratch the surface.

KEYWORDS biofilm, coculture, cross-feeding, exoenzymes, microbial ecology,
mutualism, nanowires, quorum sensing, siderophores, synthetic ecology

INTRODUCTION

he sheer abundance of microbes on Earth is astounding. Globally, there are an esti-

mated ~103° individual bacterial and archaeal cells (1, 2). Furthermore, most eukar-
yotes, including protists, microalgae, and some fungi, are unicellular and microscopic
(3, 4). The abundance of microbes can be attributed, in part, to their unparalleled
genomic and metabolic diversity, allowing them to inhabit nearly every imaginable
niche (5-10). Within a given environment, microbes typically exist as multispecies com-
munities. Some of the densest microbial communities are those found in the human
gut and cow rumen, which are colonized by ~10' and ~10"° microbes, respectively
(10, 11). For the human colon, these numbers translate to about 10'" cells per ml (11).
Other communities are comparatively dilute, such as those in seawater which range
between 10* and 10° cells per ml (12, 13). In both dense and dilute communities, com-
petition for scarce nutrients is the norm (14-21).

Competition for limiting resources has both physiological and ecological conse-
quences. Most microbes spend at least part of their existence starving for nutrients
and often enter a nongrowing state, called dormancy or growth arrest (22-24). In
fact, dormant microbes represent a major fraction of the resident microbiota in many
environments (22, 23). However, nongrowing microbes need not be metabolically
inactive. Even dormant microbes typically exhibit a low metabolic rate to sustain criti-
cal activities, collectively termed maintenance metabolism, including DNA repair,
protein and lipid turnover, osmoregulation, and nutrient transport (24-30). In addi-
tion to maintaining the cell, starved microbes combat nutrient limitation by engag-
ing in behaviors that facilitate nutrient acquisition. These behaviors are commonly
mediated by the production and release of molecules into the extracellular environ-
ment, such as metabolites, exoenzymes, siderophores, toxins, signals, and cell sur-
face-associated factors (Fig. 1).

Once outside the producing cell, these molecules can affect the survival and prolifera-
tion of the producer, neighboring microbes, and where applicable, host cells. Thus, ecolog-
ical outcomes can be dictated by molecules that are actively secreted or passively excreted
into the environment or, in some instances, directly transferred between cells. In many
cases, externalized molecules instigate competition, but in other cases, externalized mole-
cules facilitate synergistic cross-feeding (17, 31-41). If conditions prevail, cooperative cross-
feeding relationships can be reinforced and ultimately influence community-wide proc-
esses of both global and societal importance, ranging from biogeochemical cycles that
govern Earth’s climate to the progression of polymicrobial infections.

In this review, we highlight major classes of molecules produced and externalized
by microbes that are either known to have important roles in cross-feeding or that
have the potential to do so (Fig. 1). Our review thus adds a molecular perspective on
cross-feeding interactions, supplementing other perspectives on cross-feeding avail-
able in other recent reviews (31-33, 36-44). While some externalized molecules pro-
mote a range of polymicrobial interactions, including exploitation and interbacterial
warfare, we focus here on the establishment and maintenance of cross-feeding in both
natural and synthetic communities. We also provide a nuanced perspective on cross-
feeding as a dynamic phenomenon, highlighting conditions that affect the relative
benefit of cross-feeding, including the unavoidable prospect of competition between
otherwise cooperative partners. Given the current pace of discovery in microbial cross-
feeding, we predict that the field has only begun to catalog the diverse range of cross-
feeding interactions that exists in nature.
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FIG 1 Microbes release various molecules that promote cross-feeding. Microbially produced extracellular
molecules such as quorum sensing signals, exoenzymes, siderophores, toxins, metabolites (e.g., sugars,
organic acids, amino acids, etc.), biofilm matrix, nanowires, extracellular vesicles, and nanotubes can be
consumed by neighboring microbes or can influence cross-feeding between cells.

WHAT COUNTS AS CROSS-FEEDING?

This nonexhaustive review covers many examples of externalized molecules that
can participate directly or indirectly in cross-feeding. Every microbe likely excretes a va-
riety of molecules with the potential to impact the activity of a neighbor. How does
one determine whether these molecules participate in cross-feeding?

We propose a broad definition of cross-feeding that should minimally be true to
the literal notion of one producer cell or population feeding a recipient cell or popula-
tion by meeting the following criteria.

(i) Material must be transferred from a producer to a recipient. Transferred material
can include molecules but also subatomic particles like electrons and protons. For
brevity we tend to refer to molecules in this review. We leave open the possibility for
nonmaterial energy transfer. Arguably, the sharing of a proton motive force between
cells is an example of energy cross-feeding since it is the shared electrochemical gradi-
ent that is important, rather than the protons themselves.

(i) Transferred material must either be assimilated by the recipient or participate in
energy transformation in the recipient and/or producer. This definition thus excludes
some cases where a recipient benefits a producer through the detoxification of an in-
hibitory compound. While such detoxification can be critical to sustain a producer’s
metabolism, the process would not count as cross-feeding unless the inhibitor was
assimilated or used to derive energy. Otherwise, the metabolic activities would not
meet the definition of “feeding.” Similarly, the degradation of intercellular signaling
molecules, such as quorum quenching (45), would connect the metabolism of a pro-
ducer and a recipient that degrades the molecule. However, unless the signal is assimi-
lated or used for energy, this connection would not meet our definition of cross-
feeding.

(iii) The fitness of the producer and/or the recipient must be altered as a result of assim-
ilation or energy derived from the transferred material. Some assimilated or energy-yield-
ing material will likely have a negligible impact on producer or recipient fitness due to ei-
ther a low quantity of externalized material or an environmental context that diminishes
the fitness effect of an externalized material. Assessing whether this criterion is met will
not always be trivial. Measurements of growth rates and even competition assays are not
always sensitive enough to detect small but important fitness effects that affect population
frequencies over relatively long time scales.

(iv) Cross-feeding must involve different species or genotypically or phenotypically
distinct populations. This criterion is a practical matter for studying the nature and con-
sequences of cross-feeding. For example, a clonal population homogenously distrib-
uted in a test tube could involve nutrient transfer between cells. However, it would be
a futile exercise to examine cross-feeding in this context because every cell would
function equally as both a producer and a recipient. However, cross-feeding within a
clonal population can be important in a mixed genotypic context because the amount
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of sharing between clones determines the extent to which externalized materials are
privatized by a population versus available to other species or genotypes. Similarly,
there are examples where a clonal population can differentiate into phenotypically dis-
tinct populations that engage in cross-feeding (46).

In this review, we cover a range of externalized molecules. Some of these molecules
directly serve as cross-fed material that is assimilated or contributes to energy transfor-
mation. We also cover externalized molecules that can facilitate cross-feeding rather
than serving as the transferred material. These facilitating molecules are thus not nec-
essarily indicators of cross-feeding on their own since they can also have important
physiological roles in the absence of cross-feeding. These facilitating molecules must
act in concert with at least one directly cross-fed material or energy source.

There are a plethora of examples of nutrient transfer that meet the above criteria.
Currently, the terminology used to describe different types of cross-feeding interac-
tions lacks consensus, in part because of the expanding diversity of interactions and
molecule functionalities being recognized. For instance, a catalog of 74 microbial inter-
actions was recently created and applied to gain high-level comparative insights
through hierarchical clustering (47). Rather than side with one proposed convention
over another, we attempt here to use terminology that is sufficiently descriptive to be
self-explanatory and inclusive of specific roles that externalized molecules can both
directly and indirectly play in cross-feeding.

EXTRACELLULAR MOLECULES THAT PROMOTE CROSS-FEEDING

Metabolites

Microbes produce and release many small molecules, or metabolites. Here, we classify
cross-fed metabolites as excreted molecules that primarily serve as biosynthetic intermedi-
ates and not as toxins or signals for cell-cell communication. However, this distinction is
not always possible, and we point to cases throughout this review where metabolites
might have inhibitory properties that allow them to act as toxins under certain situations.
Common examples of cross-fed metabolites include sugars, organic acids, amino acids,
vitamins, gasses, and reduced or oxidized inorganic elements and molecules.

Metabolite cross-feeding is ubiquitous in microbial communities (31-41, 48-50).
Furthermore, metabolite cross-feeding has been leveraged to establish a diverse array
of synthetic communities, collectively spanning all three domains of life (Fig. 2). Such
synthetic communities facilitate the study of microbial interactions by offering genetic
and experimental tractability beyond what is possible with natural communities, while
still retaining some of the complexity of natural communities (33, 42-44). In many
cases, stable cross-feeding relationships can be established through genetic engineer-
ing and/or experimental evolution, while in other cases, careful design of environmen-
tal conditions is enough to enforce cross-feeding. The latter scenario was exemplified
between NH,*-excreting Chlamydomonas reinhardtii and CO,-producing yeast, which
established a cross-feeding relationship without any need for genetic engineering or
evolution (Fig. 2A) (51).

Metabolite cross-feeding can be unidirectional (with metabolites being transferred
solely from one microbe to another), bidirectional, or even multidirectional, wherein
metabolites are reciprocally exchanged between partners. Cross-fed metabolites can
be either metabolic waste, which provide no further benefit to the producer after
excretion, or communally valuable compounds, for which benefits can be reaped by
whichever producer or recipient cell acquires the metabolite. Metabolite cross-feeding
interactions within a microbial community can be numerous, creating a complex net-
work involving either or both waste and communally valuable metabolites (Fig. 2).

Waste metabolites. The vast metabolic diversity of microbes creates many scenar-
ios for metabolite cross-feeding. For example, O, waste from various photosynthetic
cyanobacteria is collectively necessary for the aerobic respiration of diverse microbes.
CO, is a waste product of most heterotrophic lifestyles, including many fermentations
and even photoheterotrophy (52), wherein organic substrates serve as an electron
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FIG 2 Synthetic microbial consortia featuring essential cross-feeding interactions. (A) Bidirectional cross-feeding of CO,
and NH," between Saccharomyces cerevisiae and Chlamydomonas reinhardtii (51). (B) Syntrophic cross-feeding of acetate,
CO,, and H, between Desulfovibrio vulgaris and Methanococcus maripaludis (61, 62). (C) Bidirectional cross-feeding of
amino acids between Escherichia coli auxotrophs (64, 70). (D) Bidirectional cross-feeding of lysine and adenine between S.
cerevisiae auxotrophs (75, 245). (E) Multidirectional cross-feeding of acetate, methionine, and NH,* between auxotrophic
E. coli, Salmonella enterica, and Methylobacterium extorquens (74, 246). (F) Bidirectional cross-feeding of fixed carbon and
cobalamin between Lobomonas rostrata and Mesorhizobium loti (78). (G) Bidirectional cross-feeding of organic acids and
NH,* between E. coli and Rhodopseudomonas palustris (207). (H) Syntrophic cross-feeding of electrons between Geobacter
metallireducens and Geobacter sulfurreducens (63). The “A” symbol indicates an auxotrophy for an incoming metabolite.

source for light-driven energy transformation reactions (Fig. 3). This CO, in turn pro-
vides essential carbon for biosynthesis in diverse photo- and litho-autotrophs, and CO,
can even be used as a conditionally essential electron acceptor for photoheterotrophic
lifestyles (53) (Fig. 3). CO, also serves as an auxiliary carbon source for some chemohe-
terotrophic lifestyles, such as succinate-excreting fermentations which can exhibit net
CO, fixation (54). Fermentative microbes partition their carbon sources for biosynthesis
and as disposable electron acceptors, resulting in the excretion of reduced compounds
that serve as important carbon and/or electron sources for diverse lifestyles (Fig. 3).
Anaerobically respiring microbes present even more variation in electron donor and
acceptor couplings and thus establish cross-feeding of various inorganic metabolites.
Inorganic reduced products of anaerobic respiration such as H,S, NH,™, and Fe?* are uti-
lized as electron sources in diverse lithoautotrophic and anoxygenic photoautotrophic life-
styles. The connections go on, eventually completing global biogeochemical cycles for car-
bon (Fig. 3) and other elements central to life such as N, S, Fe, and P. Beyond these classic
examples, computational models involving relatively few species point to the possibility of
even more cross-feeding interactions based on waste metabolites (55). Taken together, mi-
crobial cross-feeding of metabolic waste is a major variable that determines the course of
life on Earth, as well as the Earth’s climate (56).

At a physiological level, consumption of metabolic waste by a recipient often provides
little benefit to the producer. In other cases, consumption of metabolic waste is essential
for producer viability, such as for the lifestyle called syntrophy. Strictly and historical speak-
ing, syntrophy is a form of cross-feeding wherein an energetically unfavorable metabolism
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FIG 3 Cross-feeding of carbon waste metabolites creates a global carbon cycle. The indicated trophic categories
only refer to possible effects on carbon transformation. For example, chemoheterotrophs are primarily responsible
for the conversion of macromolecules from both microbes and multicellular organisms into diverse organic
compounds that can serve as nutrients for other lifestyles but might also participate in the cycling of other
elements. Acetogenesis arrows involve the excretion of acetate from the conversion of two CO, to acetyl-CoA via
energy-conserving Wood-Ljungdahl pathway activity, rather than referring to every lifestyle possible for a bacterium
classified as an acetogen (247). Syntrophy arrows are for fermentative carbon transformations that require
consumption by a partner to be thermodynamically feasible (31, 57, 58). The diazotrophy arrow represents one of
the carbon transformations known to be carried out by nitrogenase in sufficient quantity to support the growth of
a partner (236). In some cases, only certain organisms within a category might generate a given molecule. The
figure does not necessarily capture every possible activity within a given lifestyle. The figure also does not include
every carbon transformation known to be carried out by microbes.

of a producer is pulled forward by coupling to the metabolism of a recipient partner (31,
57, 58). The producer is typically a fermentative bacterium subsisting on electron-rich car-
bon sources, which quickly becomes thermodynamically unfeasible as products accumu-
late. However, these bacteria thrive in partnership with other microbes that remove fer-
mentation products like H,, CO,, formate, and acetate (Fig. 3). In many cases, the recipient
that consumes the fermentation products is an archaeal methanogen, though bacterial
acetogens or sulfate or iron reducers can also fulfill this recipient role (31, 57, 58). In each
case, removal of fermentation products by the recipient results in a thermodynamically
favorable coupled metabolism (31, 57, 58). Syntrophies have been implicated as an impor-
tant part of the carbon cycle and in the anaerobic degradation of electron-rich pollutants
(58-60).

Syntrophic relationships have also been established and evolved in laboratories
(61-63). A prominent example is that between the sulfate-reducing bacterium Desulfovibrio
vulgaris, deprived of sulfate to force a fermentative lifestyle on lactate, and the methanogen
Methanococcus maripaludis that consumes the fermentation products. Lactate fermentation
by D. vulgaris on its own would be thermodynamically infeasible, but the coupled metabo-
lism supports the growth of both species (Fig. 2B). Over time, evolved D. vulgaris populations
frequently lost the ability to respire sulfate, suggesting that D. vulgaris was becoming special-
ized for obligate syntrophic growth with M. maripaludis (62). Such synthetic communities
clearly illustrate how obligate cross-feeding, initially imposed by environmental conditions,
can become fixed as genes for independent lifestyles decay.

Communally valuable metabolites. Natural and synthetic cross-feeding of costly,
communally valuable nutrients is similarly diverse. Communally valuable compounds
include ammonia/ammonium (NH;/NH,"), amino acids, nucleobases, and vitamins.
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Many microbial taxa cannot produce certain essential metabolites, a trait referred to as
auxotrophy. Auxotrophies for certain amino acids and vitamins are widespread in na-
ture (32, 34, 36, 50, 64-67). The evolutionary origins of auxotrophies and cross-feeding
are presumably also intertwined (65, 68). It seems plausible that the ubiquity of cross-
feeding creates environments where costly metabolites are extracellularly available in
enough abundance to select for the adaptive loss of biosynthetic genes, thus driving
the emergence of auxotrophies (32, 35, 36, 65, 68, 69). Indeed, a genome-scale survey
of 800 microbial communities noted a high potential for metabolic interdependencies
between subcommunities (35). Amino acid auxotrophy is one of the most common
strategies to engineer or evolve synthetic cross-feeding consortia (64, 70-75) (Fig. 2C
to E). Even a single producer strain can potentially stabilize a community of otherwise
competing auxotrophs (76).

There does not appear to be an energetic limitation to what valuable metabolites
are cross-fed. Even vitamin B,,, one of the most energetically costly small molecules to
synthesize (77), is cross-fed between species (48, 49, 67, 78, 79) (Fig. 2F). Vitamin B,
cross-feeding likely has global importance as B, is transferred from heterotrophic bac-
teria to major algal primary producers in the world’s oceans, such as diatoms (4, 48, 49,
67); marine diatoms are estimated to account for ~40% of primary production in the
oceans (56, 80) and up to 20% of primary production globally (81, 82). The exchange of
B vitamins is also thought to be prevalent between gut microbiota members (32, 50,
66, 79, 83). Similar cross-feeding of metabolically expensive heme and quinones has been
observed in emergent subpopulations of Staphylococcus aureus that relied on each other
for the missing respiratory cofactor (84). The cross-feeding strains were more virulent to-
gether than the self-sufficient ancestor. What selective pressure enriched for this synergis-
tic cross-feeding relationship and why this relationship resulted in a more severe infection
remain open questions.

It is not obvious why microbes release costly compounds in sufficient quantities to
support the survival or growth of other species. Part of the answer may be that excre-
tion is accidental, occurring because cell membranes are leaky (68, 69, 85, 86). This is
likely true at least for molecules wherein charge equilibrium is a function of the pH, as
is the case with NH;/NH,* (85, 86). Cell lysis is another possible mechanism of costly
nutrient transfer. For example, nutrient release was associated with cell death in a syn-
thetic mutualism between amino acid and nucleotide auxotrophs of yeast (Fig. 2D)
(75). There can also be selection for excretion of valuable compounds if it stimulates
enough reciprocation from a recipient to outweigh the cost of excretion, thus forming
the basis of a mutualism (73, 87, 88). Reciprocal cross-feeding is thought to have been
an important evolutionary driver of rapid metabolism and pyruvate and glycolate
excretion by Prochlorococcus, one of the world’s most abundant marine cyanobacteria
(89). Prochlorococcus metabolite excretion could have been reinforced in part by the
coevolution of associated heterotrophs that utilize these compounds and reciprocate
by excreting malate and citrate (89). The potential for positive selection for secretion
raises the prospect for active processes of nutrient release, including transporters. Overall,
the mechanisms by which costly metabolites are passively excreted or actively secreted
are largely uncharacterized and could be as diverse as the molecules themselves.

For cooperative cross-feeding of communally valuable metabolites to evolve, it is
critical that conditions allow for reciprocation to be confined to cooperative partners
and avoid being outcompeted by exploitive community members (16, 90). The fact
that the positive or negative effects of marine heterotrophs on Prochlorococcus growth
is phylogenetically conserved suggests that some mechanism of directed reciprocation
was involved in the evolution of cross-feeding in this case (91). One of the most effec-
tive mechanisms to achieve directed reciprocation is likely spatial orientation, an as-
pect that we raise at numerous points over this review.

The recipient itself can also drive cross-feeding simply through depleting a commu-
nally valuable cross-fed metabolite. Our group found that Escherichia coli mutants with
a higher capacity for NH,* acquisition greatly improved coculture growth with a poor
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NH,"-producing partner on which E. coli relied for nitrogen (92) (Fig. 2G). Though an
example of waste metabolite cross-feeding, others have observed genetic and pheno-
typic differentiation of E. coli monocultures into subpopulations that established ace-
tate cross-feeding, often cited as an example of division of labor. The acetate-consum-
ing recipient subpopulation similarly evolved an increased affinity for acetate, whereas
the acetate-excreting E. coli subpopulation showed higher growth rates on glucose
(93, 94). The reciprocal benefit in this case could come from the removal of acetate as
an inhibitory compound (95).

Exoenzymes

Extracellular enzymes, or exoenzymes, degrade large polymers into transportable
monomers. Collectively, exoenzymes have diverse substrates. Prominent exoenzyme
classes are glycosidases, proteases, nucleases, lipases, and lignin-cleaving laccases and
peroxidases. Because exoenzymes release readily consumable nutrients into the extracel-
lular milieu, their activities lend themselves to cross-feeding as the resulting monomers
can be taken up by neighboring cells, be they clonal or unrelated. As a result, exoen-
zyme-secreting microbes are often viewed as keystone species and primary colonizers in
establishing microbial communities on polymeric substrates (96-98). For example, host-
associated cellulase-secreting microbes sustain communities of gut bacteria, as well as
the cellulose-consuming animal hosts, such as ruminants (99) and termites (100), that
otherwise have little to no native ability to access carbon in cellulose. At a broader scale,
the breakdown of cellulose and lignin via exoenzymes is a key step in the global carbon
cycle, driving the mineralization of plant polymers. The potential ease of cross-feeding
from exoenzyme-secreting bacteria has also been embraced by industrial sectors.
Lignocellulose-degrading enzymes are intensely researched with the goal of lowering
the costs of liberating sugars for producing cellulosic ethanol and other biofuels (101).
Cellulase-degrading microbes are also commonly cocultured with other microbes in
proof-of-concept studies for biofuel production from cellulose based on cross-feeding
relationships (102, 103).

In a given ecosystem, the potential for cross-feeding from exoenzymes is large. It
was estimated that ~99% of the glucose and fructose produced by digestion of su-
crose via the exoenzyme invertase diffused away from the producer yeast cell before
the monosaccharides could be imported under well-mixed conditions (104). Whereas
this trait makes exoenzyme-producing microbes potentially cooperative, it also makes
them vulnerable to exploitation, both from other species and by emergent “cheater”
subpopulations that lose the ability to secrete exoenzymes but benefit from nearby
exoenzyme-secreting cells without the cost of synthesis. In the case of invertase-secret-
ing yeast, mutant cheaters that did not invest in invertase production could invade
producer populations and coexist across a range of growth conditions (104). Likewise,
Vibrio cholerae mutants that did not produce chitinase, which degrades insoluble chitin
into N-acetylglucosamine oligomers and monomers, could acquire extracellular N-ace-
tylglucosamine released by chitinase-producing strains and thus outcompete pro-
ducers under well-mixed conditions (105).

How then do exoenzyme-secreting populations avoid being overrun by exploitive
neighbors? Some polymer-degrading enzymes, such as bacterial cellulases, are often
attached to the cell surface, requiring the exoenzyme-secreting cell be in close contact
with the polymer substrate and likely increasing the chances of substrate acquisition
after depolymerization (106, 107). In some cases, security comes from the use of exoen-
zymes that release soluble oligomers rather than monomers; oligomers are then
imported into the periplasm before further depolymerization. While many microbes
can access monomers, fewer have the necessary enzymes to degrade oligomers.
This oligomer-cleaving and import strategy was shown to allow Bacteroides thetaio-
taomicron from the human gut to utilize mannan without supporting the growth of
a mannose monomer-utilizing cocultured strain (107). We suggest that the organi-
zation of chitin degradation pathways (108) hints at a similar strategy employed by
chitin-degrading bacteria. While the use of oligomer-cleaving enzymes can be
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effective against unrelated competitors, the situation is less simple for combating
related cheaters. Cheaters are more likely kept at bay, or policed, through group
behaviors, including quorum sensing (QS) and clustering of producers in biofilms as
detailed in later sections.

Siderophores

Siderophores are secreted small molecules that chelate iron, or in some cases other
metals such as copper, manganese, and zinc (109, 110), and facilitate uptake through
cell surface receptors. These trace metals are essential cofactors for numerous enzymes
(110-112). Collectively, the activity of siderophores in the oceans makes them an im-
portant feature of global iron cycling, which in turn affects ocean productivity and
nitrogen cycling (113). Iron is also frequently scarce in hosts, where there is competi-
tion for iron between host cells and their resident microbiota, as well as between
microbes (111, 112, 114-117). Consequently, siderophore production and access can
play crucial roles in determining the course of an infection (111, 112, 114-118). Some
hosts actively try to block siderophore function as an innate immunity defense tactic,
and pathogens have evolved “stealth siderophores” to evade detection by the immune
system (112).

As secreted molecules, siderophores can participate in cross-feeding by enabling
iron acquisition by not only producers but also by unrelated community members.
Indeed, there are examples of siderophore-mediated iron cross-feeding between differ-
ent bacterial taxa, and even between bacteria and eukaryotic microbes (18, 117,
119-121). Some bacteria might even specialize in scavenging siderophores produced
by other organisms (122). However, the ability of a given microbe to use a foreign side-
rophore likely represents a snapshot of a molecular arms-race (112). Siderophore syn-
thesis biochemistry permits a wide range of permutations on a given structure; nearly
60 pyoverdine siderophores alone have been described (123). Cell surface receptors
that recognize siderophores can be species specific, restricting uptake by other com-
munity members (18, 116). As predicted by an eco-evolutionary model (124), sidero-
phore specificity limits iron availability and decreases growth of other community
members (18, 121).

Whereas siderophore specificity might protect against iron theft from unrelated
organisms, siderophore-secreting bacteria are still prone to exploitation by cheaters.
Siderophore cheating has been detected in soil, freshwater, and marine bacterial com-
munities (18, 20). Nevertheless, siderophore cheating can be mitigated or policed. One
example employs a secondary role of a pyoverdine siderophore in iron sequestration
rather than acquisition. During oxidative stress, pyoverdine-producing Pseudomonas
aeruginosa downregulates pyoverdine secretion, allowing pyoverdine to accumulate in
the periplasm. There, pyoverdine sequesters iron and is thought to prevent Fe3* from
producing harmful OH radicals by the Fenton reaction (125). Cheaters that do not
make pyoverdine would lose this protective role and be purged from the population
during times of oxidative stress.

While there are many examples of siderophore exploitation (18, 20, 117, 120, 122, 124,
126), there are fewer known examples of siderophores forming the basis for mutualistic
cross-feeding. In one known example, marine alga-associated bacteria produced a sidero-
phore that enhanced algal iron acquisition (119). Both organisms appeared to benefit
from the association, perhaps through the reciprocal release of consumable metabolites
from the algae (119). Another intriguing exception is the finding that hosts might nutri-
tionally benefit from siderophores secreted by their microbiota. Production of the sidero-
phore enterobactin by E. coli was shown to promote iron uptake in mitochondria of
Caenorhabditis elegans and mammalian cells, whereas siderophores, such as pyoverdine,
from potential pathogens did not promote iron uptake (127).

Toxins

Broadly speaking, microbial toxins are secreted compounds that have likely been
selected through evolution for their inhibitory, and sometimes lethal effects on other
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organisms, be it host cells or other microbes. Toxins come in a variety of chemical
structures and sizes, from small molecules like antibiotics and cyanide to multisubunit
proteins such as cholera toxin (14, 21, 118, 128, 129). Methods of toxin delivery also
vary. Some are passively excreted or actively secreted into the extracellular milieu,
whereas others are injected directly into host or microbial cells (14, 21).

Some small molecule examples of toxins can directly serve as cross-fed metabolites
when toxins are at subinhibitory concentrations or when a recipient possesses suffi-
cient tolerance to a toxin. For instance, certain bacteria can use cyanide as a nitrogen
source for growth (130, 131). Other microbes might even consume antibiotics (132-135),
although skepticism has been cast on such observations (136). However, we speculate
that toxins can have a broader role by indirectly facilitating cross-feeding.

Toxins frequently facilitate nutrient acquisition by damaging or lysing cells and
releasing the intracellular contents (118). It therefore seems intuitive that this toxin-
mediated release of nutrients could also benefit neighboring microbes, thereby mak-
ing toxins a facilitator of cross-feeding in a similar manner to that of exoenzymes.
Synergistic interactions can occur between pathogens during polymicrobial infections
and arguably these interactions are dependent on the hallmark toxins of an infection,
though the role of toxin-mediated cross-feeding in these interactions remains obscure.

Contrary to the above expectations, there is some evidence to suggest that toxins
lead to competition between populations. For example, several TnSeq experiments
have shown that more genes are essential for a given pathogen during coinfection
compared to monoinfection (137-139). These results might suggest that coinfection
intensifies competition rather than improving conditions for the local community; intense
competition could limit nutrient availability, causing more genes to be essential. However,
the detection of competitive traits does not necessitate a net competitive relationship. As
discussed below, competitive interactions are likely a common, and sometimes necessary,
feature of cooperative relationships. While more genes were essential during coinfection,
coinfection also alleviated the essentiality of some genes that were essential in monocul-
ture (137), suggesting that some beneficial interactions occurred. As noted by Lewin et al.,
the increase in essential genes overall during coinfection could simply be indicative of
increased environmental complexity due to partner interactions (138). Overall, the extent
to which toxin-mediated cross-feeding occurs is unclear and merits further investigation.

Quorum-Sensing Signals

Quorum sensing (QS) is a microbial cell-cell communication system that coordinates
gene expression based on population density through the production and subsequent
recognition of diffusible signal molecules (140-144). Upon reaching a threshold popu-
lation density, or quorum, bacterial populations synchronize expression of subsets of
genes. Canonical QS systems consist of a signal synthase, which produces the signal,
and a cytoplasmic receptor, which binds the signal and acts as transcriptional regulator
to modulate gene expression, although two-component systems are also frequently
involved in signal detection (141-145).

QS signals, also called autoinducers, can be used by some bacteria as a sole energy
source in monoculture (146), thus raising the possibility of QS signals participating as
cross-fed metabolites. However, catabolism of QS signals in communities might have
greater physiological relevance in quorum quenching, alleviating the signaling effects
of the molecules. To the best of our knowledge, the extent to which QS signals are
cross-fed between organisms has not been tested. Better known is the role of QS sig-
nals in regulating the production of the aforementioned exoenzymes, siderophores,
and toxins, in addition to other group behaviors (128, 129, 141-144, 147, 148). Thus,
the role of QS in cross-feeding is typically auxiliary, functioning to control access to
extracellular nutrients at the population level; a population is more likely to reap the
benefits of an exoenzyme, siderophore, or toxin if those molecules are produced en
masse.

QS often coordinates multiple and sometimes disparate activities. In this way, QS
can also limit the loss of extracellular nutrients to cheaters. For example, expression of
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the casein-hydrolyzing exoenzyme elastase by the opportunistic human pathogen P.
aeruginosa is regulated by the QS transcriptional regulator LasR (128, 129, 147, 149).
lasR-null mutants that do not produce elastase rapidly emerge and cheat elastase-pro-
ducing strains when casein is the sole carbon source (147, 149). However, the addition
of adenosine to casein-containing medium decreased the relative fitness of lasR
mutants in competition with the elastase-secreting strain because LasR is also required
for activating adenosine consumption pathways (147). Thus, the coupled expression of
exoenzymes with other physiological activities can help thwart cheaters by offsetting
any benefit gained from the loss of exoenzyme secretion. Policing cheaters by LasR is
even more multifaceted. LasR also regulates cyanide production and resistance via QS
in P. aeruginosa such that any benefit gained from loss of elastase by a lasR mutant is
negated by susceptibility to cyanide (128).

QS also controls access to nutrients through diversity in autoinducers. Autoinducers
can be divided into broad categories; Gram-positive bacteria synthesize oligopeptide
autoinducers, while Gram-negative bacteria generally produce acyl homoserine lac-
tone autoinducers (141-145, 150). Within each of these categories there is further
chemical and structural diversity. Although detection of a given autoinducer is usually
confined to the producing species that encodes the cognate receptor, different QS
receptors display various degrees of signal selectivity, with several receptors being
able to recognize non-self-autoinducers, allowing for what is known as eavesdropping
(143, 150). QS receptor promiscuity is widespread, suggesting that eavesdropping and
interspecies cross talk between distinct QS systems could be common (143, 150). Along
these lines, many Gram-positive and Gram-negative bacteria can produce an autoinducer
distinct from those mentioned above, called autoinducer-2 (Al-2). Al-2 is a by-product of
the activated methyl cycle in the methionine synthesis pathway (141, 151). As methionine
synthesis is widespread, so is the capacity to produce Al-2. As a result, Al-2 has been pro-
posed as an interspecies QS signal (141, 151). However, far fewer bacteria encode genuine
Al-2 receptors, than are capable of generating Al-2 (151). Thus, while certain species might
appraise the local polymicrobial density of their surroundings via detection of Al-2 and al-
ter their behavior accordingly (152), this does not seem to be a widespread strategy.

The extent to which eavesdropping occurs and whether it coordinates the behav-
iors of multiple species in nature remains largely unknown. However, QS eavesdrop-
ping has been successfully exploited by synthetic biologists to coordinate behaviors
between distinct bacterial populations, including between Gram-negative and Gram-
positive bacteria (153, 154).

Extracellular Matrix Components of Biofilms

Microbes frequently attach to surfaces and each other to form multicellular biofilms.
Biofilm formation is mediated by secretion of an extracellular matrix that can be com-
posed of polysaccharides, nucleic acids, and/or protein (155). Matrix components can
potentially contribute directly to cross-feeding in combination with exoenzymes that
degrade matrix components into accessible monomers. For instance, isotopic tracer
experiments have shown that some cyanobacteria store and later reacquire carbon
from their extracellular matrix, and this material was also accessible to other bacteria
within microbial mats (156). However, more is known about the role of biofilms in con-
trolling access to externalized nutrients, a role similar to that of QS. In fact, QS and bio-
film formation are often connected. QS commonly helps coordinate biofilm develop-
ment by regulating the biosynthesis of biofilm matrix. Furthermore, biofilm-dwelling
cells are densely packed, allowing smaller populations to a reach quorum compared to
what would be necessary in dispersed, planktonic populations (16, 144).

The spatial structure provided by biofilms and other dense aggregations can pro-
mote cooperative cross-feeding of costly metabolites (16, 63, 71, 73, 87, 105, 157).
Thus, clustering of partners is important to the evolutionary trajectory of certain coop-
erative cross-feeding relationships (71, 73, 87, 157-159). Spatially structured environ-
ments on agar plates were shown to select for costly methionine-excretion by a spon-
taneous Salmonella enterica mutant, enabling growth of nearby E. coli methionine
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auxotrophs (73). In return, E. coli evolved costly galactose secretion during lactose con-
sumption when grown together with S. enterica as colonies on agar (87). Similarly,
amino acid cross-feeding increased during long-term serial transfers in liquid cultures
wherein cross-feeding partners were able to form clusters (157). These results indicate
that certain spatially structured environments can select for of the evolution of mutual-
istic cross-feeding by favoring local retention of costly nutrients, thereby directing
those nutrients to reciprocating neighbors and limiting diffusion to competing nonco-
operative populations. Beneficial cross-feeding interactions can also select for attach-
ment between partners (31, 63, 160, 161). Attachment likely further enforces directed
reciprocation between cooperative partners. The influence that spatial organization
can have on cross-feeding communities has been utilized by synthetic ecologists. For
example, cyanobacteria have been engineered to display surface epitopes that facili-
tate aggregations with yeast partners (162).

Clustering of cooperative cells is also thought to affect the ability of cheaters to
exploit externalized metabolites, in some cases benefitting the cooperators but in
other cases benefitting the cheaters. For example, in populations of V. cholerae, the
production of a biofilm matrix concentrated chitinase-secreting cells on the chitin, lim-
iting diffusion and restricting access of a cheater population to released monomers
(105). As noted above, close spatial proximity between cross-feeding partners pro-
motes efficient nutrient exchange and limits diffusion to nearby cheaters or competi-
tors. Microfluidic and modeling experiments with closely packed amino acid cross-
feeding auxotrophs showed that a single cell might only cross-feed to a relatively small
neighborhood of one to four cell lengths (164). The distance over which cross-feeding
can occur is likely further decreased in the presence of competitors. Recipients embed-
ded in agarose beads with glucose-excreting producers, with an average distance of
15 um between them, could not grow when competing cells were present in the sur-
rounding medium (163). However, recipient growth was rescued in the presence of
competitors when recipients and producers were allowed to form aggregates before
being embedded in beads (163). There can also be circumstances where close proxim-
ity benefits cross-feeding partners but minimizing the distance between partners does
not. In one tripartite synthetic community involving both cross-feeding and antibiotic
detoxification, culturing all three members in a single well led to intense competition
(165). However, when the three members were cultured in separate wells and allowed
to exchange nutrients between wells, an optimal distance was identified that limited
competition and led to synergistic effects on growth stemming from the complemen-
tary traits of the members (165).

Observations like those above have led to the general theory that close proximity
of producer strains and/or cross-feeding partners is an important mechanism by which
the impact of cheaters or nonproducers is minimized as they can only exploit pro-
ducers at the edges of an aggregate or biofilm. However, the situation is likely more
nuanced since there are also examples where high local concentrations of producers
within multicellular aggregates can be susceptible to invasion by cheaters (20).
Specifically, in marine Vibrio populations, nonproducing strains lacking siderophore
biosynthesis genes were more frequently isolated from larger natural particles that
were cocolonized by siderophore producers; it appears that nonproducer Vibrio popu-
lations cheat siderophore production by invading dense aggregations of producers
(20). We propose that, in general, microbial cooperation seems to be more stable in
biofilms that form through outward growth of clonemates or mutualistic partners,
pushing nonproducers to the margins of a biofilm where some access to public goods
is likely to be available (16). In contrast, biofilms that assemble through surface attach-
ment of diverse species and strains from the surrounding environment are more likely
to elicit competition and cheating (20). Thus, the exact form of spatial structure that
maximizes cooperative nutrient acquisition and cross-feeding depends on many fac-
tors, including the biosynthetic cost and structure of the cross-fed compound(s), the
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physiochemical properties of the environment, the means by which spatial structuring
is established, and the genetic composition of the local community.

Extracellular Vesicles

Like QS and biofilms, cross-feeding behavior can also be influenced through the
release of extracellular vesicles. Extracellular vesicles have been reported for a variety
of microscopic and multicellular eukaryotes, archaea, and both Gram-negative and
Gram-positive bacteria (166-168). In Gram-negative bacteria, extracellular vesicle release is
associated with a decrease in cross-linking between peptidoglycan and outer membrane
proteins and might also be influenced by lipid and lipopolysaccharide composition (167).
Mechanistic details for the release of vesicles from Gram-positive bacteria are currently
obscure but could include being forced through weak points in the cell wall or facilitated
via channels (168).

Some of the above details could suggest an accidental passive release of extracellu-
lar vesicles. However, a purposeful release of vesicles is suggested by the observed se-
lectivity of vesicular cargo and the implication of vesicles in numerous microbial
behaviors (166-168), some of which could directly participate in cross-feeding, or at
least influence cross-feeding. For example, there are numerous examples of vesicle-
mediated toxin delivery (166-168). In one case, the toxins were exoenzymes packaged
in extracellular vesicles by Myxococcus xanthus to degrade macromolecules in E. coli
prey cells (169). Extracellular vesicles have also been observed as a component of bio-
film matrixes (168, 170). Extracellular vesicles can participate in QS, in one case by
facilitating the diffusion of signals that would otherwise be too hydrophobic to be
effective in an aqueous environment (171). In this case, the vesicle also imparted
additional species specificity, thus limiting signaling to certain community members
(171). Siderophores can also be secreted in association with extracellular vesicles.
Vesicular association could help siderophores evade host immune responses that tar-
get bacterial iron acquisition (167, 172), though extracellular vesicles themselves can
elicit immune responses in some cases (168). Perhaps extracellular vesicle-packaged
siderophores also impart an additional layer of specificity for uptake of sequestered
iron, similar to what was observed with QS signals (171).

Extracellular vesicles can also directly serve as a cross-fed nutrient. For example,
vesicles released from Prochlorococcus cyanobacteria supported the growth of hetero-
trophic marine bacteria (173). Given that Prochlorococcus is one of the most abundant
marine bacteria, extracellular vesicles from these cyanobacteria alone could account
for the release of 10* to 10° metric tons of carbon into the oceans each day (173).
While the vesicles and their cargo can likely serve as a cross-fed nutrient, vesicles also
serve to protect their cargo (166). Thus, an important role of extracellular vesicles could
instead be to combat unwanted cross-feeding by decreasing or delaying acquisition
by competitors.

Contact-Dependent Cross-Feeding

QS, biofilms, and extracellular vesicles can all influence the fate and action of exter-
nalized molecules. However, there are also instances where little is left to chance
through the use of contact-dependent mechanisms. Many contact-dependent interac-
tions are antagonistic, directly delivering harmful toxins into neighboring cells (21, 174,
175), but beneficial contact-dependent cross-feeding also occurs.

In some cases, mechanisms of contact that facilitate cross-feeding are so intimate
that one cell is housed within another (176-178). Less extreme, but still enclosed
within a membrane, are examples of a shared periplasm, and thus likely a shared elec-
trochemical gradient or proton motive force. For instance, multiple Pyrodictium arch-
aea share a periplasm within tubular “cannulae” (179). This specific case of a shared
periplasm between clones does not necessarily meet our definition of cross-feeding
because there is no obvious phenotypic differentiation between cells. However, there are
clear examples of cross-feeding between phenotypically distinct clones. Filaments of cable
bacteria share a periplasm along with an electrically conductive intercellular appendage of
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unknown composition (180, 181). These filaments span redox gradients in sediments
allowing separate cells to contribute oxidation and reduction reactions to a combined me-
tabolism despite being centimeters apart (180, 181). Some filamentous cyanobacteria also
share a periplasm and exhibit dramatic phenotypic differentiation into vegetative cells and
nonvegetative heterocysts that are specialized for CO, and N, fixation (diazotrophy),
respectively (182, 183). In this case, specialized connective structures participate in the
transfer of nitrogen and carbon at the junction between vegetative cells and heterocysts
(182, 183).

There are also examples of interspecific cross-feeding by direct contact. In some
cases the mode of transfer is poorly defined, such as that behind observations of stable
isotope transfer from cyanobacterial heterocysts to attached Rhizobia, both environ-
mental isolates (184). In other cases, investigations into mechanistic features are
revealing fascinating and unique physiological traits. The contact-dependent pairing of
two archaea, Ignicoccus hospitalis and Nanoarchaeum equitans, likely involves transfer
of phospholipids, amino acids, and perhaps even ATP from . hospitalis to N. equitans
(185). N. equitans does not appear to encode enough genes to make a complete ATP
synthase. I. hospitalis, however, the only known organism to have an energized outer
membrane, generates ATP in the periplasm via an outer membrane ATP synthase
(186). The periplasmic generation of ATP has been speculated to be important for ATP
cross-feeding to N. equitans (185).

Nanotubes. Intimate contacts between cells also includes intercellular membranous
connections called nanotubes (180). Nanotube connections have been reported as
both intra- and interspecific (187), including between Gram-negative and Gram-posi-
tive bacteria (180), and potentially between bacteria and mammalian cells (188).
Nanotubes were reported to enable the transfer of small metabolites, large proteins,
and DNA molecules (187). How the inner membrane of a bacterium might be passed
through the peptidoglycan layers of both donor and recipient cells is mechanistically
obscure, though peptidoglycan hydrolases have been implicated, at least in part, in nano-
tube formation in B. subtilis (189, 190). Nanotube formation could also share mechanistic
features with extracellular vesicle formation. Aside from the peptidoglycan hydrolases, a B.
subtilis phosphodiesterase (191) and sigma factor (190) and pathogenic E. coli injectosome
components (188) are the only other genetic factors that have been implicated in nano-
tube formation.

Nanotube function remains mysterious and at times controversial. The evidence for
intercellular transfer of molecules via nanotubes is often correlative; nanotube struc-
tures are present, but molecule transfer via other mechanisms has not been ruled out
(192). In some cases, intercellular transfer of fluorescent signatures was observed (190,
193-195). In these cases, frequencies of connections and transfer events within a popu-
lation are rarely reported. In one relationship that depended on amino acid cross-feed-
ing and in which nanotubes and fluorescent protein transfer were also observed, a
subpopulation of the coculture was not fluorescent (194), suggesting that other mech-
anisms contributed to essential amino acid transfer, at least in part. There are also
inconsistencies in the regulation of nanotubes. In one case, E. coli nanotube formation
was stimulated by nutrient deprivation, supporting a role in nutrient acquisition from
neighboring cells (194). However, nanotube formation by pathogenic E. coli (188) and
B. subtilis (193) occurred in rich media.

Recently, nanotubes were implicated as a by-product of cell death in E. coli, B. subti-
lis, and other Gram-positive bacteria (190). Although fluorescent proteins were
observed in B. subtilis nanotubes, DNA transfer required well-described competence
proteins, suggesting that nanotubes were not involved (190). In other bacteria that are
not naturally competent, plasmid transfer via nanotubes is difficult to reconcile with
common microbiology practices, even if occurring at a low frequency. For example,
introduction of foreign DNA into noncompetent cells by nanotubes seems to trivialize
long-used conjugation and other transformation techniques. Nanotube transfer of pro-
teins and DNA between living cells could also call into question results from
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competition assays wherein genetically distinct populations are distinguished using
drug resistance cassettes or fluorescent reporters. The cooccurrence of cell death with
nanotube formation also invokes cell lysis, which could help explain correlative obser-
vations of cross-feeding (190). Overall, nanotubes are an intriguing mechanism for
cross-feeding, but one for which critical mechanistic and functional details will likely
remain a contentious topic of further investigation and debate.

Nanowires. One of the most studied contact-dependent cross-feeding phenomena
between species is that of direct electron transfer via structures often referred to as
nanowires. Nanowires fulfill a role in anaerobic respiration, allowing the nanowire pro-
ducer to deposit electrons on extracellular terminal electron acceptors that are often
too large, insoluble, or toxic to reduce inside the cell (196). In this way, nanowires, as
well as soluble extracellular electron shuttles, participate in cross-feeding via the gen-
eration of waste metabolites; the resulting reduced metals become electron sources
for other lifestyles, like photo- or litho-autotrophs.

In other cases, nanowires enable the direct coupling of redox metabolisms
between cells. Direct electron transfer via nanowires can sustain syntrophic part-
nerships by relieving thermodynamic limitations, much in the way that organic
acids, H,, and other reduced compounds serve as intercellular electron shuttles in
these partnerships (63). Nanowire-mediated electron transfer has been implicated
in both natural and synthetic syntrophies (180). For example, a syntrophy was experi-
mentally evolved between Geobacter metallireducens, forced to carry out an ethanol-fed
fermentation, and fumarate-respiring Geobacter sulfurreducens (63) (Fig. 2H). Electrons
were transferred from G. metallireducens to G. sulfurreducens, relieving the thermodynamic
barrier on ethanol fermentation and providing electrons to drive fumarate respiration. The
syntrophy was promoted through the formation of multicellular aggregates and was de-
pendent on G. sulfurreducens nanowire components, namely, pili and an outer membrane
cytochrome, but not on H, oxidation by G. sulfurreducens (63). Syntrophic electron transfer
has also been found to occur in natural aggregates formed between sulfate-reducing bac-
teria and archaeal anaerobic methanotrophs (197, 198) (Fig. 3; ANME), which are important
players in controlling methane emissions from ocean sediments (199). Recent evidence
also suggests that some H, cross-feeding syntrophs can instead grow via direct electron
transfer to a partner (200).

There is ongoing debate over the composition of nanowires. Some work suggests that
electrons are transferred between aromatic amino acids in the pilus (201). More recently, a
crystal structure of a pilus composed entirely of cytochrome subunits was solved (202),
casting doubt on the role of pilin subunits in extracellular electron transfer. However,
because G. sulfurreducens pilin was required to receive electrons from G. metallireducens in
coculture (63), the pilus must still play a role in interspecies electron transfer even if it does
not transfer electrons itself. It is also likely that nanowires are compositionally diverse. For
example, Shewanella oneidensis nanowires were revealed to be extensions of the outer
membrane containing electrically conductive cytochromes (203), a mechanism more akin
to nanotubes or extracellular vesicles. Other mechanisms of direct electron transfer
between species include cell surface cytochromes and transfer through abiotic surfaces, as
well as the uncharacterized conductive structures that connect cells in filaments of cable
bacteria (180, 204). Collectively, microbes that are capable of externalizing electron flow
are also of interest for numerous applications ranging from, electricity generation, biore-
mediation, and electricity-driven production of reduced compounds (204, 205).

DYNAMIC ASPECTS OF MICROBIAL CROSS-FEEDING

The number of microbial relationships based on cross-feeding presents enough ma-
terial for numerous reviews. Indeed, additional examples are reviewed elsewhere
(31-33, 36-44). Here, we draw attention to some insights we have gained from our
work on a synthetic cross-feeding community between E. coli and Rhodopseudomonas
palustris (Fig. 2G) with supporting observations by others.
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Cross-Feeding Rates Determine the Relative Benefit or Detriment of a Cross-Fed
Metabolite

Many excreted molecules have toxic properties. Detoxification has emerged as an
important aspect of cooperative microbial interactions, wherein one partner protects
another by consuming a toxic metabolic product or by sharing the burden of process-
ing a toxic intermediate (17, 95, 206). However, here we focus on a less obvious exam-
ple wherein a cross-fed metabolite can shift from being a nutrient to a toxin.

The scenario is similar to that noted above for cyanide and antibiotics, notoriously
toxic compounds that can also serve as nutrients for some bacteria at certain concen-
trations. Similarly, fermentation products like alcohols and organic acids can be toxic
but are commonly viewed as important shuttles of carbon and electrons in anaerobic
food webs (31, 34, 58). Our group demonstrated that cross-feeding levels can deter-
mine the relative benefit of organic acids in a coculture featuring fermentative E. coli
and a strain of N,-fixing R. palustris engineered to excrete NH,* (207). In this coculture,
R. palustris relies on E. coli for excreted organic acids as an essential source of carbon
and E. coli relies on R. palustris for excreted NH,* as an essential source of nitrogen
(Fig. 2G). Under conditions with glucose and N, as the sole carbon and nitrogen sour-
ces, one partner cannot grow without the other. When the NH,* excretion level is low,
the E. coli growth rate matches that of R. palustris, and R. palustris can consume organic
acids as fast as E. coli excretes them. However, when R. palustris is engineered to
excrete a higher level of NH,", the growth rates become uncoupled; faster E. coli
growth is stimulated, which is associated with a rate of organic acid excretion that
exceeds the consumption rate by R. palustris. Organic acids accumulate and eventually
acidify the medium, inhibiting R. palustris growth. Thus, although more cooperation by
R. palustris led to more reciprocation by E. coli, the higher level of reciprocation was
not beneficial to R. palustris since it shifted the role of organic acids from being
nutrients to toxins (207) (Fig. 4A). We named this concept “dose-dependent toxicity.”
At which concentration the accumulated compound becomes toxic is likely linked to
local concentration and metabolite diffusion, both of which can vary with community
spatial structure and environmental factors like flow rate. Unlike the dose-dependent
toxicity of antibiotics and cyanide, for which a role as nutrients is likely limited to spe-
cial cases, organic acids are a central feature of diverse anaerobic food webs. Thus,
dose-dependent toxicity of organic acids has the potential to influence important eco-
systems, including the mammalian gut and anaerobic sediments covering much of the
Earth’s surface.

Dose-dependent or conditional toxicity of transferred metabolites has been
observed in other cross-feeding systems. For example, the toxicity of cross-fed nitrite
(NO,") varies based on pH such that NO,™ is more inhibitory under more acidic condi-
tions. Growth and colony expansion velocity of a denitrifying consortium of P. stutzeri
strains decreased at lower pH when cross-fed NO,~ was more toxic (206, 208). Dose-de-
pendent toxicity of NO,~ may similarly occur during the oxidation of NH,™ to nitrate
(NO5), known as nitrification, which can be carried out by two groups of bacteria:
Nitrosomonus oxidizes NH," to NO,~ and Nitrobacter oxidizes NO,~ to NO;~ (209). The
NO,~ consumer Nitrobacter is much more sensitive to NO,~ than the producer
Nitrosomonus (210), raising the possibility of Nitrosomonus harming Nitrobacter through
high NO,™ excretion rates.

Cross-Feeding Is Not Always Coupled to Growth

As noted in the introduction, most microbes likely exist in a state of nutrient depri-
vation (22-24). For microbes that are incapable of differentiating into specialized dor-
mant structures like spores, a low level of metabolic activity is generally essential to
produce maintenance energy for survival (24, 27, 28). While few studies have examined
the role of cross-feeding on survival, one can envision that cross-feeding could be an
important driver of maintenance metabolism in nutrient-limited environments. For
instance, respiration is important for the stationary-phase survival of some lactic acid
bacteria (211). Some of these lactic acid bacteria include group B Streptococcus (GBS)
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FIG 4 Cross-feeding and its outcomes are dynamic. (A) A high level of cooperation by one partner
can lead to excessive and harmful reciprocation by another. In this case, when production rate
exceeds consumption rate (blue arrows), a metabolite (blue dot) can accumulate to toxic levels, for
example by acidifying the environment (207). The “conc” triangle illustrates the effect of the
metabolite on the recipient, ranging from beneficial (blue) to detrimental (red) as the concentration
increases. (B) Growth-independent cross-feeding can rescue partners from starvation. Maintenance
metabolism alone can lead to metabolite excretion under nongrowing conditions (left). Consumption
of the metabolite by a recipient can stimulate recipient growth and reciprocation, creating a positive
feedback loop and lifting both partners out of starvation (30). (C) The level of privatization influences
the affinity that each partner must have for a communally valuable metabolite for cooperative
coexistence to result (225). (Top) Cross-feeding of an intracellularly generated metabolite (left: high
privatization) and an extracellularly generated metabolite liberated by an exoenzyme (right: low
privatization). (Bottom) Simulated effect of the relative competition, in this case affinity (inverse of
Km, which is the substrate concentration when the growth rate is at half the maximum), for the
metabolite on the net growth of each partner under high and low privatization conditions.
(Simulated trends are adapted from reference 225.)

pathogens, for which respiration is important for infection, affecting both GBS
growth and survival (212). GBS require exogenous sources of heme and naphtho-
quinones to carry out respiration. Because humans do not make napthoquinones,
these respiratory cofactors must be acquired from other microbes. Indeed, several
bacteria can support O,-dependent growth of GBS in coculture (213, 214). The rea-
son why quinone cross-feeding favors stationary-phase GBS survival could simply
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be because aerobic respiration creates a more favorable pH by offsetting lactic acid
accumulation. However, respiration could also help GBS maintain a proton motive
force and thereby allow GBS to generate maintenance energy and persist under
nongrowing conditions.

Metabolite cross-feeding is also likely important for the survival of the most
abundant cyanobacteria on Earth, Synechococcus and Prochlorococcus, which to-
gether account for ~25% of net primary productivity in the world’s oceans (215).
Synechococcus survival through starvation was shown to be dependent on the sup-
ply of minerals such as NH,™ and phosphorous made available through the degra-
dation of dissolved organic matter by heterotrophic Roseobacter partners (216).
Degradation of dissolved organic matter by Roseobacter likely also played a detoxification
role in this case (216). Similar prolonged survival during starvation was observed for
Prochlorococcus when cocultured with heterotrophic Alteromonas (217). In this case, detoxifi-
cation did not seem to play a major role since Prochlorococcus survival in monoculture was
not improved when transferred to fresh media. In the absence of detoxification, the positive
effect of Alteromonas on Prochlorococcus survival was likely through the mineralization of dis-
solved organic matter (217).

It is also possible that the low metabolic activity of nutrient-deprived cells can foster
cross-feeding under certain conditions. Our lab demonstrated that nongrowing E. coli
fermented glucose and excreted enough organic acids to support the phototrophic
growth of R. palustris (30). In this case, the cross-feeding initially attributed to E. coli
maintenance metabolism stimulated reciprocation from R. palustris and ultimately
lifted both partners out of starvation (30) (Fig. 4B). Our lab has also shown that an obli-
gate cross-feeding relationship can evolve naturally between E. coli and R. palustris
(92). Initially, this relationship likely relied on growth-independent organic acid excre-
tion by E. coli (92). Thus, maintenance metabolism could be important for both the ini-
tiation and maintenance of cross-feeding relationships.

Such growth-independent cross-feeding can also have medical relevance. For
example, acetoin production by nongrowing S. aureus supported the growth and sur-
vival of P. aeruginosa isolated from the same cystic fibrosis patient samples (218). In
turn, P. aeruginosa facilitated S. aureus survival by preventing acetoin accumulation to
toxic levels (218). Thus, cross-feeding between nongrowing partners could support
persistence during coinfection.

Cross-Feeding Can Be Facultative

While there is a tendency to think of cross-feeding as fulfilling an essential nutri-
tional requirement of a recipient, cross-feeding can also act to beneficially augment a
recipient’s metabolism. Cross-feeding of quinones to GBS is an example of facultative
cross-feeding; GBS can grow by fermenting glucose when its electron transfer chain is
incomplete, but the growth yield improves when aerobic respiration is enabled via qui-
none cross-feeding (212, 213).

With the exception of fermentations involved in syntrophic partnerships, most fer-
mentations do not require removal of fermentation products by a partner to be ther-
modynamically feasible. Even so, product removal by a recipient can have thermody-
namic benefits. We and others have observed that cross-feeding between fermentative
and purple nonsulfur bacteria alters fermentation profiles; more formate typically accu-
mulates in coculture than in monoculture (102, 207). Although the energetic benefits
of cross-feeding have not been verified in this case, other cases are clear. For example,
in monoculture, Ruminococcus albus ferments glucose to a mixture of acetate, ethanol,
and H,. Acetate production is coupled to ATP generation, while ethanol and H, produc-
tion satisfy electron balance. However, when cocultured with fumarate-respiring
Wolinella succinogenes, consumption of R. albus H, waste by W. succinogenes over-
comes a thermodynamic barrier, allowing electron balance in R. albus to be satisfied
solely through H, production (219). Without the need to produce ethanol, R. albus can
divert more acetyl coenzyme A (acetyl-CoA) to acetate and maximize ATP production
(219).
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A similar facultative cross-feeding interaction likely takes place in the human gut.
Christensenella bacteria and the methanogen Methanobrevibacter smithii were found
to co-occur in about 80% of >1,800 human gut samples (220). Characterization of
metabolic traits in monoculture versus coculture revealed H, cross-feeding from
Christensenella species to M. smithii. The lower partial H, pressure created by M. smi-
thii allowed the Christensenella species to maintain electron balance by shifting elec-
trons away from butyrate to H, production, while still generating the same amount
of ATP through acetate production (220). We speculate that this partial shift from bu-
tyrate to acetate and H, benefits Christensenella by allowing it to achieve both elec-
tron balance and ATP production but with enzyme synthesis cost-savings by using
shorter metabolic pathways. Human hosts might also benefit by receiving more ace-
tate and less butyrate, which correlates with less obesity (220).

Facultative cross-feeding of vitamin B;, has also been noted between microbes that
inhabit the human gut (83). In this case, Akkermansia muciniphila liberated sugars from
mucus and produced propanediol as a fermentative end product, both of which could
be used by Eubacterium hallii. E. hallii reciprocated with the release of vitamin B,,, pro-
viding A. muciniphila with the necessary cofactor to shift its fermentation profile to-
ward propionate instead of succinate excretion (83). Although the physiological bene-
fit of propionate production on A. muciniphila was not examined, propionate can have
potential benefits to the human host.

Mutualistic and Synergistic Relationships Contain Competitive Interactions

Cooperation between species can seem at odds with evolutionary theory; strong
competitors are expected to dominate over species that invest in costly traits that ben-
efit their neighbors. Indeed, competition is likely predominant in microbial interactions
(15), including cooperative relationships. It has been proposed that truly selfless coop-
erative relationships are likely rare or nonexistent (221, 222). More likely, cooperative
relationships arise as a necessity of environmental conditions. For example, coopera-
tion could stem from a parasitic relationship if a host becomes reliant on the parasite
for a function, such that the parasite can no longer be removed without detrimental
consequences (221, 222).

There are several examples of competition between otherwise cooperative partners.
Though not necessarily reflecting conditions in the ocean, laboratory cocultures suggested
that the carbon requirement of the heterotrophic marine bacterium SAR11 could be
largely met by a strain of Prochlorococcus that also proved to be a notable competitor for
a key sulfur source (223). Competition was also noted in experimentally evolved syntrophic
cocultures of D. vulgaris and M. maripaludis. Pairing different evolved partners resulted in
growth rates and yields that were lower than what would be predicted from additive or
multiplicative effects of evolved syntrophic mutations, suggesting that antagonistic inter-
actions were at play even though conditions required syntrophic cross-feeding (61) to the
extent that D. vulgaris lost traits required for an independent lifestyle (62). We thus suggest
that it is useful to consider cooperation as the net sum of multiple interactions that micro-
bial partners are likely to engage; inspection will invariably reveal competitive interactions
between cooperative partners.

Cooperative cross-feeding can even occur while partners compete for a resource
from which a cross-fed metabolite is derived. Long-term cultures of E. coli were
noted to differentiate into distinct subpopulations, including a subpopulation that
specialized in glucose uptake and excreted acetate, as well as another subpopula-
tion that fed off that acetate (93). The relationship has been classified as coopera-
tive because the acetate sustains the recipient, while the removal of acetate likely
protects the producer from inhibition by acetate (95). However, the recipient can
still consume glucose and actually exhibits a higher growth rate on glucose than
the producer in comparative monocultures (93). Thus, the cross-feeding relation-
ship likely hinges on the producer being more competitive for glucose than the ac-
etate-consuming recipient. This scenario could also apply to other relationships
based on cross-feeding of metabolic end products between species that might
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otherwise compete for a preferred carbon source. Cross-feeding of end products
was identified as a generic stabilizing factor in communities derived from diverse
environmental inocula, allowing potential competitors for a single carbon resource
to coexist (224).

Perhaps counterintuitively, competition can even be at the heart of cooperative
cross-feeding. Our group found that cross-feeding partners competed for the very
nutrient that formed the basis of a cross-feeding relationship. As mentioned above,
some cross-fed metabolites like NH,*, vitamins, nucleotides, and amino acids are
communally valuable; any organism would take up these molecules, if available,
rather than synthesize them. This logic extends to producers of communally valuable
metabolites, who are likely to be among the contenders for valuable compounds
they excrete. Through a combination of modeling and experimentation, we found
that in cocultures wherein coexistence depended on cross-feeding of NH,* from R.
palustris to E. coli (Fig. 2G), the two partners competed for NH," (225). For the coop-
erative relationship to be maintained, E. coli had to be more competitive than R. pal-
ustris for excreted NH,*. Transcriptomic and proteomic analysis revealed that this
competitive edge from E. coli relied on a nitrogen starvation response (226). If R. pal-
ustris were more competitive at reacquiring excreted NH,*, it would starve E. coli and
in doing so cut itself off from reciprocal cross-feeding of essential carbon from E. coli
(Fig. 4C). We later found that evolution of competitive NH,™ acquisition by E. coli was
sufficient to establish cross-feeding with wild-type R. palustris, again involving muta-
tions that likely further enhanced the nitrogen starvation response (92). Thus, not
only can cross-feeding partners compete for a critical cross-fed nutrient, but a com-
petitive trait can be required to establish and maintain the cooperative relationship.
In other settings, enhanced NH,* acquisition might have a net parasitic outcome, but
in this case, cooperation resulted because the competitive trait was coupled to reciproca-
tion. Importantly, we did not observe the spontaneous emergence of mutations that we
knew through our previous engineering approaches would enhance NH,* excretion by R.
palustris (92). Such recipient-serving costly mutations are unlikely to arise naturally due to
the likely negative impact on producer fitness. In support of this notion, the evolution of a
seemingly partner-serving trait in a coculture of auxotrophic yeast (resembling Fig. 2D)
was completely offset by a self-serving trait arising from the same mutation (227).

The example presented above required competitive bias toward the recipient. We
anticipate that competitive bias toward the recipient versus the producer likely depends
on the level of privatization on the communally valuable nutrient. When there is a high
degree of privatization, such as for those metabolites that are generated intracellularly,
competition must be biased in favor of the recipient; intracellular synthesis all but guaran-
tees that the producer will have access to the majority of the metabolite. When there is a
low degree of privatization, such as during metabolite release by exoenzymes or as is likely
the case for some siderophores, the competitive bias required to maintain a cross-feeding
relationship can be different. In this case, too much competitive bias for either the recipi-
ent or the producer can lead to a collapse of the relationship and even the extinction of
both populations if obligate reciprocal cross-feeding is involved (Fig. 4C). A necessity of
competitive bias for the producer has been observed in yeast populations that secrete the
exoenzyme invertase to cleave sucrose (104, 228). As noted above, spatial organization in
biofilms can be an important competitive factor to allow the producer to reap the benefits
of exoenzymes (105), likely by increasing privatization through clustering of cooperative
cells. Thus, the level of privatization dictates the level of competition required between the
producer and the receiver to enable and maintain cross-feeding of communally valuable
compounds.

THE ABUNDANCE OF CROSS-FEEDING RELATIONSHIPS IS LARGELY UNKNOWN
There is general recognition that cooperative cross-feeding is ubiquitous in micro-

bial communities and thus is widespread in nature (37). This notion is potentially at

odds with findings that pairings and mixtures of bacterial isolates often exhibited
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lower CO, production rates than monocultures, suggesting a predominance for com-
petitive interactions (15). However, as noted above, competition can be an integral
part of cooperative cross-feeding and can subtract from its potential benefits (61, 225).
Furthermore, cross-feeding can stabilize coexistence of competitive groups (224).

Computational models have also indicated a large solution space for cross-feeding,
particularly when involving metabolites that incur little to no fitness cost on the pro-
ducer (55). In many cases, cross-feeding was enough to offset competitive interactions,
especially in anaerobic environments (55). Along these lines, we note that laboratory
communities enriched from environmental samples and stabilized by cross-feeding
were dominated by groups known to excrete waste metabolites (224). But metage-
nomic data have suggested that cross-feeding of not only costless metabolites, but
costly metabolites that sustain auxotrophic partners is a widespread phenomenon by
which microbial diversity is maintained (34, 35). The prevalence of these observations
likely highlights the importance of physical clustering of cross-feeding partners to limit
the benefit to parasitic groups.

Large-scale laboratory enrichments of microbial communities can overlook the
molecular details of cross-feeding mechanisms. Similarly, model predictions on the
abundance of cross-feeding in nature can only leverage existing biochemical knowl-
edge. For example, in considering vitamin B,, alone, there are over a dozen analogs
that could participate in cross-feeding, but this level of specificity cannot currently
be gleaned from genomic data (79). Improved gene product annotations will
undoubtedly lead to improved predictions on the abundance of cross-feeding.
However, we also predict that the space for discovery in cross-feeding interactions
extends well beyond more meaningful annotations of enzymes and transporters. We
are in an era of renewed interest and discovery in microbial biochemistry. As classical
definitions of the roles of molecules, enzyme activities, pathways, and lifestyles are
blurred, new and unexpected possibilities for cross-feeding reactions are emerging.
Thus, the abundance and nature of cross-feeding is potentially much greater than is
currently appreciated.

A notable example is that of lactic acid bacteria, which have a long history in the
production of fermented foods and are mostly regarded as being strictly fermenta-
tive. Yet, as noted above, some lactic acid bacteria such as GBS pathogens can respire
when supplemented with heme and quinones, the latter of which are likely cross-fed
from a bacterial partner (213, 214). We also note several Clostridia that, based on
metabolomic analysis in monoculture, appear to operate central metabolism near
the thermodynamic equilibrium (229, 230). Operating near equilibrium can provide a
greater energetic efficiency by harnessing more of the energy released by central
metabolism (229). However, operating central metabolism near equilibrium involves
reversible reactions, translating to a slow metabolism and a low growth rate. These
traits would leave a microbe susceptible to competition from microbes with less en-
ergetically efficient but faster metabolisms. Could a near-equilibrium metabolism
instead hint at a cross-feeding lifestyle for these Clostridia in their natural environ-
ment? A fermentation product-consuming partner could shift thermodynamic land-
scapes similar to the facultative cross-feeding relationships noted above and allow
these Clostridia to benefit from both a fast metabolism and efficient energy trans-
formation mechanisms.

There are other examples of previously overlooked metabolic capabilities that could
involve cross-feeding interactions. Aerobic methanotrophs, which normally couple aer-
obic respiration to CH, oxidation, play an important role in influencing the amount of
CH, greenhouse gas that reaches the atmosphere (199, 231, 232). However, under low-
0, conditions, some methanotrophs can switch to a fermentative metabolism and con-
vert methane into excreted organic acids (233, 234), setting the stage for cross-feeding
(235) (Fig. 3). Similarly, it was recently discovered that Fe-nitrogenase generates CH,
from CO, in vivo, alongside the enzyme’s better-known products, NH,™ and H, (236)
(Fig. 3). CH, production via nitrogenase by R. palustris supported the growth of a
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methanotroph in a synthetic coculture (236). This alternative activity of nitrogenase
implicates the involvement of N,-fixing diazotrophs in the carbon cycle with the poten-
tial for carbon cross-feeding (Fig. 3). What other undiscovered enzymatic activities
could form the basis for microbial cross-feeding?

Even engineered cross-feeding relationships can involve unpredictable cross-feed-
ing reactions. A multi-omics analysis of syntrophic cocultures between a sulfate re-
ducer and a methanogen strongly suggested an unexpected transfer of alanine from
the sulfate reducer to the methanogen (237). Our cocultures of E. coli and N,-fixing R.
palustris were designed such that growth of both species is dependent on the recipro-
cal exchange of organic acids and NH,* (207) (Fig. 2G). However, transposon sequenc-
ing analysis of an E. coli mutant library revealed that R. palustris unexpectedly also
cross-feeds purines, since the growth of E. coli purine auxotrophs was fully supported
in coculture with R. palustris but not in monoculture (238). While purine cross-feeding
was not enough to satisfy the entire E. coli nitrogen requirement, as excreted NH,"™
does, this finding nevertheless highlights the existence of covert cross-feeding, even in
engineered consortia, and its potential to affect the ecology and evolution of microbial
communities.

The potential for widespread cross-feeding has several societal implications, includ-
ing new strategies for bioremediation (239), bioproduction (103), and combatting poly-
microbial and chronic infections (84, 218, 240-244). For example, in a tripartite mutual-
istic consortium, the collective antibiotic tolerance of the cross-feeding community
was dependent on the least tolerant member, or the weakest link, of the community
(241). Thus, depending on how important cross-feeding is to the fitness of pathogens
within a polymicrobial infection, it might be possible to identify and target the weakest
link (242, 243). The viability and stability of a community can also hinge on a single
producer strain, without which the rest of the community would fall into competition
(76). The ability to identify such keystone species or strains could not only be key to
disrupting harmful microbial community behavior but also advantageous for the
design of synthetic communities that could benefit society.

As technologies advance, researchers will be able to better assess the functions of
individual genes across conditions and better distinguish the activities of individual
populations, and even individual cells, within communities. Such discoveries will invari-
ably reveal a greater complexity of metabolic connections between microbes. This
multivariable information will be challenging to interpret but will nevertheless be
essential toward understanding how microbial cross-feeding relationships establish
and evolve. This knowledge can in turn be leveraged to either harness or disrupt cross-
feeding interactions in ways that will benefit our society.
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