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Abstract

The metabolism of a bacterial cell stretches beyond its boundaries, often
connecting with the metabolism of other cells to form extended metabolic
networks that stretch across communities, and even the globe. Among the
least intuitive metabolic connections are those involving cross-feeding of
canonically intracellular metabolites. How and why are these intracellu-
lar metabolites externalized? Are bacteria simply leaky? Here I consider
what it means for a bacterium to be leaky, and I review mechanisms of
metabolite externalization from the context of cross-feeding. Despite com-
mon claims, diffusion of most intracellular metabolites across a membrane
is unlikely. Instead, passive and active transporters are likely involved, pos-
sibly purging excess metabolites as part of homeostasis. Re-acquisition of
metabolites by a producer limits the opportunities for cross-feeding. How-
ever, a competitive recipient can stimulate metabolite externalization and
initiate a positive-feedback loop of reciprocal cross-feeding.
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Cross-feeding: the
transfer of nutrients
between cells

Metabolite:
a substrate or product
of a metabolic reaction

Communally
valuable metabolite:
a compound that
benefits most or all
organisms that can
acquire it, including
the producing
organism

278

Contents

L. INTRODUCTION ...ttt 278
2. DEFINITIONS . ..o 279
2.1. When Is Metabolite Externalization Considered to Be Cross-Feeding?....... 279

2.2. What Does It Mean for a Bacterial Cell to Be Leaky? ....................... 279

3. PERMEABILITY CONSTRAINTS OF THE CELL ENVELOPE............. 280
3.1. The Outer MembIrane. ... .....outneiriti et ieeieanans 280
3.2. Peptidoglycan. ... 280
3.3. The Cytoplasmic Membrane..................oo i 281

4. HOW ARE COMMUNALLY VALUABLE METABOLITES
EXTERNALIZED? ...ttt e 282
4.1. Cell Envelope Metabolism.............coooviiiiiiiiiiiiiiiiiii i, 282
4.2. Diffusion Across a Membrane. .........ouuutiniiiininiiiaaiaeaannnn.s 283
4.3. Mechanosensitive Channels and Facilitated Diffusion ....................... 285
G4, Cell LySiS ..ottt e 285
4.5. Active Externalization .. ......oouinininii e 286

5. PHYSIOLOGICAL EXPLANATIONS FOR METABOLITE EXCRETION ... 286
5.1, Relief VaIves . . oot e 287

5.2. Moonlighting Metabolites? ... 288
5.3. Partner-Stimulated Metabolite Efflux .............. ..o i, 288
6. CONCLUDING REMARKS ...ttt e e

1. INTRODUCTION

Most ecosystems are rich with microbial diversity, encompassing countless relationships ranging
from antagonistic secretion of toxins to cooperative cross-feeding. Microbial cross-feeding is both
common and important. Cross-feeding reactions form networks that influence agriculture, hu-
man health, and the Earth’s climate (40, 85). Cross-feeding can also stabilize synthetic microbial
communities to carry out tasks that benefit society, like bioremediation and biofuel production
(10, 150).

Release of metabolites from a cell is a prerequisite for cross-feeding (101). Cross-fed nutrients
can be metabolic waste, such as fermentation products. In this case, it is expected that cells would
have mechanisms to efficiently rid themselves of waste. Herein, I address metabolites that are
canonically considered to serve intracellular roles, such as biosynthetic precursors. These metabo-
lites are communally valuable, benefiting any cell that can acquire them, including a producing
cell. Thus, one might expect cells to maximally retain these metabolites. There has been much
attention to how and why externalization of such metabolites can lead to beneficial cross-feeding
(19, 33,91, 101). If conditions permit, metabolite externalization can lead to reciprocation from a
neighbor, thereby leading to mutually beneficial fitness gains. But how and why are communally
valuable metabolites released in the first place?

Here I review the molecular mechanisms and physiological reasons for why intracellular
metabolites are externalized in quantities that can support a recipient population. I focus on
bacteria, but much herein could apply to archaea, eukaryotic microbes, and some host-microbe
interactions (15). In focusing on movement of metabolites across the cell envelope, I do not cover
metabolites generated outside of the cell, such as through polymer-degrading enzymes, though
such activities can lead to cross-feeding (40). I also exclude quorum-sensing signals, siderophores,
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extracellular vesicles, biofilm matrix components, and other molecules that are primarily asso-
ciated with extracellular roles, though they can also serve as cross-fed nutrients in some cases
(9, 58, 129). In addressing leakiness, I also exclude contact-dependent cross-feeding, including
nanowires, and controversial nanotubes, which are reviewed elsewhere (33, 40, 101). Some values
and references used herein were found using BioNumbers (88) and Metacyc (17).

2. DEFINITIONS
2.1. When Is Metabolite Externalization Considered to Be Cross-Feeding?

As elaborated previously (40), cross-feeding occurs when: (#) a metabolite is externalized by
a producer and consumed by a recipient, (5) the metabolite is assimilated or participates in
energy transformation, (¢) the fitness of the recipient and/or producer is altered by the metabo-
lite transfer, and (d) metabolite transfer occurs between genotypically or phenotypically distinct
(sub)populations. These criteria exclude other relationships involving metabolite externaliza-
tion such as predation, detoxification, and cell-cell communication, like quorum-sensing, though
common mechanisms of metabolite externalization can be involved.

2.2. What Does It Mean for a Bacterial Cell to Be Leaky?

Cross-feeding of communally valuable metabolites has been observed in numerous natural and
laboratory settings. In some cases, Escherichia coli amino acid auxotrophs, incapable of synthesizing
an essential amino acid, supported one another without the need to engineer amino acid overpro-
duction or excretion (25, 87, 143). Such observations have led to impressions that bacterial cells are
highly permeable, and that compounds like amino acids naturally leak from bacterial cells. Herein,
I address whether these assumptions are accurate. But first, I address the term leakiness, which
means different things to different groups and thus requires clarification, and arguably restraint.

Morris etal. (92) used the term leakiness to mean any biological mechanism that generates a re-
source that can be used by multiple community members, making that resource a public good. By
this broad definition, metabolite externalization could include passive excretion, active secretion,
activities of extracellular enzymes or factors (e.g., siderophores), and extracellular influences of
intracellular enzymes (e.g., an intracellular detoxification activity that benefits neighboring cells)
(92). Gude etal. (48) further expanded on this broad definition of leakiness to include cell lysis. The
use of leakiness in these cases is more abstract than physical, encompassing loss of intracellular re-
sources but also resources that might otherwise have been gained from the external environment.

Such broad definitions of leakiness can lead to confusion or misinterpretation when consid-
ering cell architecture. From a literal definition that involves accidental loss, leakiness implies a
passive loss of material due to a defect in the cell envelope of an otherwise functional cell (70,
134). For example, one explanation for the bacterial externalization of amino acids was termed the
“leak hypothesis” and involves a “physical alteration of the membrane” (70, p. 81). I propose the
following definitions to distinguish mechanisms by which metabolites are externalized. Many of
these definitions are well-accepted, though sometimes misused.

m Efflux: Active externalization (e.g., coupled to ATP hydrolysis or the proton-motive force),
often via efflux pumps. The term is somewhat analogous to secretion but more commonly
applies to compounds that are toxic when accumulated inside the focal organism, whereas
secretion applies to compounds or proteins that have extracellular roles.

m Excretion: Passive externalization of molecules, often involving facilitated diffusion via a
transporter (permease or channel). Depending on the nature of the molecule, diffusion
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Recipient: cell or
(sub)population that
consumes a metabolite
externalized by a
producer cell or
(sub)population

Cell envelope: all the
combined membrane
and peptidoglycan
layers that separate the
cytoplasm and the

environment

Producer: cell or
(sub)population that
produces a metabolite
that can be used by a
recipient cell or
(sub)population

Facilitated diffusion:
passive diffusion across
a membrane mediated
by a channel or
permease

Permease:
transmembrane
protein with high
substrate specificity
that allows molecules
to passively cross a
membrane down a
concentration gradient

Channel:
transmembrane
protein with low
substrate specificity
that allows molecules
to cross a membrane
down a concentration
gradient

279



Porin: an outer
membrane channel
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across a membrane could occur. Excretion often rids the cell of waste, thus distinguishing
excretion from leakiness, which implies accidental loss.

m Export: The delivery of proteins to the cytoplasmic membrane or the periplasm. The term
could also describe the delivery of metabolites to the periplasm for gram-negative bacteria.
However, this would be functionally equivalent to secretion for gram-positive bacteria. I
thus refrain from using this term herein to avoid confusion.

m Externalization: Any mechanism (passive, active, lysis, etc.) by which metabolites are moved
from inside the cell to the external environment.

m Leakiness: Passive externalization of metabolites as a result of a cellular defect (e.g., in a
membrane or transporters) that leads to a fitness disadvantage under some conditions but not
necessarily in the context of cross-feeding (e.g., leakiness could stimulate beneficial recipro-
cation from a partner). Compounds with high membrane permeability, such as NH4*/NH;,
could be considered to leak from a cell. See distinctions from excretion above.

m Lysis: A loss of cell envelope integrity accompanying cell death that nonspecifically releases
intracellular metabolites to the environment.

m Secretion: Active externalization (e.g., coupled to ATP hydrolysis or the proton-motive
force) of protein or metabolites. Secretion requires an active transporter. See distinctions
from efflux above.

3. PERMEABILITY CONSTRAINTS OF THE CELL ENVELOPE

To reach the external environment, metabolites must cross multiple cell envelope layers, each with
its own physical and chemical properties. In gram-positive bacteria, the cell envelope is composed
of a cytoplasmic membrane connected to a thick outer layer of peptidoglycan. In gram-negative
bacteria, the cell envelope is composed of a cytoplasmic membrane surrounded by a thin layer
of peptidoglycan connected to an outer membrane (Figure 1). Here I address the permeability
constraints of each layer.

3.1. The Outer Membrane

The outer membrane is relatively porous to small molecules, to the extent that the periplasmic
space between the two membranes rapidly equilibrates with the external pH (142). Porin channels
facilitate the diffusion of molecules across the outer membrane. Most porins have relatively low
substrate specificity (96), accommodating diverse hydrophilic molecules up to ~0.58-2.0 nm (8,
97). Negative charges of the outer leaflet lipopolysaccharide and the gel-like nature of the phos-
pholipid inner leaflet were thought to otherwise form a considerable barrier to most molecules
(96). However, recent evidence suggests that many molecules can cross the outer membrane with-
out porins; a Pseudomonas aeruginosa mutant lacking all 40 porins displayed wild-type growth traits
on some, but not all, nutrients (134). Some di- and tricarboxylate nutrients could not be used by
the mutant, suggesting that nutrient diffusion was not due to a membrane defect created by the
absence of porins (134). The findings are surprising, as many of the nutrients examined have low
permeability coefficients (see Section 4.2).

3.2. Peptidoglycan

Internal to the outer membrane in gram-negative bacteria, and forming the outer-most layer of
gram-positive bacteria, is a single cage-like molecule encompassing the whole cell: peptidoglycan
(137). Peptidoglycan has gaps that can change size with the turgor pressure inside the cell
(137). For gram-negative E. coli, these gaps range from 2.0 nm to 3.4 nm in diameter (29, 49),
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Metabolite externalization examples in a gram-negative bacterium. The outer membrane and peptidoglycan are relatively porous due to
porins (@) and gaps in peptidoglycan (@) (see Section 3). Metabolic reactions within the envelope and turnover of envelope
macromolecules (®) can contribute to external communally valuable metabolites (Section 4.1). While some metabolites like NH3 can
easily diffuse across a membrane (@), most intracellular metabolites have permeability coefficients that largely prevent diffusion across a
membrane (Section 4.2). Metabolites can cross the cytoplasmic membrane via passive diffusion if facilitated by nonspecific
mechanosensitive channels (@) during hypoosmotic stress, or via specific permeases (®) (Section 4.3). Loss of membrane integrity or
lysis (@) during cell death can lead to metabolite externalization (Section 4.4). Metabolites are also actively secreted or effluxed

(®) either to the periplasm or to the external environment when coupled with TolC (Section 4.5). Active efflux can involve ATP
hydrolysis, HT antiport, or antiport of different amino acids. Metabolite externalization can be beneficial for multiple reasons,
including maintaining homeostatic metabolite levels (Section 5.1); moonlighting (@), where metabolites play extracellular roles that
differ from their better-known intracellular roles (Section 5.2); and effecting beneficial reciprocation from a cross-feeding partner
(Section 5.3). Abbreviations: AA, amino acid; FA, fatty acid; M, metabolite; PG, peptidoglycan; pep, peptides.

accommodating molecules of 20 kDa on average (29), but can also allow for the transit of proteins
over 100 kDa in some cases (136). For gram-positive Bacillus subtilis, the average peptidoglycan
pore size is 2.4 nm, accommodating molecules as large as 24 kDa (29). Thus, neither peptidogly-
can nor the outer membrane should be considered to be a significant barrier to the externalization
of hydrophilic molecules.

3.3. The Cytoplasmic Membrane

The cytoplasmic membrane is the barrier at which the passage of most molecules in and out
of a cell is primarily controlled. This membrane maintains a cytoplasmic environment that is
markedly different from the external environment. Cytoplasmic reactions maintain most metabo-
lites in charged forms that limit passive loss across the hydrophobic interior of the cytoplasmic
membrane (3). Intracellular concentrations of molecules can thus be orders of magnitude higher
than extracellular levels. Many E. co/i nucleotide triphosphates, cofactors, and glycolytic metabo-
lites are in the low-millimolar range and free amino acids are in the sub- to low-millimolar range,
with glutamate reaching a range of tens of millimolar units (7). Under osmotic stress, some in-
tracellular metabolites act as compatible solutes and accumulate to molar concentrations (145).
Thus, intracellular metabolites are thermodynamically poised for externalization, but the cyto-
plasmic membrane serves as a formidable and functional barrier. Should a metabolite escape the
cytoplasm, the chances of loss to the environment increase greatly, as peptidoglycan and the outer
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membrane are comparatively porous. However, as noted throughout this review, active uptake sys-
tems can efficiently recapture externalized metabolites and limit the possibilities for cross-feeding
and exploitation.

4. HOW ARE COMMUNALLY VALUABLE METABOLITES
EXTERNALIZED?

Diverse intracellular metabolites are externalized. Advances in metabolite detection sensitivity,
namely by mass spectrometry, have revealed micromolar levels of central metabolites and amino
acids in the supernatants of bacteria and yeast (100, 107). About 0.3 % of the total carbon consumed
was accounted for in external central metabolites and amino acids, using a targeted metabolomics
approach that might have overlooked other metabolites (100). At face value, these levels might
seem insufficient to sustain another population if spent supernatant were provided as the sole car-
bon source to a recipient population. However, cross-feeding in coculture should be viewed more
like a continuous or fed-batch system. Externalized metabolites are transiently available, often
reacquired by the producing cell or its clones, thus leading to a low steady state external con-
centration in monoculture. In coculture, consumption of externalized metabolites by a recipient
population can sustain or even stimulate further release by a producer (39, 74, 84) (see Section 5.3).
Below, I review how and possible reasons why costly intracellular metabolites are externalized.

4.1. Cell Envelope Metabolism

Some metabolic reactions take place beyond the cytoplasmic membrane, but within the cell enve-
lope, making the associated metabolites susceptible to loss. While anaerobic respiration in the cell
envelope, like denitrification (45), can lead to cross-feeding of electron acceptors, I limit discussion
to cell envelope biosynthesis and remodeling.

One source of metabolites in the cell envelope is peptidoglycan. As a bacterium grows, pepti-
doglycan is cleaved to allow new monomers to be incorporated and for circumferential expansion
if the peptidoglycan is thick, as it is in gram-positive bacteria (54, 61). This remodeling can effect
turnover of >50% of peptidoglycan material in a single cell division cycle for both gram-negative
and gram-positive bacteria (61). However, loss of material is minimized via transporters that re-
capture degraded peptidoglycan (61). In growing E. coli cultures, ~6-8% of peptidoglycan amino
acids were estimated to be lost as short peptides (43).

Loss of single amino acids from peptidoglycan is also expected. For each new peptide cross-
link that is formed, a D-alanine is released (61). Again, much p-alanine is reacquired. In growing
B. subtilis cultures, extracellular p-alanine could barely be detected, but deletion of a p-alanine
permease resulted in external accumulation to 0.1 mM, enough to support a p-alanine auxotroph
via cross-feeding on agar plates (125). Diverse bacteria release p-alanine and other p-amino acids
upon entering stationary phase, accumulating to low millimolar levels (72). The release of these
p-amino acids is likely associated with peptidoglycan remodeling, but they could also play a role
in intercellular signaling (18). Such conditional dependence for metabolite release might be less
likely to lead to cross-feeding, though alternating rounds of metabolite release by two populations
can lead to coexistence under certain conditions (124).

One can also expect turnover of cell envelope proteins (90) and lipids (79, 121). Again, most of
the material is actively recovered. For example, fatty acids released by lipases at the outer mem-
brane of E. coli are shuttled to the cytoplasm, likely as part of an important signaling process for
regulating lipopolysaccharide biosynthesis (82).

Contributions of cell envelope turnover to cross-feeding have received little attention. Nev-
ertheless, the fact that a single permease loss-of-function mutation supported cross-feeding (125)
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suggests that cross-feeding linked to cell envelope metabolism could evolve if conditions are
favorable over exploitation.

4.2. Diffusion Across a Membrane

Diffusion of intracellular metabolites across a membrane closely fits the literal definition of leaki-
ness. Molecules that are uncharged, or in equilibrium with an uncharged molecule, are particularly
susceptible to diffusion across a membrane (4). Metabolic networks might have even evolved to
favor metabolites that have a low ability to diffuse across or disrupt membranes (4).

A communally valuable metabolite that is susceptible to diffusion across a membrane is ammo-
nium (NH4 7). Nearly all macromolecular nitrogen in a cell is in the form of amino groups. While
the amino donor for macromolecular synthesis is typically an amino acid, some bacteria must
first generate free NH4" from nitrogen sources like nitrate, during assimilatory nitrate reduc-
tion, or N gas, during N, fixation. NH4* membrane permeability coefficients range from 107!
to 1073 cm/s, similar or greater than those of water, depending on the liposome preparation (122,
140). E. coli can also rely on diffusion of NH4* into the cytoplasm to support maximum growth
rates when environmental NH4* concentrations exceed 20-50 wM (65). The high permeability of
NH,4™" is due in part to its equilibrium with NH;. At a pH of 7, about 0.6% of the molecules will
be NH;. Even at this small percentage, several studies found that deleting NH;*/NH; AmtB
transporters in N,-fixing bacteria led to micromolar levels of extracellular NH4* (5, 84, 146,
149). These observations indicate that NH4™ recapture is important for limiting NH4" loss via
diffusion.

For most other polar and charged metabolites, diffusion across a membrane is not expected
to occur at rates that could support another population, unless the producer-to-recipient popu-
lation ratio is very large. For example, amino acids can cross lipid membranes in a manner that
is independent of pH but is dependent on the hydrophobicity of the side chain (21, 68). Such
observations are cited as evidence that cross-feeding of amino acids is due to membrane diffusion
or leakage. However, amino acid permeability coefficients [1071*~1071° cm/s (20, 21)] are much
lower than those of protons [10~7—107% cm/s (14,27, 94)], for which membrane permeability must
be low enough to maintain an electrochemical gradient. Unlike NH;*/NHj; and organic acids,
the proportion of amino acids that are uncharged is 10° to 10® times lower than that of charged
forms under physiological conditions (20).

Using published permeability coefficients and biosynthetic requirements for specific com-
pounds, I estimated what recipient-to-producer ratios would result if cross-feeding occurred only
via diffusion across a membrane. Taking serine and phenylalanine, which are similarly represented
in E. coli protein (59) but differ in permeability (20), I estimated recipient-to-producer ratios would
be ~6 x 1077 for serine cross-feeding and ~9 x 107 for phenylalanine cross-feeding, assuming
an equal recipient and producer doubling time of 1 h. These ratios are far below those observed
in amino acid cross-feeding cocultures (25, 87, 102, 143). In contrast, NH4" cross-feeding via
diffusion of NHj across a membrane is estimated to support 300 recipients per producer cell.
This value exceeds those observed in Rhodopseudomonas palustris—E. coli cocultures based on NH4*
cross-feeding, which gave ~0.01-0.1 recipient-to-producer ratios (39). This discrepancy suggests
that my estimates are liberal, likely because they do not account for metabolite reacquisition; in-
deed, R. palustris and E. coli compete for extracellular NH4* in coculture (84). Thus, these liberal
estimates strongly suggest that cross-feeding of amino acids and other polar, charged metabolites
via diffusion across a membrane is unlikely.

Given the above, past observations of significant passive uptake and efflux of amino acids
deserve more scrutiny. For example, vesicles derived from Lactococcus lactis membranes exhibited
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significant loss of amino acids in a manner that correlated with side chain hydrophobicity,
suggesting diffusion across a membrane (32, 68). However, one cannot discount a possible
contribution of the supplemented asolectin lipids that made up the majority of the liposome,
and which exhibited permeability to leucine when bacterial membrane was excluded (32). More
puzzling are L. Jactis strains that cannot synthesize proline, but that could maintain high growth
rates when proline was provided at concentrations greater than 5 mM, with kinetics suggesting
uptake by passive diffusion across the membrane (127).

One of the most unusual findings where amino acid diffusion was implicated concerns Zy-
momonas mobilis that was engineered to produce alanine (119). The strain had cytoplasmic alanine
concentrations of 280 mM. I calculate that this high concentration would have had a strong influ-
ence on membrane diffusion rates, increased over those of serine by a factor of more than 7,000,
with the potential to support ~5 x 107 recipients per producer (Figure 2). However, the mea-
sured excretion rate was even higher (119), potentially capable of supporting ~30 recipients per
producer. By my calculations, the membrane would have to be more permeable to alanine than
to hydrophobic amino acids like phenylalanine to sustain the observed excretion rate by diffu-
sion across a membrane alone (Figure 2). Unfortunately, I found no work following up on this
intriguing study.

In considering the role of diffusion across a membrane, it was apparent that most available
coefficients were determined for compounds that one might expect to diffuse across membranes,
such as organic acids (140), with only a handful of amino acids represented (20, 21). As the

10°
10%
10
10°
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107 ®Ser
1 -7 | | | i | |
1072 107 108 107° 107 1072 10°

Permeability (cm/s)

® NH,
@ Ala*

@ Ala

® Phe Urea Lactate Acetate

Estimated recipient:producer

Figure 2

Estimated recipient-to-producer ratios from metabolite diffusion across a membrane. Based on equations
from Reference 89, and the assumptions that (#) producer diffusion rate equals recipient uptake rate, since
uptake will likely involve active transport, (b) the producer does not reacquire lost metabolite, and

(¢) producer and recipient growth rates are equal, ensuring coexistence. Thus, one can apply the following
three equations. (#) Metabolite released per generation (wmol/producer cell) = permeability (cm/s) x
internal concentration (mol/cm?®) x surface area (cm?/cell) x doubling time (s). (») Metabolite required per
recipient cell generated (umol/cell) = recipient requirement (nmol/g) x recipient weight (g/cell). () Ratio
(recipient:producer) = metabolite released by producer (umol/producer) + metabolite required
(wmol/recipient). Symbol size roughly scales with logyo intracellular concentration. Permeability coefficients
are from studies using liposomes (20, 140); alanine permeability (1.0 x 10~ ¢m/s) assumes a value between
those of serine and phenylalanine (68); asterisks signify that alanine permeability (6.3 x 1078 cm/s) was
estimated to achieve a predicted recipient-to-producer ratio of 34, derived from the measured specific
alanine efflux rate of 100 wmol/min/g dry cell (119). Intracellular concentrations were based on those
reported for Escherichia coli or other bacteria (7, 65, 119, 120); NH3 concentration was assumed to be 0.6% of
the NH4™ concentration (65, 120); alanine concentrations were based on an engineered Zymomonas mobilis
value (119). Recipient amino acid and NH4 ™ requirements are based on reported values for E. coli (59) and a
conversion factor of 4.7 x 10~13 g/cell (123). E. coli surface area was assumed to be 4.42 x 10~ cm? (110).
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catalog of externalized metabolites involved in cross-feeding expands, it would be useful to have
accompanying permeability coefficients to address the likelihood of diffusion across a membrane
in contributing to their externalization.

4.3. Mechanosensitive Channels and Facilitated Diffusion

Bacteria can also externalize metabolites via passive diffusion through low-specificity transporters
like mechanosensitive channels or permeases with higher substrate specificity. Mechanosensitive
channels respond to hypoosmotic shock, a sudden shift to low extracellular osmolarity. The shock
causes the cell to swell, and the resulting membrane expansion pulls mechanosensitive channels
open, creating a maximum pore size of ~2.8 nm (24, 141), rivaling or exceeding pore sizes of outer
membrane porins and peptidoglycan gaps. The result is a passive and relatively indiscriminate
release of metabolites until osmotic pressure is relieved.

At least one mechanosensitive channel has been implicated in amino acid excretion. Corynebac-
terium glutamicum MscCG is responsible for the glutamate excretion that was previously attributed
to membrane defects in response to biotin limitation or treatment with penicillin or Tween (6, 70).
MscCG might have broad substrate specificity, as it also allowed for the passage of aspartate in
patch clamp assays and of phenylalanine when expressed in phenylalanine-producing E. co/i (51).
Thus far, mechanosensitive channels have not been implicated in cross-feeding and are perhaps
unlikely to do so, as consistent repeat exposures to hypoosmotic stress would be required. How-
ever, there is still much to be learned about diverse mechanosensitive channels in bacteria, as some
might respond to other stimuli (24).

Transporters with more stringent substrate specificity that operate by facilitated diffusion
(no energy coupling) could also allow for metabolite efflux if intracellular concentrations are
high enough. Such a reversible facilitator from Strepromyces davawensis led to enhanced riboflavin
production when expressed in riboflavin-producing B. subtilis (53). Similar transporters were spec-
ulated to be involved in vitamin cross-feeding in low-complexity microbial communities derived
from environmental samples (116).

4.4. Cell Lysis

Cell lysis is often considered as a cross-feeding mechanism. As hypothesized by Gude et al. (48),
a sustained frequency of lysis—mediated by cell-cell killing, programmed lysis, prophage induc-
tion, or phage—could potentially support cross-feeding. Experiments that introduced phage to
bacteria that were already engaged in mutualistic cross-feeding revealed the potential for phage-
mediated cross-feeding, due in part to nutrients in cell debris (36). Shou et al. (124) demonstrated
that oscillatory cycles of lysis by two yeast strains led to stable cross-feeding. Cross-feeding via
lysis in evolved E. coli populations has also been demonstrated; however in this case, lysis of one
subpopulation primarily contributed to survival of another during stationary phase, rather than
necessarily contributing to population growth (118).

There are few other concrete examples of lysis-mediated cross-feeding. Several studies con-
cluded that lysis was not a major contributor to metabolite externalization. Micromolar levels of
central metabolites measured outside the cell were deduced to be independent of cell lysis or har-
vesting procedures (100). Cross-feeding trends for vitamin By, from Mesorbizobium loti to algae
better fit computational model predictions that did not involve cell lysis (46). M. loti was also un-
able to support a vitamin B; auxotroph, again suggesting secretion of By, rather than lysis (63).
Amino acid excretion by E. co/i mutants that lacked core metabolic genes was not associated with
an increase in cell lysis, according to fluorescent live/dead stains (102). In another study, investi-
gators visually tracked individual cells that required cross-feeding for cell elongation, and there
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was no mention of observed cell lysis (25), indicating that actively growing auxotrophic cells sup-
ported one another. Thus, while there are examples of lysis supporting cross-feeding, there are
clearly other primary mechanisms involved in other cases where actively growing cells externalize
communally valuable metabolites.

4.5. Active Externalization

Metabolite externalization can also involve active secretion or efflux. In some cases, externalization
of one amino acid facilitates uptake of another via an antiport mechanism. For example, a lysine
uptake system in C. glutamicum is powered by alanine, isoleucine, or valine externalization (11,
13). P. aeruginosa uses an arginine-ornithine antiporter when catabolizing arginine (80), and some
lactic acid bacteria externalize alanine to take up aspartate (1). Thus, it is conceivable that such
mechanisms could lead to cross-feeding of the outgoing amino acid.

In other cases, metabolite secretion or efflux appears to be the sole purpose of the transporter.
Originally discovered to mediate lysine efflux in C. glutamicum (138), H -driven LysE superfamily
transporters have since been implicated in the efflux of homoserine and threonine by RhtB and
RhtC (148); lysine by LysO (105); arginine by ArgO (93); and leucine, methionine, histidine, and
perhaps other amino acids by LeuE (71). Amino acid transporters belonging to other families
include (2) C. glutamicum transporters BrnFE, involved in the efflux of branched-chain amino
acids (64) and methionine (133), and ThrE, involved in threonine and serine efflux (126), and
(b) E. coli transporters AlaE, involved in alanine efflux (56, 66), and YgaZH, involved in branched-
chain amino acids efflux (103, 104). It has also been argued that ATP-binding cassette (ABC)
transporters could run in reverse, even at physiological concentrations observed for some amino
acids (57).

Metabolite efflux can also occur via efflux pumps, often called multidrug efflux pumps. This
latter label is somewhat misleading, as some efflux pumps act on a fairly limited range of sub-
strates (132), and many can act, perhaps even preferentially, on common intracellular metabolites
(131). Indeed, several efflux systems for intracellular metabolites belong to multidrug efflux pump
families (13, 62, 81, 131). For example, in E. co/i flavins are effluxed by the proton-driven multi-
antimicrobial extrusion family transporter YeeO (83), aromatic amino acids are effluxed by the
drug-metabolite transporter YddG (31), and cysteine efflux involves the major facilitator super-
family (MFS) H*-antiporter Ber, also known to provide resistance to some antibiotics (147).
Resistance-nodulation—cell division (RND) superfamily transporters are involved in fatty acid ef-
flux in E. coli (75) and Pseudomonas fluorescens (2). Other E. coli MFS proteins have been implicated
in the efflux of arabinose (YdeA) (67), inosine (YicM) (47), and sugars (SetA) (77). Protein involved
in efflux of the folate intermediate p-aminobenzoic acid also provided resistance to sulfonamide
antibiotics (28). Given that some efflux pumps have broad substrate specificities, redundancy in
transporter function might hinder the discovery of other metabolite efflux pumps. Mutants that
lack all efflux pumps and allow for single transporters to be introduced offer a practical approach
to address the roles of single efflux pumps in metabolite efflux (132).

5. PHYSIOLOGICAL EXPLANATIONS FOR METABOLITE EXCRETION

Why are intracellular metabolites externalized? As noted elsewhere, cross-feeding itself could
select for metabolite externalization if the cost is outweighed by benefits from a reciprocating
partner (19, 33, 91, 101). However, metabolite externalization might have physiological roles that
are independent of cross-feeding. Thus, normal physiological processes might set the stage for
cross-feeding relationships to develop.
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5.1. Relief Valves

Not only are communally valuable metabolites of value to microbial communities, but many are of
value to human society. As a result, many metabolite efflux discoveries were motivated by metabolic
engineering studies that addressed efflux of a valuable compound as a rate-limiting step (13, 62, 68,
70, 81). A common strategy to identify a rate-limiting transporter is to select for mutants that are
resistant to toxic levels of the desired compound or a toxic analog (31,47, 56, 64, 66, 71, 93, 103—
105,114,126, 130,133,135, 138, 148). The repeated success of this approach suggested that there
might be physiological roles for the efflux of intracellular metabolites. Perhaps the most common
notion is that of a metabolic relief valve; when metabolite concentrations exceed homeostatic
levels, dedicated transporters efflux those metabolites. Several groups have hypothesized that such
homeostatic efflux could lead to cross-feeding (15, 48, 78). While one should be careful not to
mistake repetition of an idea for evidence of an idea, there is additional basis for the relief valve
theory, as described below.

5.1.1. Inherent metabolite efflux. Most of the above transporters were discovered when pro-
hibitively high metabolite levels were provided, which would negate the need for cross-feeding of
that metabolite. These efflux pumps thus might be most important when common metabolites are
excessive, such as amino acids released when peptides are the sole carbon source (70). However,
metabolite efflux could also occur as a homeostatic process outside of such stressful conditions. It
has been argued that some metabolites must be maintained at high levels to support the simulta-
neous and optimal flux through multiple pathways (15, 48). Indeed, intracellular metabolite levels
often saturate the enzymes that use them (7). If saturating metabolite levels are combined with
gene expression noise (34) that could translate to metabolic noise (15, 48, 78), then metabolite
levels could fluctuate to reach toxic concentrations (44, 67, 115) or otherwise interfere with other
enzymes (23, 60, 95). Maintaining ratios of metabolites can also be important (93). Under condi-
tions of excessive metabolite concentrations or adverse ratios, a bacterium could respond either
by degrading and later resynthesizing metabolites (recycling) or by secreting them.

Secreting excess metabolites might seem costly. However, efflux proteins are often regulated
(22,56,64,71,93,103, 104, 130, 133, 135), which could reduce some of the cost. More generally,
bacteria often carry out diverse processes that carry seemingly unnecessary costs but are likely part
of evolutionary trade-offs that are ultimately important for survival (86). Some have suggested
that E. coli lacks degradation pathways for several costly amino acids because efflux is a more
beneficial strategy than metabolite recycling (15, 48). Some of the amino acids in question were
also associated with more coculture growth in a combinatorial E. co/i cross-feeding study (87).
Indeed, amino acid uptake appears to be an important factor in limiting external availability of
amino acids that escape the cell. E. co/i mutants that were defective in proline catabolism and
uptake (113) or in lysine uptake (50) showed high extracellular levels of the respective amino acid.
Perhaps the opportunity for metabolite reacquisition also minimizes the cost of efflux. In many
environments, neighbors will likely be clones and thus limit the risk of benefitting a competitor.

As noted above, many metabolite efflux proteins fall within drug efflux families. Many drug
efflux proteins are chromosomally conserved, suggesting that they predominantly play a homeo-
static role in metabolite efflux, with protection against toxic compounds perhaps as a beneficial
side effect (131). In support of this notion, TolC, an outer membrane protein that is required
for the function of multiple inner membrane drug-efflux proteins, is required for normal growth
trends in otherwise favorable growth conditions (52, 117). TolC could additionally, or instead, be
important to rid the cell of toxic products from promiscuous enzyme activities or spontaneous
metabolite damage (23, 60, 95). Aromatic amino acids like tryptophan and related intermediates
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are prone to damage (60), and some were shown to induce a stress response pathway that activates
when TolC is deleted (22).

5.1.2. Environmental factors influencing metabolite efflux. A relief valve function could also
be influenced by external factors. Abundant carbon was presumed to trigger overflow metabolism
in diverse microbes, resulting in externalization of central metabolites and some amino acids to
micromolar levels (41, 100, 107). Growth rate can also influence metabolite externalization. Rel-
atively fast-growing, but not slow-growing, E. coli externalized micromolar amounts cAMP, an
intracellular signaling molecule that stimulates the expression of alternative carbon catabolism
pathways upon glucose starvation (76).

Transitions in environmental conditions could also trigger metabolite efflux. Fatty acids were
secreted in response to temperature perturbations, via an RND-type efflux pump in P, fluorescens
(2). Nutrient shifts in fed-batch reactors also affected metabolite externalization by E. coli (16).
As nutrients are depleted, bacterial cells must prepare for starvation, which can include macro-
molecule turnover. A ribonucleoside H" -antiporter was speculated to protect E. co/i from toxic
accumulation of nucleosides released as RNA is degraded in stationary phase (47). Similar exter-
nalization of valine and uracil upon stationary phase was speculated to be associated with protein
and RNA degradation (100).

Multicellular aggregates of bacteria, called biofilms, can create environmental gradients that
can influence metabolite externalization, and in some cases lead to cross-feeding (35). In one ex-
ample, E. coli subpopulations in anoxic zones of colonies secreted alanine that was then consumed
by separate subpopulations in oxic zones (30). Alanine secretion was mediated by the efflux protein

AlaE, noted above (30).

5.2. Moonlighting Metabolites?

Some metabolites might play extracellular roles beyond their appreciated intracellular roles. ATP,
well-known as an intracellular energy carrier, is externalized by diverse bacteria (128) and might
suppress immune responses to promote a healthy microbiome (106, 112). Other metabolites with
extracellular roles include polyamines and guanidine (131). Riboflavin is externalized by some
bacteria to participate in extracellular respiration via what was originally annotated as a multidrug
efflux transporter (69). Pterins have several known cytoplasmic roles (37), but >95% of the pterin
pool can be extracellular for E. coli and P. aeruginosa (111). A key regulatory protein of Agrobac-
terium tumefaciens biofilm formation that binds pterins is thought to reside in the periplasm, also
suggesting an intercellular signaling role for pterins (37).

In addition to being a proteinaceous amino acid, cysteine can also participate in redox reactions
within the cell envelope. E. co/i has multiple proteins that can efflux cysteine (26, 38, 144, 147). One
cysteine efflux protein, YdeD (26), is thought to transport cysteine to combat reactive oxygen in
the periplasm (99). A similar role has also been identified for the ABC transporter CydDC (109),
which might transport cysteine to the periplasm to counter reactive nitric oxide (55) and to con-
tribute to periplasmic protein complex assembly via disulfide bond reduction (108). The resulting
oxidized cystine is then taken up by a high-affinity ABC transporter, where it can be reduced in
the cytoplasm to continue the cycle (98). This reacquisition likely cuts down on possibilities for
cysteine/cystine cross-feeding, but given the relative permeability of the outer membrane, one can
presume that cysteine and cystine are at least transiently available to community members.

5.3. Partner-Stimulated Metabolite Efflux

The above examples could make it seem like most metabolites are available for cross-feeding at
any time. However, metabolite externalization is often conditional. For example, in comparative
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studies, different microbes externalized different metabolites (41, 100), and E. co/i auxotrophs
differed in which auxotrophs they could support (87, 143). Still, it is perhaps surprising that most
cross-feeding studies involve relatively few metabolites. It is possible that some cross-feeding
reactions are overlooked. Most cross-feeding studies employ auxotrophs that require a single
metabolite. Thus, the metabolite that rescues the auxotroph will have the most control over
population outcomes while additional cross-fed nutrients might go unnoticed. As examples,
unexpected purine cross-feeding was revealed in R. palustris—E. coli cocultures that were en-
gineered for NH4* cross-feeding (73), and unexpected alanine cross-feeding was found in a
methanogen-sulfate reducer coculture that was based on H, cross-feeding (139). Cross-feeding
of amino acids beyond that required to satisfy an auxotroph was speculated in another study (41),
and unknown forms of reciprocation that benefitted the producer were also observed (42).

Detection of externalized metabolites and/or efflux proteins also does not necessarily equate
to cross-feeding opportunities. As noted above, regulation of efflux proteins and reacquisition
of externalized metabolites are common and limit metabolite availability. My group has shown
that when a producer can reacquire an externalized metabolite, cross-feeding will occur only if
the recipient has the competitive edge for acquiring that metabolite (84). When a recipient is
competitive for a metabolite, the resulting pull on the metabolite pool can stimulate the producer
to make more. For example, an R. palustris mutant that was impaired in NH4*t uptake due to
the deletion of NH4t AmtB transporters supported more E. co/i growth than would have been
predicted from R. palustris monoculture NH4* levels (84). The R. palustris AAmtB mutant also
showed greater nitrogenase activity in coculture, suggesting that the consumption of NH;* by
E. coli stimulated R. palustris to make more NH4 ™, perhaps as a nitrogen starvation response (84).

Acquisition of NH4" by E. coli was even sufficient to establish cross-feeding with wild-type
R. palustris, for which NH4 " excretion is below the limit of detection (39). E. coli acquired mutations
that enhanced nitrogen scavenging, likely making E. coli competitive for NH4" and creating a
positive-feedback loop of reciprocation, without requiring that R. palustris evolve enhanced NH*
excretion (39). Thus, the ability of a recipient to access a transiently available metabolite can be
sufficient to stimulate further release of that metabolite over other metabolites that the recipient
might be less competitive in acquiring.

Partner-stimulated cross-feeding was also observed in cocultures of M. Joti and algal vitamin B,
auxotrophs (12, 46). M. loti produced tenfold more B, when cocultured with algae, compared to
when it was grown in monoculture (46). Enhanced B, excretion by M. loti was probably not stim-
ulated by depletion of available By,, because both intracellular M. lozi levels and supernatant levels
of By, were higher in coculture than in monoculture (46). Intriguingly, M. loti, while capable of By,
secretion, did not take up By, when supplied in the growth medium (12). These observations might
hint at more sophisticated mechanisms by which algal recipients stimulate M. Joti By, excretion.

6. CONCLUDING REMARKS

Are bacteria leaky? Taking a literal interpretation of the word leaky, which implies metabolite loss
due to a defect in the cell envelope, I conclude that bacteria are not leaky in most cases involving
charged and polar metabolites. Highly permeable metabolites like NH;*/NHj are an exception
and could be considered to leak from a cell. In most cases, communally valuable metabolites are
likely externalized via facilitated and active transporters for a purpose, such as maintaining ho-
meostatic metabolite levels or to carry out roles that differ from those in the cytoplasm. This
externalization sets the stage for cross-feeding when neighboring cells can competitively acquire
externalized metabolites, potentially stimulating further release by the producer, and/or recipro-
cation by the recipient. However, leakiness due to cellular defects should not be excluded as a
possible mechanism for cross-feeding. If sheltered from exploitation, the reciprocal benefits of
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cross-feeding could outweigh the disadvantages of a nonlethal cell envelope defect, and the defect
could become fixed in a producer population.

1. The term leaky is vaguely applied in the literature on cross-feeding. I propose that the
term be used literally, implying loss of material due to a cell envelope defect.

2. Externalization of communally valuable metabolites can involve numerous mechanisms,
but externalization of charged and polar molecules, like amino acids, by growing cells
will more likely involve facilitated or active transporters rather than diffusion across a
membrane.

3. Intracellular metabolites might be commonly released to maintain homeostatic lev-
els stemming from noisy regulation of high intracellular levels that guarantee enzyme
saturation.

4. Active uptake and regulation of efflux proteins are common and likely limit metabolite
externalization by potential producer populations.

5. Acquisition of transiently available metabolites by competitive recipients can stim-
ulate further metabolite externalization by a producer, creating a feedback loop of
reciprocation.

1. Are there natural examples where cell envelope metabolism leads to cross-feeding?

2. To what extent can the benefits of cross-feeding select for cell envelope defects, or
leakiness, that would otherwise be detrimental?

3. Why are different metabolites externalized by different bacteria or strains, despite similar
growth conditions?

4. Is redundancy, or overlapping substrate specificity, for some efflux pumps hindering
discovery of other metabolite externalization systems?

5. To what extent are additional layers of cross-feeding overlooked and to what extent do
different layers of cross-feeding influence producer and recipient fitness?

6. Permeability coefficients are unavailable for many communally valuable metabolites
involved in cross-feeding.
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