

















FIG 4 Overview of the interactions predicted for all pairs in 12 scenarios. M1, microbe 1; M2, microbe 2; sIEC, small intestine enterocyte; WD, Western diet;
HED, high-fiber diet; PD, protein diet; NG, no growth due to H. pylori being unable to grow without oxygen; K. pneu, K. pneumoniae; S. typh, S. enterica subsp.
Typhimurium; EC, E. coli.
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growth rate of S. thermophilus by up to 31-fold, demonstrating
that it liberated simple sugars from fiber in the diet that were
usable by S. thermophilus (see Table S5 in the supplemental mate-
rial).

An anoxic environment is mutualism inducing. The pre-
dicted microbe-microbe interactions with and without oxygen
differed significantly (Fig. 1d and 4). Allowing oxygen uptake
caused a decrease in mutually beneficial interactions and an in-
crease in giver-consumer interactions (Fig. 1d and 4). In fact, all
but one of the mutualistic interactions observed without oxygen
were abolished in the presence of oxygen (Fig. 4; see also Fig. S6a
and b in the supplemental material). Of the five cases of mutual-
istic interactions predicted in the presence of oxygen, four in-
volved the strict microaerophile H. pylori (Fig. 4). As can be ex-
pected, all of the microbes except Lactococcus lactis showed growth
rate increases of at least 10% and a growth rate up to 11-fold
higher in the presence of oxygen than in the absence of oxygen (see
Table S5 in the supplemental material). These results highlight
that in the presence of oxygen, most microbes were able to effi-
ciently extract energy from the supplied dietary nutrients and did
not rely on metabolites secreted by other microbes. In the absence
of oxygen, however, the microbes were forced to cooperate to
achieve optimal growth by exchanging metabolites with each
other. Accordingly, mutualistic pairs switched to parasitic giver-
consumer interactions in the presence of oxygen (Fig. 4).

Obligate metabolic exchanges reoccur in microbe-microbe
pairs. To identify the mechanisms behind the observed oxygen-
dependent microbe-microbe interactions, the pathway usage in
the computed alternative solutions was inspected for all of the
pairs in the 12 scenarios. Obligate metabolic interactions, which
we defined as cross-feeding cycles occurring in every alternative
solution and therefore required for optimal growth, were identi-
fied. Certain obligate metabolic interactions reoccurred in multi-
ple pairs and/or scenarios (see Table S6 in the supplemental ma-
terial). These interactions included well-known cross feedings
occurring in the gut microbiota, such as the conversion of acetate
to butyrate (44) and of ethanol to acetaldehyde (45), as well as
nonintuitive exchanges, such as threonine/glycine interconver-
sion (see Table S6 in the supplemental material). Up to three of
these interactions were observed in each pair and scenario (see Fig.
S3 in the supplemental material); however, there was no clear
correlation between the sum of the cross-feeding interactions and
the pair’s ability to engage in mutual benefit. For example, the pair
of L. lactis and K. pneumoniae displayed 24 metabolic interactions
in total in the 12 scenarios yet showed no commensal or mutual-
istic behavior (see Fig. S3 in the supplemental material). Further-
more, the highest computed number of cross-feeding behaviors
(three) was observed only for the pair of F. prausnitzii and E. coli
MG1655 in 7 out of 12 scenarios, but only two of these cases
resulted in mutual benefit (see Fig. S3 in the supplemental mate-
rial). In conclusion, the number of reoccurring exchanges per pair
alone could not entirely explain the behavior of the pairs.

The co-occurrence of metabolic exchanges involving NAD*/
NADH interconversion drives mutualism. To identify the ex-
change co-occurrence patterns that induced mutualism, the
above-described types of computed exchange strategies were plot-
ted by interaction (see Fig. S4 in the supplemental material). As
was expected, mutualistic pairs displayed more metabolic ex-
changes on average than giver-consumer or competitive pairs
(1.97 exchanges on average per pair compared with 0.67 to 0.84
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exchanges per pair for giver-consumer pairs and 0.25 to 0.30 ex-
changes per pair for competitive pairs) (see Fig. S4 in the supple-
mental material). Mutualistic behavior was linked to exchange
co-occurrences, with on average 1.1 exchange strategies co-occur-
ring per mutualistic pair (see Table S7 in the supplemental mate-
rial). In 29 of the 37 mutualistic pairs, all of which included
L. plantarum, pyruvate/D-lactate and acetaldehyde/ethanol ex-
changes co-occurred, indicating that pairwise reoccurring meta-
bolic exchanges were linked to mutualism. Both exchanges in-
volved the interconversion between NAD™ and NADH, which is
required to maintain the flux through glycolysis (Fig. 5a). These
predictions indicate that the mutually beneficial behavior in many
pairs involving L. plantarum was due to an improved ability to
maintain the redox balance via p-lactate dehydrogenase and alco-
hol dehydrogenase (Fig. 5a). When oxygen uptake was allowed,
the bacteria instead regenerated NAD ™" from NADH via cyto-
chrome oxidase and NADH dehydrogenase, eliminating the need
to cooperate to maintain their NAD*/NADH balance (Fig. 5b). In
conclusion, certain pairs were able to optimize the redox balance
to each other’s benefit by complementing each other’s metabo-
lism. These pairs typically involved L. plantarum and a metaboli-
cally distant partner (B. thetaiotaomicron or a representative of the
gammaproteobacteria) (Fig. 4), suggesting that parallel pathways
in bacteria with otherwise distinct metabolisms were mutualism
inducing.

We then examined exchange co-occurrences that benefit only
one partner in pairs (giver-consumer pairs). The most frequent
exchange co-occurrence in parasitic giver-consumer pairs was fu-
marate/succinate and glutamate/citrate exchange (co-occurring
in 26 out of 299 pairs, or 9%) (see Table S7 in the supplemental
material). In all 26 pairs, F. prausnitzii acted as a giver to the
benefit of a representative of the gammaproteobacteria. Fuma-
rate/succinate exchange enabled the representative of the gamma-
proteobacteria to regenerate NAD ™" via fumarate reductase and a
quinone-dependent NADH dehydrogenase (Fig. 5¢). Glutamate/
citrate exchange caused citrate transfer from giver to consumer,
thereby enabling the consumer to convert 2 units of NADH to
NAD™ (Fig. 5¢). Finally, we predicted that acetate/butyrate ex-
change was specific for the pair of F. prausnitzii and E. coli
MG1655 (Fig. 5d). The latter utilized the butyrate produced by F.
prausnitzii as a carbon source, thereby gaining a significant growth
advantage in seven scenarios (Fig. 4; see also Table S5 in the sup-
plemental material). In two scenarios (protein diet without oxy-
gen), this strategy caused the usually one-sided giver-consumer
interaction between F. prausnitzii and E. coli MG1655 to switch to
mutualism (Fig. 4). Thus, under certain nutrient regimes, E. coli
MG1655 was able to assist F. prausnitzii through acetate produc-
tion and in return benefitted from F. prausnitzii’s waste product,
butyrate. In contrast to commensal E. coli, the O157:H7 (entero-
hemorrhagic E. coli [EHEC]) strains were unable to utilize bu-
tyrate due to the lack of acetyl coenzyme A (acetyl-CoA):butyrate-
CoA transferase (encoded by the genome of strain MG1655; NCBI
gene identifiers b2221 and b2222).

In summary, we predicted that the co-occurrences of specific
metabolite exchange strategies could explain most cases of mutu-
alism as well as specific cases of giver-consumer interactions.
These co-occurring metabolite strategies involved reactions that
maintained the NAD "/NADH balance. In mutualistic pairs, both
microbes were able to regenerate NAD" from NADH through
cross feeding. In one-sided giver-consumer interactions (parasit-
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a) Example of mutualism-inducing cross-feeding in absence of oxygen.

E. coli MG1655 L. plantarum

FADH2 NAD* NAD* NADH
Pyruvate » Pyruvate >—<
FAD NADH
NADH 7(red) MK7(ox)
NAD* NAD*

Lactate < Lactate
Fumarate Succmate

Ethanol > Ethanol

NADH
NAD* NADH
CoA
NAD* MaCH DA NAD*
Acetaldehyde < Acetaldehyde
NADH NADH

Acetyl-COA «——— Acetate < Acetate «—— Acetyl-CoA

b) Cross-feeding after allowing oxygen uptake (giver/ consumer).

E. coli MG1655 (giver)

FADH2 NAD* NAD* NADH
Pyruvate > Pyruvate }_<

NADH
NADH
NAD*

Lactate <
Ethanol —>

(eX) \k
NAD* j

L. plantarum (consumer)

Ga NADH CoA

NAD* NAD*
Acetaldehyde > Acetaldehyde
NADH NADH

Acetyl-COA «——— Acetate < —  Acetate «—— Acetyl-CoA

MK7 (red) MK7(ox)
NAD*
H,0 Oxygen
Lactate

Modeling Pairwise Interaction between Gut Microbes

c) Example of the cross-feeding predicted in a giver-consumer pair.
E. coli MG1655 (giver) S. thermophilus (consumer)
Isocitrate——> Citrate > Citrate —» Isocitrate
0, NADP* NADH
NADPH co, L

2-oxoglutarate

2-oxoglutarate

Alanine
Glutamate < Glutaénate
,,,,,,,,,,,,,, i Pyruvate
H,0 NADP* Wik NH, NADH
NAD*
" Alanine
d) Mutualistic acetate/ butyrate exchange.
E. coli MG1655 F. prausnitzii
Butyryl-CoA
Pi
ATP '—< ADP
Acetyl-CoA i H* (ex)
Butyrate < <= DO
Y Butyrate CoA
Acetate > Acetate—> Acetyl-CoA
ATP

FIG 5 Simplified depiction of the cross feeding observed in selected cases of microbe-microbe interaction. (a) Example of a mutualistic pair under anoxic
conditions, in which the microbes benefit from each other through pyruvate/p-lactate exchange and acetaldehyde/ethanol exchange. MK7(red),
menaquinol 7; MK7(0x), menaquinone 7; FAD, flavin adenine dinucleotide. (b) Altered behavior observed in the pair from panel a after allowing oxygen
uptake, which abolishes the mutualistic behavior. (ex), extracellular. (¢) Example of the cross feeding predicted for a typical giver-consumer pair. (d)
Depiction of the specific cross feeding between F. prausnitzii, which converts acetate to butyrate, and E. coli MG1655, which utilizes butyrate as a carbon source

and produces acetate.

ism), only one microbe was able to exploit metabolite exchange to
maintain its NAD*/NADH balance. Competing pairs were unable
to balance the availability of redox equivalents, causing the forced
cogrowth to be a burden on one or both microbes. In the specific
pair of F. prausnitzii and E. coli MG1655, cross feeding of acetate
and butyrate was able to induce mutualism only under anoxic,
high-protein-intake conditions (Fig. 4).

The small intestinal enterocyte induces competition between
microbes through secretion of carbon sources. It is well-known
that intestinal microbes feed on host-derived carbohydrates (43,
46). Therefore, the host background can be expected to influence
the pairwise interactions. In the presence of the enterocyte, the
number of competitive interactions affecting only one microbe
(amensalism) was higher. The number of competitive interactions
affecting both microbes was comparable with and without the
presence of the enterocyte (Fig. 1d). Species losing more fre-
quently in amensalism-type interactions in the presence of the
enterocyte included F. prausnitzii, L. lactis, H. pylori, and K. pneu-
moniae. In contrast, L. plantarum, S. thermophilus, and E. coli
MG1655 were rarely outcompeted in the presence of the entero-
cyte (see Fig. S7a and b in the supplemental material). When
joined separately with the enterocyte, the growth rates of all of the
microbes increased by at least 10% and up to 13-fold under most
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nutrient conditions, demonstrating that the microbes can utilize
enterocyte-derived nutrients (see Table S5 in the supplemental
material). Thus, exposing the pairs to the enterocyte opened up a
source of energy and carbon apart from the simulated diet that can
explain the predicted differences in interactions induced by the
enterocyte.

To identify these enterocyte-derived energy and carbon
sources, the metabolites exchanged between the enterocyte and
each microbe pair were inspected (see Table S8 in the supplemen-
tal material). It must be noted that the simulation setup is not
entirely realistic because it assumes that the enterocyte is working
for the microbes’ benefit. However, it still provides valuable in-
sight into the abilities of the 11 microbes to utilize enterocyte-
derived nutrients to their advantage. The enterocyte provided sig-
nificant glucose to the microbes by performing gluconeogenesis,
which is accounted for in hs_s[EC611 (25). Glucose was partially
derived from the starch fraction of the diet, which can be degraded
only by the human host (46) and by B. thetaiotaomicron (43).
Thus, the enterocyte provided extra glucose, in addition to the
dietary glucose, to the microbes (see Table S8a in the supplemen-
tal material), resulting in competition over the glucose provided
by the enterocyte. L. lactis and K. pneumoniae were frequently
deprived of glucose when paired with another microbe (see Table
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S8a in the supplemental material), explaining why they were
largely losing in amensalism-type interactions in the presence of
the enterocyte. In contrast, S. thermophilus consistently consumed
glucose at a high uptake rate, depriving the microbes it was paired
with of this carbon source (see Table S8a in the supplemental
material). This result indicates that S. thermophilus was able to
outcompete other bacteria through its efficient use of glycolysis.
Another carbon source derived from the enterocyte was glycerol,
which was, however, not produced in every enterocyte-associated
scenario. Glycerol could not be consumed by B. thetaiotaomicron,
F. prausnitzii, S. thermophilus, or H. pylori (see Table S8b in the
supplemental material) but was consumed at high rates by K.
pneumoniae, S. Typhimurium, and the E. coli strains, and thus, it
constituted another source of competition in pairings with these
bacteria (Fig. 4; see also Table S8b). This finding, rather than met-
abolic closeness, may explain why competition was the dominant
interaction predicted for pairs of Gammaproteobacteria (Fig. 4).
In conclusion, the enterocyte induced competition by secreting
glucose and, to a lesser extent, by secreting glycerol.

DISCUSSION

The pairwise interactions of 11 gut microbes spanning three
phyla, including commensals, probiotics, opportunistic patho-
gens, and pathogens, were systematically investigated under vari-
ous environmental constraints. Our main findings were as fol-
lows: (i) the trade-off between the growth rates in the microbe
pairs varied significantly depending on the participating microbes
and was influenced by the nutrient environment; (ii) the potential
to engage in giver-consumer, mutualistic, or competitive interac-
tions was species specific; (iii) allowing oxygen uptake abolished
most mutualistic interactions between microbes; (iv) the NAD ™/
NADH balance drove mutualism in pairs involving L. plantarum;
and (v) the enterocyte induced competition by secreting a carbon
source that could be used by the microbes. In summary, both the
distinct metabolisms of the 11 microbes and the imposed environ-
mental constraints significantly influenced the pairwise interac-
tion patterns and resulted in a variety of cogrowth outcomes.
Both the participating microbes and the nutrient environment
were predicted to alter the trade-offs between two microbes. In
fact, many microbe pairs produced drastically different trade-offs
depending on the scenario (see Fig. S1 in the supplemental mate-
rial). The in silico prediction of potential outcomes of gut micro-
bial coculture has useful applications. One of the defense mecha-
nisms against pathogens is exclusion through competition. For
instance, commensal proteobacteria can outcompete closely re-
lated pathogens, such as S. Typhimurium (41). Using metabolic
modeling, gut microbes could be screened for species that are
particularly efficient at outcompeting persistent pathogens, such
as Clostridium difficile. Such predictions could subsequently be
experimentally validated. In addition, mutualistic microbe-mi-
crobe interactions could be predicted in silico. For example, mu-
tualistic partners that improve the growth of poorly growing ben-
eficial microbes could be identified. Multistrain and multispecies
probiotics have, in some cases, been found to be more effective
than monostrain probiotics; however, the development of such
probiotic mixtures is expensive (47). The presented metabolic
modeling framework, which can incorporate any reconstructed
species, could predict optimal combinations of probiotics to pro-
mote community survival in the gut. Moreover, nutrient condi-
tions supporting the optimal growth of microbe pairs could be
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predicted. Although the presented framework currently limits Pa-
reto optimality analysis to two biomass functions, it is possible to
compute the trade-offs for three or more competing objectives
using constraint-based methods (48), which may lead to novel
insights into multispecies interactions.

Singular cogrowth outcomes were computed by maximizing
for total biomass production, which corresponds to maximal
community growth as the objective function. A downside of this
method is the inherent assumption that one species would sacri-
fice its own growth to increase the growth rate of another species
(49). Another alternative would be fixing the growth rates of the
included microbes at experimentally determined ratios (49). This
alternative was unsuitable for the present study because there are
no experimental cogrowth data available for the simulated pairs
under the given conditions. Species-specific differences in micro-
bial growth rates between the three diets were predicted, in agree-
ment with the fact that diet affects the gut microbiota (3). For
instance, L. plantarum consistently showed higher growth rates on
the Western diet than on the high-fiber diet, except when paired
with the fiber degrader B. thetaiotaomicron (see Table S5 in the
supplemental material). Consistently, the persistence of L. planta-
rum WCFS1 was 10 to 100 times higher in mice fed a Western diet
than in animals fed a low-fat chow (50). Moreover, E. coli
MG1655, but not the two E. coli O157:H7 strains or any of the
other species, could use butyrate as a carbon source. These predic-
tions confirm the results of Monk et al., who found that commen-
sal E. coli strains but not EHEC strains exploit butyrate as a carbon
source (51). Butyrate utilization by commensal E. coli strains may
be an adaptation to the presence of butyrate producers, such as F.
prausnitzii.

All but one of the predicted mutualistic interactions under
anoxic conditions were abolished when oxygen uptake was al-
lowed (Fig. 4). The colonic microbiota is made up mainly of strict
anaerobes (52), whereas the small intestinal microbiota is domi-
nated by facultative anaerobes, such as streptococci and E. coli
(39), due to the higher oxygen partial pressure. Notably, the co-
lonic microbiota is also more diverse and complex than the small
intestinal microbiota (39). We speculate that the lack of oxygen
availability in the large intestine may have forced the members of
the large intestinal microbiota to coevolve to maintain their redox
balance and a positive energy balance, thus leading to an ecosys-
tem that is more complex and cooperative than that of the small
intestinal microbiota.

Pyruvate/D-lactate interconversion and acetaldehyde/ethanol
interconversion induced mutualism by enabling the microbes to
balance their NAD */NADH levels (Fig. 5a; see also Table S7 in the
supplemental material). Allowing oxygen uptake instead permit-
ted the microbes to regenerate NAD™ via the electron transport
chain (Fig. 5a and b). Ethanol and acetaldehyde are known prod-
ucts of the small intestinal microbiota that can disrupt intestinal
barrier integrity (53). Moreover, ethanol consumption can pro-
mote small intestine overgrowth and increase the proteobacterial
population (53). Our model proposes a mutualism-inducing ef-
fect of ethanol conversion to acetaldehyde for pairs including L.
plantarum and representatives of the proteobacteria, which may
have implications for the proteobacterium-promoting effect of
ethanol consumption.

Exposing the microbe pairs to the small intestinal enterocyte
mainly induced one-sided competition over readily available car-
bon sources (glucose, glycerol; see Table S8 in the supplemental
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material). The clear winner in the competition for glucose was S.
thermophilus (see Table S8a in the supplemental material). Con-
sistently, streptococci dominate the small intestinal microbiota
through the efficient and rapid uptake of simple carbohydrates
(39), and carbohydrate metabolism is essential for the coloniza-
tion of the intestine by S. thermophilus (54). The losers included L.
lactis and K. pneumoniae. L. lactis cannot establish itself perma-
nently in the conventional microbiota (55), and K. pneumoniae
has not been detected in samples from the human small intestine
(39). Their limited ability to compete over host-derived carbohy-
drates may partly explain their poor adaptation to the gut ecosys-
tem. It is not clear whether the enterocyte would readily provide
microbes with glucose and glycerol in vivo. Glycerol can be trans-
ported into the lumen via facilitated transport, and the glucose
uniport between the lumen and the cytosol is reversible in the
small intestine cell model (25), indicating that export of these
metabolites is possible in principle. Furthermore, it can be ex-
pected that enterocyte-derived nutrients regularly become avail-
able through cell lysis and that small intestine microbes have
adapted to utilize these host-derived carbohydrates.

In summary, the modeling framework presented here allowed the
systematic investigation of microbe-microbe interactions. A collec-
tion of just 11 microbes was sufficient to predict all possible outcomes
of microbe-microbe coculture (Fig. 1). Constraint-based modeling
successfully predicted the effects of imposing various nutrient envi-
ronments and subjecting the microbe pairs to the presence of the
host. As more metabolic reconstructions of gut microbes become
available, future efforts will make it possible to systematically investi-
gate the metabolic cross talk in more representative synthetic gut
microbe communities. We expect that more extensive community
modeling will provide valuable insight into cross feeding among the
gut microbiota. For instance, oxygen has been proposed to play a role
in microbial dysbiosis in inflammatory bowel diseases, causing a shift
from oxygen-sensitive anaerobes, such as F. prausnitzii, to faculta-
tive anaerobes, such as E. coli (56). Such changes in gut commu-
nities caused by various environmental constraints could be mod-
eled in silico. The present study also provides a framework for
studying the effects of the host on microbe-microbe interactions.
An in vitro model capturing the microbiota and an enterocyte
layer has recently been established (57). Such in vitro data could be
put into context using our in silico modeling approach. Similarly,
microbe-microbe interactions in gnotobiotic animal models
could be predicted in silico and subsequently experimentally vali-
dated. For example, germfree mice were colonized with random
consortia of cultured bacteria (58). The outcomes of such costly
and time-intensive experiments could be predicted in advance in
silico. Moreover, using a similar setup, other environments, such
as ocean, soil communities, or entirely synthetic communities,
could be modeled to learn about the dynamics and the basic biol-
ogy behind microbe-microbe interactions. For instance, germfree
Drosophila melanogaster flies were colonized with pairwise com-
binations of five main gut bacteria (59). The experiment revealed
that certain combinations of two microbes were sufficient for the
development of a conventional host phenotype (59). The mecha-
nisms behind such microbial interspecies interactions and their
effects on the host could be predicted in silico. The in silico frame-
work presented here can readily incorporate any reconstructed
host or microbe, allowing it to be adapted to any microbial eco-
system of interest.
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