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Abstract

Microbial life in an ecosystem with low energy supply has been considered to employ two energy utilization strategies. The
first is energy conservation at an individual level, while the second is energy use optimization in response to the availability of
energy resources. Here, using an oxidation-reduction (redox) reaction network model where microbial metabolic pathways are
established through multiple species-level competition and cooperation within a redox reaction network, we hypothesize that
microbial ecosystems can move forward to increase energy use efficiency, namely an energy efficiency strategy at the community
level. This strategy is supported by microbial functional diversity that enables species to interact with others in various ways of
metabolic handoffs. Moreover, the high energy use efficiency is attributable to the mutualistic division of labor that increases

the complexity of metabolic pathways, which actively drives material cycling to exploit more energy.
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Abstract

Microbial life in an ecosystem with low energy supply has been considered to
employ two energy utilization strategies. The first is energy conservation at an
individual level, while the second is energy use optimization in response to the
availability of energy resources. Here, using an oxidation-reduction (redox) reaction
network model where microbial metabolic pathways are established through multiple
species-level competition and cooperation within a redox reaction network, we
hypothesize that microbial ecosystems can move forward to increase energy use
efficiency, namely an energy efficiency strategy at the community level. This strategy is
supported by microbial functional diversity that enables species to interact with others
in various ways of metabolic handoffs. Moreover, the high energy use efficiency is
attributable to the mutualistic division of labor that increases the complexity of

metabolic pathways, which actively drives material cycling to exploit more energy.



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Introduction

All life on Earth relies on ATP as the primary energy carrier, and its
production and transfer significantly depend on the ecosystems’ electron transfer
potential. In the surface ecosystems, sunlight fuels electron transfer for ATP synthesis
via photosynthesis, following which aerobic respirators harvest chemical energy by
transferring electrons stored in organic carbon to oxygen in a redox reaction. Aerobic
respiration and various of redox reactions (e.g., denitrification, iron oxidation, and
methanogenesis) supply power to prokaryotic organisms. In particular, inorganic redox
reactions must have been the fundamental energy sources for life before the evolution of
photosynthesis. In the subsurface realm, which replicates the conditions of the early
Earth where organic carbon and oxygen were not readily available, the power available
for microbes is significantly limited compared with that in surface ecosystems (Momper
et al. 2017; Bradley et al. 2020). Nevertheless, the microbial biomass in the subsurface
today is several to tens of PgC (Kallmeyer ef al. 2012; Bar-On ef al. 2018; Magnabosco
et al. 2018), comprising nearly 70% of the overall microbial cells on Earth (Flemming
& Wuertz 2019). Thus, it remains a mystery as to how these microbial communities
maintain their productivity in energetically (or thermodynamically) less favorable
environments (Hoehler & Jorgensen 2013a; Starnawski ef al. 2017).

One adaptive strategy for microorganisms harbored in such environments is
the conservation of energy at the individual level. Indeed, subsurface microorganisms
appear to minimize energy expense to maintain their vital functions until sufficient
energy for growth becomes available (Jorgensen & Boetius 2007; Morono et al. 2011;
Hoehler & Jorgensen 2013b). Another strategy is to optimize the energy exploitation in

response to the change in resource influx. Fermentation, the partial breakdown of
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organic carbon, produces less ATP per organic carbon than that produced by aerobic
respiration, which involves the complete oxidation of organic carbon to carbon dioxide.
Although fermentation is thermodynamically less favorable than aerobic respiration,
fermentation can produce more ATP per time at higher organic carbon influx rates
owing to the trade-off between the yield and rate of ATP production (Pfeiffer et al.
2001; Kreft et al. 2020). Experimental, observational, and metagenomic evidence
supports that microbes often sequentially proceed with incomplete reactions that are
generally less thermodynamically favorable than a complete reaction wherein they
divide metabolic labor within the community by exchanging reaction byproducts
(excreted metabolites) or even electrons directly from one to another (Mclnerney ef al.
2009; Morris et al. 2013; Embree ef al. 2015; Kouzuma et al. 2015; Anantharaman et
al. 2016). This so-called division of metabolic labor also seems to be related to the
energy utilization efficiency of microbial communities. However, it is unclear whether
such a division of labor can be advantageous and increase energy utilization efficiency
at the community level within a redox network where various microbial reactions and

interactions are entangled with each other.

To address this question, we developed an eco-redox model, a microbial

community network model based on thermodynamic and redox properties. We found

that, without assuming a trade-off between the yield and rate of ATP production, species

that mutually divide the metabolic labor and enhance material cycling can replace species

harnessing energetically more favorable reactions. Thermodynamic calculations suggest
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that a microbial community composed of a mutualistic division of labor is endowed with

higher energy utilization efficiency and productivity. Furthermore, we found that

microbial ecosystems with metabolic functional diversity can move forward to increase

the energy utilization efficiency and productivity.

Methods
Eco-redox model

We constructed a conceptual model that explicitly links population dynamics to
the redox process within the general framework of thermodynamics and redox
chemistry to build a theoretical foundation that integrates the dynamics of microbial
community and redox reaction network (Fig. 1). The electron fluxes in geochemical
cycles on Earth are mainly driven by the chemical substances of C, N, S, Fe, Mn, O, and
H (Falkowski et al. 2008). In our model, each chemical substance involving a redox
network was denoted by X;, where X indicates a characteristic element (X =A, B, C,
...) and is the relative number of electrons that X holds (1 <j < Nx).j is not exactly
equal to the actual oxidation state but shows the relative electron density; X1 possesses
the lowest electron density within the X-bearing substances present in the system. For
instance, for nitrogen-bearing substances as an example, when X is N2, NH20H, N2Ha,
and NH3 (or NH4") can correspond to X2, X3, and X4, respectively. Assuming that no
chemical substances with the same oxidation state of X exists in a system and the half-
reaction X; + (z—j)e” = X: holds (where j <z and e” denotes an electron), a redox

network template was designed using all possible combinations of two half-reactions
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(an oxidation reaction losing electrons and a reduction reaction gaining electrons) in the
system (see Supporting Information Section S1). The topological structure of a redox
network and the number of possible redox reactions forming the network (Nyeac) were
uniquely determined for a given N chemical substances (Fig. 1a). Each of the smaller
vertexes in Fig. 1a show a possible forward and backward redox reaction, which
converts the given reactants into given products via edges (Fig. 1a). Although not all
redox reactions in natural systems are confirmed to be utilized as microbial energy
sources (Kuypers et al. 2018), all redox reactions forming the redox network template
are assumed to be available for microbes to harness. In other words, the metabolic
diversity of a community determines the complexity of the redox network template.
Within the network, the thermodynamic (energetic) advantage of a reaction was
characterized in terms of the Gibbs energy utilized per reaction (Fig. 1b). The amount of
Gibbs energy associated with the chemical substances of all X; was defined as G =

V YIX] Hx; where V, [X;], and Hx; denote the volume of the system (L), the molar

concentration of X; (mol L"), and the chemical potential of X; (kJ mol~1), respectively.

The negative value of the Gibbs energy change of the ith reaction (— AG; [kJ mol~'])

designates the maximum energy supply per reactant available for a microbial cell to
synthesize ATP. —A,G1 for reaction 1 in Fig. 1a (A1 + C2 = A2 + Cy) is determined as

follows:

—ArGy = pa, + U, — Ha, — U,

— o [A1][C2]
= —8,6,° + RTIn 5] 1)
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where
—A,G1° = pp,° + Ue,® — Ha,” — U,
° denotes the standard state at a specific temperature (15 °C), pressure (1 bar), and

concentration (1 mol L™!); R and T are the gas constant and the absolute temperature,

respectively. The activity of X; was replaced by the molar concentration in this study.

A group of species that utilize an identical redox reaction as an energy source is
hereafter referred to as a microbial species (Sp). We considered an open system where
as many microbial species as Nreac are introduced without additional exchange of cells
with the surroundings. The population dynamics of Sp i, which specifically harness
reaction i for population growth, were kinetically or thermodynamically limited

depending on the abundance of the reactants and the Gibbs energy:

dm;
— = 0u(ci (=0 G fy —m) M, (2a)
where
_ [A1] [Co] . N
fi=n Kon, +IA7] Ko, +1C3] for reaction 1 in Fig la. (2b)

M; is the biomass of Sp i; —A,Gi (kJ mol™") is the —A,G of the ith reaction; f; is the

microbial catalytic rate of the ith reaction, where »1 and Kl,Xj are respectively the
maximum catalytic rate per biomass (mol g~ ! h™!) and the Michaelis—Menten constants
(mol L™1); ¢i is the biomass yield per energy (g k]~ !): ci is the fraction of energy that

can be used for ATP synthesis (0 < ¢; < 1); and m; is the maintenance energy of Sp i (kJ
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g 'h™!) (Seto & Iwasa 2019a). For numerical simulations, the values of r; and K;x;

were determined independently from the thermodynamic favorability of the ith reaction
without assuming the trade-off between the yield and rate of ATP production. The

dynamics of the molar concentration of [X;] were determined as follows:

a[X;]
dt

=Ix; = Dy, [Xj] + Xaix, fiMi + Xaix Fi 3)

where Ix; and Dx; are the inflow rate (mol L' h™") and the outflow rate constant (h™") of
X, respectively. The third and fourth terms denote the microbial and abiotic reaction

rates where apx; is the stoichiometric constant of X; in reaction i. The abiotic reaction

rate (F;) is proportional to the product of the molar concentration of the reactant(s) with
the reaction rate constant k.. Under the given different thermodynamic or microbial
parameters, different pathways can be established at the steady state within the same
redox network template (Fig. 1¢). Microbially driven material flows among X-bearing

substances may incorporate cyclic structures, which may also consist of subcycles.

Numerical simulations

We developed an algorithm in the Wolfram language in Mathematica 12, which
automatically formulates the list of redox reactions and simulates the dynamics of Nreac
Sps and M. chemical substances, once the numbers of X-bearing substances, Nx, are

determined (see section S2). Two scenarios for the inflow rate of X; (IX].) were considered:

(1) the inflow rates of all X; were uniformly increased (Ixj = [Inflow rate]/Nio), and (i)
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the inflow rates of only the most oxidized electron acceptors X1 were uniformly increased

(I, = [Inflow rate] and 10 =5 for other X;). The scenario (i) explores the redox

boundary system where both electron donors (X; with larger j) and acceptors (X; with
smaller j) are supplied at different levels in a well-balanced manner, whereas the scenario
(i1) investigates the transition from reduced to oxidized state, respectively. The redox

balance of the inflow was evaluated by determining the relative oxidation number of X;

(E X].). The relative oxidation number of X; with j = 1 was considered — 1 and the relative

oxidation number of X; for which j is the maximum value among all X; (jmax) Was

considered +1. The relative oxidation number of other X; was determined as E x; = 1

+2/(jmax — 1). The redox balance of the inflow is given by Y.x ¥ ; E x;1x;-

The initial conditions of variables, default values of parameters, and ranges for
random variables are summarized in Table S1. Nw: =6, 7, 8,9, 10, 11, and 12 correspond
to (N4, N, No) = (2, 2,2),(3,2,2),3,3,2),(3,3,3),4,3,3),(4,4,3),and (4, 4, 4),

respectively.

Gibbs energy at the microbes-free state and equilibrium

The thermodynamic efficiency of microbial community was evaluated by
comparing the Gibbs energy characterized by microbial community activity (Gsio), G at
the microbes-free state (Ganio), and the equilibrium G (Geg). For a microbe-free open
system, the molar concentrations of X; were determined using the balance of exchanges
of X; with the surroundings and abiotic reaction rates. Because we only simulated the

case where the input and output rates of X; (IX]. and ij) are at least a few orders of
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magnitude higher than the abiotic reaction rate constants, the molar concentration of X;

can be approximated by IX]./DX].. The steady state Gibbs energy at the microbe-free state

was determined as follows:

Ix. \ Ix.
X] X

* IX o
Gabio =VZij#XjD—X]j=VZXZj<MXj + RT lnD_xj>D_x]j’ 4)
where * denotes a steady state.
The thermodynamic equilibrium refers to the state in which no further change
occurs in an isolated system (i.e., Ix; = 0 and Dx;= 0 for all X;) where all half-reactions
comprising the redox network template must have reached equilibrium. For a half-

reaction X; +e — Xj+1 (1 <j<(Nx— 1)), the redox reaction with a reference reaction

(1/2H2(g) —» H" +¢7) is as follows:

X;+ ;Hz (g) @ Xj+1+H" (%)

Because the standard chemical potentials of H2 (g) and H" are 0, the standard Gibbs

energy change of Eq. 4 1s A/G° = puy,, °— .ijo- Letting the equilibrium constant of Eq.

j+1

5 be Kj and solving A-G; = ArG;° + RTIn K; = 0 for K,

ArG;
K= exp {—R—T’}. (6)

Using Eq. 6, the equilibrium molar concentration of X; (j > 2) satisfies

10
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Ki[X,_1] = T, K; [X,] (7)

where the hat denotes the equilibrium. Letting 7x be the total number of moles of X-

bearing substances, which is conserved in the isolated system:

Tx = [X;] + [X2] + [Xs] + - + [Xn, ]
= [X1] + K1 [X1] + K Ko [Xp] + Ky Ko K [X] + - + XTI K

= X1+ XX 12, K;) (®)
Solving Eq. 8 for [X;],

[X] = —p— )

- Nx +Jj .
1+Zj=1]'[l.=1Kl

The molar concentrations of other X (f > 2) at equilibrium were obtained using Eq. 7.

The equilibrium Gibbs energy is

Geq = VZXZ]'HXJ-E(;] = VZXZj (lejo + RT ln[g(;] ) [g(;] (10)

For comparison, Tx and V' were fixed to };; IXJ. / DX]. for each X and 1, respectively.

Results

11



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

Co-development of the division of labor and material cycling

Analysis of the eco-redox model revealed that energetically less favorable
reactions can be intensively driven by the division of labor, which is closely linked to
the topological structure of microbial pathways, depending on metabolic handoffs,
energy allocation, and material cycling. For a template consisting of six reactions at
(Na, NB, Nc) = (2, 2, 2), not only each Sp in Fig. 2a competes for the same reactant at
the species-level, but Sps 2 and 3 as an assembly unit also compete with Sp 1 because
the consortium of Sps 2 and 3 proceed with reaction 1 by recycling Bi and B2 as
electron carriers (Seto & Iwasa 2019b, 2020). Furthermore, Sps 2 and 3 are in a division
of labor to complete reaction 1 by allocating the available Gibbs energy per reaction to
each other. For a more complex redox network, the forms of division of labor are not
straightforward because multiple Sps split a reaction into several ones (e.g.,
segmentation of A1 — A4 into A1 — A2, A2 — A3, and A3 — A4) and a single Sp
participates in several reactions as a module (Fig. 2b). For such a system, the magnitude
of each —A,G; relative to the maximum —A,Gi of all reactions, pi = —ArGi/max(—A,G1,
..., “ArGNreac), provides a measure of the degree of segmentation of the ith reaction
within the template. p; also shows the dependency of Sp i on others as Sp i that uses a
reaction with significantly low p; is unlikely to survive on its own.

In an ecological context, as each redox reaction can be regarded as a niche
whose relative potential quality is given by pi, Sp i using a high-quality reaction seems
more likely to grow faster. However, despite the presence of reactions with larger p;
within the template, Sps using reactions with surprisingly smaller p; often survived and
consisted of pathways at a steady state (Fig. 2¢). Under the given chemical and

microbial conditions in Fig. 2c, Sp 8 occupied the most energetically favorable reaction

12
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niche, whereas Sps 6, 19, and 41 using extremely low-quality segmented reactions
survived at a steady state. Sps 19 and 41 were confirmed to even become extinct when
each of them solely invaded the microbe-free system. Such an unexpected survival of
Sps 19 and 41 can be deciphered by consecutively introducing each Sp out of the Sps
that survived at the steady state to the microbe-free system to examine how interspecific
interactions alter the reaction niches by connecting pathways (Fig. 2d). Although Sps 6,
19, and 41 negatively affect each other in terms of the utilization of C-bearing
substances, the presence of Sp 6 is not sufficient but essential for the survival of Sps 19
and 41. This is because Sp 6 is a key cog to complete the cycle of A, improving the
quality of the niches of Sps 19 and 41 by enhancing metabolic handoffs among A-
bearing substances. Although the population growth of Sp i generally decreases the

Gibbs energy of the system, the invasion of Sp i can improve other Sp’s reaction niches

by increasing the — A,G of other Sps’ energy source reactions. In particular,

establishing a cyclic pathway tends to encourage the survival of Sp that uses a low-
quality reaction niche.

The number of cycles in the established pathways at a steady state increases in
response to the increase in the inflow of X; when both electron acceptors and donors are
supplied, which are possible at redox boundaries in natural systems (Fig. 3a). The
excessive supply (or lack) of electrons depletes electron acceptors (or donors), during
which the cycles are less likely to be established (Fig. 3b and ¢). The results are
consistent with the observations at redox boundaries of natural aqueous systems or
sediments where the supply of both electron donors and acceptors facilitates microbial

material recycling and favors the growth of species that mutually operate those

13
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reactions (Roden et al. 2004; Zerkle & Mikhail 2017). The increase in the number of
cycles is accompanied by an increase in the number of Sps survived and a decline in p;
forming the established pathways. This suggests the facilitated division of labor into
smaller units, even without assuming the trade-off between the yield and rate of ATP
production (Fig. 3d). Hence, the supply of both electron donors and acceptors can
enhance the division of labor that drive material cycles within a redox network.

An Sp using a reaction with smaller p; may seem to only benefit from others.
However, such Sp can play an essential role in the survival of the consortium that
competes for Sp monopolizing the energetically more favorable reaction (Fig. 2a and b).
For instance, the consortium of Sps 6, 19, 28, and 41 collectively proceed with B3 + Cz
— B2 + Cs (reaction 29), which outcompetes the Sp that exclusively harnesses reaction
29 and is more energetically favorable than segmented reactions. Such an entangling
interplay is a good illustration of the survival strategy of microbes that form
consortiums, whose growth would otherwise be thermodynamically limited (Bryant et
al. 1967; Hoehler ef al. 1994; Boetius et al. 2000). The results also explain the difficulty

of isolating some species, especially chemolithoautotrophs harnessing reactions with

lower — A:,G. This is because the survival of those species might entirely depend on the

co-presence of a key species that seems irrelevant and unhelpful but crucially supports

the survival of the target species by modifying the material flow.

Predominance of the division of labor and thermodynamic efficiency

The topological structure of a redox network template determines the possible

forms of division of labor. However, how do Sps with labor division confront Sps using

14
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more energetically favorable reactions? The key strategy is to increase the
thermodynamic efficiency to use more Gibbs energy as an assembly unit, which
enhances ecosystem productivity. An illustrative example is a competition between Sps
within a redox network at (Na, N, Nc) = (2, 2, 2), where two Sps maximally survive.
These two are either competitive or mutualistic, whereas the latter Sps (mutualistic Sps)
also compete with the Sp monopolizing the complete reaction (monopoly Sp; see Fig.
2a). For an open system with the exchange of matter and/or energy, the Gibbs energy of
the system deviates from the equilibrium G, G (Fig. 4a). When Sp invades the system,
the utilization of Gibbs energy brings G closer to Geq, establishing Geio. Letting the

discrepancy between the steady-state G at the microbe-free state Gavio™ and Geq be the

net available Gibbs energy (Gavioc© — Geq), we can define the thermodynamic

efficiency of established pathways (#) as the ratio of the Gibbs energy utilized by the

microbial community (Gasic© — Ghio) to the net available Gibbs energy: # = (Gavio —

Gbio)/( Gabio* - Geq) .

When a monopoly Sp and mutualistic Sps are separately introduced to the
same microbe-free system, the Gibbs energy utilized by the monopoly Sp is often
greater than that utilized by either of the mutualistic Sps solely (Fig. 4a). However,
when both mutualistic Sps are present, they can efficiently utilize Gibbs energy by
enhancing material cycle and thus lower G where the monopoly Sp can no longer
survive (Fig. 4b). This relationship between Guio" and the competitive outcome is
similar to the R*-rule stating that a species that can establish the lowest abundance of

resource at a steady state excludes others (Stewart & Levin 1973; Hsu et al. 1977,

15
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Tilman 1977). Establishing pathways to better utilize the Gibbs energy would also be
related to the maximum power (entropy production) principle, which predicts the
direction of ecosystem development to maximize useful power (Odum & Pinkerton
1955; Nielsen et al. 2020). Figure 4c shows the Sp compositions that can establish the
lowest Grio" at a steady state explored by the simulations for all possible Sp
compositions. Monopoly Sp and mutualistic Sps competing for the same reaction niche
do not coexist, and whichever can minimize Gbsio survives and excludes the other.
Meanwhile, Sps competing for the same reactant but not the same reaction niche can
coexist, and the Sp combination that minimizes Gsio" is not always achieved. The
coexistence of competitive Sps often establishes higher Grio™ than that established by
each Sp i alone because they inhibit each other’s growth.

Mutualistic Sps driving a material cycle can outcompete monopoly Sp at a
larger inflow of X; with well-balanced electron acceptors and donors. This leads to
higher thermodynamic efficiency and biomass productivity (Fig. 5a and b). Mutualistic
Sps also predominate when the catalytic abilities of all Sps are uniformly increased
(Fig. S1). This result supports the selective advantage for species that utilizes a reaction
with lower yield of ATP with a higher rate, even in the absence of the trade-off between
the yield and rate of ATP production. The thermodynamic efficiency decreases with the

increasing inflow rate of the most oxidized X1, although the net available Gibbs energy

(Gabio© — Geg) simultaneously increases. The decline in the thermodynamic efficiency

is attributable to a kinetic (or fi-limiting) constraint on the utilization of the Gibbs
energy because of the resulting lack of electron donors. While the kinetic constraint

decreases the thermodynamic efficiency, in some cases it prevents the overuse of the

16
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Gibbs energy by preventing the Grio™ from getting too close to Geg, where microbial
growth is self-regulated by the lack of energy, leading the lower biomass productivity.

For more complex networks, thermodynamic efficiency and total biomass can
simultaneously increase in response to the increase in the number of cycles and Sps
survived at a relatively lower inflow of X; with a well-balanced supply of electron
donors and acceptors (Fig. 5S¢ and d). The result implies that, at the redox boundary
under a limited supply of electron donors and acceptors, the species or functional
diversity of microbes can support the ecosystem productivity because the replacement
of monopolizing Sps by Sps with labor division leads to a more efficient use of the

Gibbs energy.

Metabolic functional diversity and thermodynamic efficiency

The complexity of the redox network template in this study is inextricably
linked to the diversity of microbial metabolic functions. As prokaryotes are thought to
have gradually become able to harness diverse chemical reactions during their evolution
(Nealson & Rye 2005), the redox network template would also have gradually become
more complex in response to microbial metabolic functional diversity. For any
thermodynamic and microbial conditions we explored, the increase in the complexity of
the network template, characterized by the number of X participating in redox reactions
N, favors pathways that incorporate more cyclic structures with smaller p:. This leads
to higher thermodynamic efficiency and biomass productivity (Figs. 6). Sps with higher

ri and lower Ki,Xj were selected within a more complex network template because of

the intensive competition. The established pathways incorporate more cycles than those

established by Sps with constant 7; and Ki,xj (cf. Figs. 6 and S2), which implies that
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not only the metabolic diversity for the energy source but also the difference in

microbial catalytic abilities can enhance the division of labor that drives material cycles.

Discussion

Microbial life in a system with low energy supply has been considered to
employ two strategies for energy utilization. The first is energy conservation at an
individual level by lowering maintenance costs (Hoehler & Jorgensen 2013b; Lever et
al. 2015), while the second is energy use optimization by differentiating metabolic
pathways depending on the resource influx (Pfeiffer et al. 2001; Kreft ef al. 2020).
Here, we propose a new strategy, an energy efficiency strategy at the community level:
microbial metabolic diversity can increase power generation through the enhancement
of division of labor, which accelerates material cycling through complex community
interactions, especially at redox boundaries where both electron donors and acceptors
are supplied in a balanced way.

Furthermore, our findings explain the ecological advantage of species using

reactions with low —A,G. These species appear to be tolerating the energetically harsh

environments, but can significantly impact on their ecosystem, like a keystone species.

Examples may include bacterial species harnessing nitrite oxidation with relatively
lower — A,G (or lower p) in the nitrogen cycle. Nitrification occurs in two consecutive
steps (ammonia oxidation to nitrite and nitrite oxidation to nitrate) or in the complete
ammonia oxidation to nitrate (Daims ef al. 2015). The advantage of nitrite oxidation has

often been discussed in terms of the competition with complete ammonia oxidation

(Costa et al. 2006); however, our study suggests that the survival strategy of nitrite-
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oxidizing bacteria is rather to function as a key cog to form subcycles with nitrate
oxidation or denitrification.

The thermodynamic efficiency and the total biomass increased markedly with
an increase in metabolic diversity, especially when the supply of electron donors and
acceptors were balanced (Fig. 6b). This may be associated with the time interval
between the evolution of oxygenic photosynthetic organisms and the Great Oxidation
Event (GOE). Although the GOE is generally accepted to have been driven by the
evolution of oxygenic photosynthesis, oxygenic photosynthesis is thought to have
evolved a few hundred million to a few billion years before GOE (Planavsky et al.
2014; Ward et al. 2016). This time interval has traditionally been associated with
geological O: sinks, and a recent study suggested that the competitive outcome
between oxygenic and anoxygenic photosynthetic organisms may have contributed to
the timing of the GOE (Olejarz et al. 2021). Our study indicates that chemotrophic
communities may have served as missing sinks for Oz as the increase in oxygen in the
relatively reduced atmosphere may have reached a quantity sufficient to drive redox
cycles, enabling chemotrophic microbial communities to proliferate. If microbial
metabolic diversity increases simultaneously, more oxygen could have been utilized
because of the enhanced thermodynamic efficiency and the productivity.

This study did not delve into the relationship between the thermodynamic
efficiency and the robustness of a microbial community. We confirmed the presence of
multistable steady states (see Section S3), each characterized by different species
compositions with different thermodynamic efficiencies. Intuitively, more productive
microbial communities with higher species diversity (or functional diversity) would be

robust to environmental disturbances. Furthermore, the microbial ecosystem
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productivity would be maintained by the plastic responses of metabolic pathways (or
species composition) that enable microbial communities to utilize the Gibbs energy at a
reasonable thermodynamic efficiency.

The energy efficiency strategy at the community level is supported by the
functional segmentation and differentiation of a microbial module, which would be
particularly advantageous in fluctuating environments. However, in relatively stable
environments, the shape of microbial metabolic pathways and species composition
would also be stably maintained. The more constant and intimate interspecific
interactions among unicellular cells in a consortium may have facilitated the
evolutionary transition to a unicellular cell with more complex metabolic functions,

such as aerobic respiration, and then eventually to a multicellular organism.
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Figure legends

Fig. 1 | Outline of the eco-redox model. a. The redox network template and its
material network when (Na, N, Nc) = (2, 2, 2) and (Na, N, Nc) = (4, 4, 4). i in the
smaller nodes denotes the energy-source reaction for Sp i. Blue and red arrows
correspond to oxidation and reduction reactions, respectively (solid for reaction 1 and

dotted for reaction 4, the reverse reaction of reaction 1). b. Thermodynamic advantage
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of the ith reaction weighted by the negative of the Gibbs energy change of reaction ( —

A+Gi). e. Microbially established pathways at a steady state within the same redox
network template composed of X; with different standard chemical potentials. For b and

¢, the sizes of the nodes are weighted by the chemical potential of X; at a steady state.

Fig. 2 | Division of labor within a redox network. a. Interspecific relationships among
three Sps and the competitive relationship between Sps with labor division and Sp using
a complete reaction within the redox network template at (Na, N, Nc) = (2, 2, 2). b.
Examples of complex division of labor and the degree of segmentation of the ith redox
reaction, pi = —ArGi/max. (—AsG1, ..., =ArGNreac). €. An example of the dynamics within
a redox template consisting of 60 reactions and the same number of Sps at (Na, Ns, Nc)
= (3, 3, 3). The edges in the upper and lower network diagrams are weighted by the
degree of segmentation and the flow rate (fiM; + Fi) at ¢ = 0, 10, and 2000, respectively.
The nodes representing X; are weighted by the chemical potential of X;at each ¢. The
table summarizes the values of —A,Gi and p; of the microbial pathways established at a
steady state. d. The dynamics when each of the Sps that survived at the steady state in ¢
was consecutively introduced to a microbe-free system. The nodes representing X; are
weighted by the chemical potential of X at a steady state. The values of the
thermodynamic, kinetic, and microbial parameters used for ¢ are provided in csv files

along with a sample program written in Wolfram language (see Supporting Information

$2.2).

Fig. 3 | Establishment of cyclic pathways and division of labor at a steady state at
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(Na, NB, Nc) = (4, 4, 4). a. Average number of cycles established in response to the

change in the inflow rate of all X; (IX]. = [Inflow rate]/N:w: shown by solid lines) and
only the most oxidized X1 (Ix, = [Inflow rate] and 1075 for other IX]. shown by

dotted lines), respectively, with 1000 iterations for each inflow rate. b Number of

established cycles at various redox balances when the values of IX]. were randomly
selected at a fixed total inflow rate (X x Y. IX]. = 1073), with 5000 iterations. The redox

balance of the inflow was estimated by balancing the abundance of electron acceptors
and donors in the inflow. c. Probability of the established pathways possessing no cycles

and four cycles at varying Iy, with 20000 iterations. d. Average of the number of Sps

(left) and the minimum of pi (right) of the established pathways with x cycles to the

change in the inflow rate of all X; (IX]. = [Inflow rate]/Nw:), with 1000 iterations for

each inflow rate. The values of other parameters and ranges for random variables are
summarized in Table S1. The error bars show 2 SE in a and d and the maximum and

minimum values in b.

Fig. 4 | Competitive outcome between a monopolizing Sp (Sp 1) and mutualistic
Sps with labor division (Sps 2 and 3) and the utilization of Gibbs energy at (/Na, Ns,
Nc) = (2, 2, 2). a. Dynamics of microbial growth (top left and right), Gibbs energy G
(down left), and thermodynamic efficiency # (down right) when a monopoly Sp was
solely (top left) and mutualistic Sps were sequentially (top right) introduced to the same
microbe-free environment. There were no inflow and outflow at 0 << 1000. b.
Dynamics of microbial growth when Sps 1-3 were introduced to the microbe-free

system at £ = 0. ¢. Combination of Sps that established the lowest Guio"™ (left) and Sps
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that survived at a steady state (right) in response to the change in the inflow rates of B

and B:z. The parameters and initial values are shown in Table S2.

Fig. 5 | Steady-state total biomass and thermodynamic efficiency in response to the
inflow rate of X; at (Va, VB, Nc) = (2, 2, 2) (a, b) and at (Na, N, Nc) = (4,4, 4) (c,
d). a. The responses of the types of interspecific relationships (top), thermodynamic
efficiency (middle), and total biomass (bottom) to the change in the inflow rate of all X;

(IX]. = [Inflow rate]/Nior) (left) and only the most oxidized X1 (I, = [Inflow rate]

and 10> for other Ixj) (right). b. The relationship between the total biomass and

thermodynamic efficiency at IX]. = 107/6 for all X;. For a and b, black, red, and blue

show the steady state where monopoly Sp only exists, competitive two Sps coexist, and
mutualistic two Sps coexist, respectively. ¢. The responses of the thermodynamic
efficiency (top) and total biomass (bottom) to the change in the inflow rate of all X;

(Ixj = [Inflow rate]/Niw: shown by solid lines) and only the most oxidised X1 (Ix, =

[Inflow rate] and 10~ for other IX]. shown by dotted lines ). d. Relationships between

the thermodynamic efficiency and the number of Sps (top left), the thermodynamic
efficiency and the number of cycles (top right), the total biomass normalized by the total

inflow rate (3; M{ / ¥x ¥ Ix,) and the number of Sps (bottom left), and the total

biomass normalized by the total inflow rate and the number of cycles (bottom right) at

different inflow rate (IX].) of all X;. Other parameters were set to the default values

shown in Table S1. The simulation was iterated 1000 times for each inflow rate. The

error bars show 2 SE.
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Fig. 6 | Steady-state responses to changes in the inflow rate and the redox network
template complexity as microbial functional complexity. a, b. Steady-state responses

at different inflow rates of all X; (IX]. = [Inflow rate]/Nw:) (a) and only the most

oxidised X1 (Ix, = [Inflow rate] and 10~ for other Ixj) (b) at different levels of the

redox network template complexity characterized by the total number of X-bearing
chemical species (Vi) utilized by microbes. (Top left) Average of the number of cycles;
(top right) the minimum degree of segmentation; (middle left) thermodynamic
efficiency; (middle right) total biomass normalized by the total inflow rate

QM [ 2x X IX].); (bottom left and right) microbial catalytic rate and Michaelis-
Menten constant of Sps survived at steady state. For b, the redox condition of inflow is

the most balanced at logloIXj = —35. The simulations at a given inflow rate and Nt

condition were repeated 1000 times. Other parameters were set to the default values

shown in Table S1.
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degree of segmentation and the flow rate (fiM; + Fi) at £ =0, 10, and 2000, respectively.
The nodes representing X; are weighted by the chemical potential of X; at each ¢. The
table summarizes the values of —A,G: and p; of the microbial pathways established at a
steady state. d. The dynamics when each of the Sps that survived at the steady state in ¢
was consecutively introduced to a microbe-free system. The nodes representing X; are
weighted by the chemical potential of X at a steady state. The values of the
thermodynamic, kinetic, and microbial parameters used for ¢ are provided in csv files
along with a sample program written in Wolfram language (see Supporting Information
S2.2).
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dotted lines), respectively, with 1000 iterations for each inflow rate. b Number of
established cycles at various redox balances when the values of Iy, were randomly

selected at a fixed total inflow rate (X x Y. ; Iy, = 1073), with 5000 iterations. The redox

balance of the inflow was estimated by balancing the abundance of electron acceptors
and donors in the inflow. ¢. Probability of the established pathways possessing no cycles
and four cycles at varying IX]., with 20000 iterations. d. Average of the number of Sps

(left) and the minimum of pi (right) of the established pathways with x cycles to the
change in the inflow rate of all X; (IX]. = [Inflow rate]/Niw:), with 1000 iterations for
each inflow rate. The values of other parameters and ranges for random variables are

summarized in Table S1. The error bars show 2 SE in a and d and the maximum and
minimum values in b.
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Fig. 4 | Competitive outcome between a monopolizing Sp (Sp 1) and mutualistic
Sps with labor division (Sps 2 and 3) and the utilization of Gibbs energy at (/Va, /Vs,
Nc) = (2, 2, 2). a. Dynamics of microbial growth (top left and right), Gibbs energy G
(down left), and thermodynamic efficiency # (down right) when a monopoly Sp was
solely (top left) and mutualistic Sps were sequentially (top right) introduced to the same
microbe-free environment. There were no inflow and outflow at 0 << 1000. b.

Dynamics of microbial growth when Sps 1-3 were introduced to the microbe-free

system at z = 0. ¢. Combination of Sps that established the lowest Grio~ (left) and Sps
that survived at a steady state (right) in response to the change in the inflow rates of B
and Ba. The parameters and initial values are shown in Table S2.
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Fig. 5 | Steady-state total biomass and thermodynamic efficiency in response to the
inflow rate of X; at (Va, N8, Nc) = (2, 2, 2) (a, b) and at (Na, N, Nc) = (4,4, 4) (c,
d). a. The responses of the types of interspecific relationships (top), thermodynamic
efficiency (middle), and total biomass (bottom) to the change in the inflow rate of all X;
(Ixj = [Inflow rate]/Nio:) (left) and only the most oxidized X1 (I, = [Inflow rate] and

1075 for other Ix;) (right). b. The relationship between the total biomass and

thermodynamic efficiency at IX]. = 107%/6 for all X;. For a and b, black, red, and blue

show the steady state where monopoly Sp only exists, competitive two Sps coexist, and
mutualistic two Sps coexist, respectively. ¢. The responses of the thermodynamic
efficiency (top) and total biomass (bottom) to the change in the inflow rate of all X;
(IX]. = [Inflow rate]/N:w: shown by solid lines) and only the most oxidised Xi (IX]. =

[Inflow rate]/Nrw:). d. Relationships between the thermodynamic efficiency and the
number of Sps (top left), the thermodynamic efficiency and the number of cycles (top
right), the total biomass normalized by the total inflow rate (¥; M; / Xx X.; Ixj) and the

number of Sps (bottom left), and the total biomass normalized by the total inflow rate
and the number of cycles (bottom right) at different inflow rate (Ixj) of all X;. Other

parameters were set to the default values shown in Table S1. The simulation was
iterated 1000 times for each inflow rate. The error bars show 2 SE.
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Fig. 6 | Steady-state responses to changes in the inflow rate and the redox network
template complexity as microbial functional complexity. a, b. Steady-state responses
at different inflow rates of all X; (IX]. = [Inflow rate]/Nw:) (a) and only the most
oxidised X1 (Ix, = [Inflow rate] and 107> for other Ixj) (b) at different levels of the
redox network template complexity characterized by the total number of X-bearing
chemical species (Vi) utilized by microbes. (Top left) Average of the number of cycles;
(top right) the minimum degree of segmentation; (middle left) thermodynamic
efficiency; (middle right) total biomass normalized by the total inflow rate

QM [ Xx Y Ix)); (bottom left and right) microbial catalytic rate and Michaelis-
Menten constant of Sps survived at steady state. For b, the redox condition of inflow is

the most balanced at lOgIOIXj = —5. The simulations at a given inflow rate and Nt

condition were repeated 1000 times. Other parameters were set to the default values
shown in Table S1.
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