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Microbial growth is a clear example of organization and structure
arising in nonequilibrium conditions. Due to the complexity of
the microbial metabolic network, elucidating the fundamental
principles governing microbial growth remains a challenge. Here,
we present a systematic analysis of microbial growth thermody-
namics, leveraging an extensive dataset on energy-limited mono-
culture growth. A consistent thermodynamic framework based
on reaction stoichiometry allows us to quantify how much of
the available energy microbes can efficiently convert into new
biomass while dissipating the remaining energy into the envi-
ronment and producing entropy. We show that dissipation mech-
anisms can be linked to the electron donor uptake rate, a fact
leading to the central result that the thermodynamic efficiency
is related to the electron donor uptake rate by the scaling law

n o< NE;/Z and to the growth yield by 7 oc Y4/5. These findings
allow us to rederive the Pirt equation from a thermodynamic
perspective, providing a means to compute its coefficients, as well
as a deeper understanding of the relationship between growth
rate and yield. Our results provide rather general insights into
the relation between mass and energy conversion in microbial
growth with potentially wide application, especially in ecology
and biotechnology.
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M icrobial metabolism and growth are the result of complex
interactions between constituents and reactions organized
in a metabolic network that regulates the transfer of mass and
energy (1). While effort is being devoted to genome-scale re-
construction of such biochemical networks (2), so that emerging
phenotypes could be predicted by solving mass and energy bal-
ance for each link of the network (e.g., flux and energy balance
analysis) (3, 4), its complexity still makes it hard to translate
such predictions into a mechanistic understanding of microbial
metabolism (5). As a result, microbial growth is often studied
through macroscopic approaches that analyze the microbial cell
or community as a whole (6). At this scale, key descriptive pa-
rameters are the growth rate, the yield, and the thermodynamic
efficiency, which reflect the internal regulation of the metabolic
network in response to environmental conditions and structural
constraints naturally imposed by evolution (7-9).

Growth rate, yield, and thermodynamic efficiency are intrin-
sically related by the fundamental interconnection between
mass and energy balances (10-14). A microbe, or a micro-
bial community, can be considered an open thermodynamic
system that dissipates energy to maintain and operate under
nonequilibrium conditions (14-16). Specifically, a microbe is
conceptually similar to a chemical engine transducing free energy
(12, 17-20), in which a thermodynamically favorable catabolic
reaction (e.g., oxidation of an electron donor [ED]) fuels a set of
anabolic reactions (thermodynamically unfavorable generally),
leading ultimately to cell replication. Similarly to heat engines,
biomass growth reaches maximum thermodynamic efficiency
(i.e., the efficiency of this energy conversion) only if it proceeds
infinitesimally slow (i.e., a quasistatic process). As the microbial
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engine runs faster, some energy must be necessarily dissipated,
and entropy is produced, resulting in reduced thermodynamic
efficiencies. In other words, biosynthesis, strictly a nonequilib-
rium process, necessarily carries an energetic cost: free energy
dissipation (14). As a result, in addition to trade-offs in nutrient
allocation, microorganisms face important trade-offs in energy
allocation.

These microbial engines drive and regulate biogeochemical
cycles, and their abundance in the Earth’s biosphere and the
rate at which they operate have profound impacts on ecosystem
functioning (21, 22). Yet, due to the difficulty of describing bio-
logical systems (such as microorganisms) from basic principles,
fundamental questions remain on the relation between energy
(thermodynamic) efficiency and microbial growth parameters.
Key examples include the relationship between growth rate and
yield (23-25) and the observed variability in maintenance re-
quirements (26), which reflect trade-offs in both nutrient and en-
ergy allocation. While these questions are commonly addressed
from a mass balance perspective [e.g., the Pirt equation (27)] and
thus, only address the issue of nutrient allocation, a nonequilib-
rium thermodynamics approach may shed new light on energy
generation and transfer from catabolism to anabolism and in
turn, on the relation with growth parameters (i.e., growth rate
and yield) (28-30).

Along the lines of finite-time thermodynamics (31-33), some
studies have analyzed the relation between growth and energy
efficiency to explore possible underlying optimality principles
governing metabolic regulation and growth (17, 34-36). These
were based on the assumption of linear nonequilibrium ther-
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modynamics (for a system not too far from equilibrium), in
which a coupling coefficient expressing the degree of coupling
between the anabolic and catabolic reactions was interpreted
as a parameter that microbes regulate to satisfy some opti-
mization criteria (e.g., power output, growth rate, and so on).
Given the low thermodynamic efficiencies, however, it is not so
clear whether microbial growth is truly a close to equilibrium
phenomenon, hence questioning whether linear thermodynamics
applies. More general Gibbs free energy frameworks have also
been developed but with the specific goal of estimating growth
yields from typical energy dissipation rates observed experimen-
tally (18, 29, 37, 38). It remains to be explored which macroscopic
parameters are closely related to the speed of the microbial
machinery and its dissipation mechanisms, thereby regulating the
energy trade-off.

Here, we present a comprehensive analysis of the nonequi-
librium thermodynamics of microbial growth. In particular, we
analyze an extensive dataset on monoculture growth guided by a
detailed formulation of the governing energy balance equations.
By placing particular emphasis on the relationships between en-
ergy dissipation and macroscopic growth parameters, we obtain
relations for the thermodynamic efficiency, of general validity
across microbial species and metabolic pathways, which uniquely
link mass and energy balances. In light of our results, we provide
an energetic perspective on the Pirt equation and the trade-
offs between rates and yield and conclude by highlighting the
importance of the results for microbial growth modeling.

Theory

Whether at steady state (continuous cultures) or growing in
batch, microbial growth is a nonequilibrium thermodynamic
process. In contrast to isolated systems, which always relax to
equilibrium, microbes are open thermodynamic systems, which
exchange matter and energy with the environment to store
energy and maintain an out-of-equilibrium state (14, 15). In
fact, microbial isolates effectively operate as thermodynamic
machines, specifically as free energy converters; they harvest
energy from highly energetic but kinetically stable compounds
(catabolic reaction) and use it to synthesize new biomass
(anabolic reaction) or to perform basic metabolic functions
(Fig. 1). Being open thermodynamic systems operating at a finite
rate out of equilibrium, microbes continuously dissipate some of
the energy they harvest and produce entropy, in accordance with
the second law of thermodynamics (19).
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Coupling Catabolic and Anabolic Reactions. To establish our no-
tation and explicitly derive the energy fluxes during microbial
growth, it is instructive to briefly describe the catabolic and
anabolic reactions through which microbes obtain and then uti-
lize energy, respectively. When necessary (e.g., in the stoichio-
metric coefficients), we use the superscript to relate quantities to
the catabolic (cat) or anabolic (an) reaction. For brevity, here we
discuss the case in which the carbon source (C) is also the ED,
while the derivation of the equations for a more general case is
presented in Materials and Methods.

The input of energy for microbial growth derives from a
catabolic reaction, involving an ED (C in this case) and an
electron acceptor A (e.g., O2). As illustrated in Fig. 1, for a
mole of C entering the microbial cell, a fraction Y& is utilized
in the catabolic reaction (39),

YE'C+ YA = YAY Area + Y Cox, [1]

where Co is the oxidized form of C, Ajq is the reduced form
of the electron acceptor, and the Y’s are the corresponding sto-
ichiometric coefficients. As the reaction proceeds, for constant
pressure and temperature the reaction releases an amount of
energy per mole C oxidized equal to the Gibbs free energy of
the reaction (i.e., A G°"), a part of which as we discuss below is
needed for growth.

In parallel, the synthesis of new biomass can be represented by
a corresponding anabolic reaction, where the carbon source C is
converted into biomass B. In this case, given a nitrogen source N,
the anabolic reaction can be written as (39)

YE'C+ YyN = YB + Y& Cox, 2]

where Y is the growth yield, the C mole of biomass produced per
mole ED taken up (Fig. 1). Eq. 2 is for a C that is more oxidized
than B, so that to reduce its oxidation state, a fraction of C is used
as ED and is oxidized to Co to generate the necessary electrons
(e.g., Table 1). As we discuss later, this situation is more relevant
from a thermodynamic perspective, but for completeness, the
case of C more reduced than B is also presented in Materials
and Methods. The Gibbs free energy change per C mole biomass
associated with the anabolic reaction, AG®", is positive and
indicates the amount of energy that is necessary to carry out the
reaction.

At this point, the macrochemical growth equation, expressing
the overall stoichiometry of microbial growth, is obtained by
summing up Egs. 1 and 2 (29, 39),
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Fig. 1. Schematics of ED and energy partitioning for a metabolism in which the carbon source C is also used as the ED. After being taken up, a fraction Y&
of the ED is directed to the catabolic reaction to produce energy, — Y& AG®. The remaining ED is utilized in the anabolic reaction to create new biomass.
Of the catabolic energy — Y&t AG®, the anabolic reaction uses only an amount equal to Y AG®”, while the remaining is dissipated. The energy partitioning

is characterized by the thermodynamic efficiency n = YAG™ /(- YETAG®™").
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Table 1. Example derivation of the macrochemical equation for the growth of S. lothica (strain PV-4) with C = ED = acetate and
A =NO;

Reaction Ya \ Yc Ye,, Y
Catabolism 0.66CH30, + 1.32NO; + 0.84H" — 0.66N,0 + 1.32HCO;” + 0.66H,0 1.32 0.66 0.66 1.32 —
Anabolism 0.34C;H30, + 0.13NHI +0.18HT — 0.65CH; 00 5Ng2 + 0.03HCO; + 0.26H,0 — — 0.34 0.03 0.65
Overall* CoH30; + 1.32NO3 + 1.02HT + 0.13NH; —

0.65CH1800.5Ng2 + 1.35HCO; + 0.66N,0 + 0.92H,0 1.32 0.66 1 1.35 0.65

*The macrochemical equation expressed per unit mole of C is obtained by summing up the catabolic and anabolic reactions, as discussed in Coupling

Catabolic and Anabolic Reactions.

C+ Yi"A+ YyN— 31
YB + Y/{;at Ared + (Yé;t + YC(]:;)C()Xy

red

in which the stoichiometric coefficient of C is equal to one
because we expressed the mass balances per one mole of C taken
up by the microbial cell (Fig. 1) (so that Y&* + Y&" =1). To
characterize the reaction kinetics of Eq. 3, we also need to define
the microbial growth rate. The specific growth rate (growth rate
per unit biomass) is referred to as p (hours™'), while the ED
uptake rate upp = 1/ Y (moles ED C mole biomass™* hour™1).
As an example, we derive in Table 1 the macrochemical equation
for the growth of Shewanella lothica (strain PV-4) using acetate
as both C and ED and nitrate as A.

The Energy Balance of Growth. The energy balance can then be
derived by combining the Gibbs free energies of the catabolic
and anabolic reactions. According to the maximum work (40) and
Gouy-Stodola (41, 42) theorems, however, the energy balance
also reflects the fact that only a fraction of the energy released by
the catabolic reaction can effectively be utilized in the anabolic
reaction, while the remaining is dissipated into the environment,
producing entropy (Fig. 1). Accordingly, if — YE*A G is the
catabolic energy and YAG®" is the anabolic energy (both in
kilojoules mole ED™'), then the microbial energy balance can
be written as

o YéatAGcat — YAGan 4}AG,diss7 [4]

where the energy dissipated A G%** = TAS, with AS being the
entropy production. Eq. 4 can also be formulated in terms of
energy fluxes by multiplying both sides by the ED uptake rate,
HED.

The thermodynamic efficiency of microbial growth (i.e., the
ratio of anabolic to catabolic energies) (Materials and Methods)

then is
YAG™ AG™
n= YVt A Geat  _\AGeat’ (5]
—Y¢ —

where A (= Y&/ Y) links the stoichiometry of the catabolic
and anabolic reactions and corresponds to the number of moles
of ED used in the catabolic reaction to produce one C mole
of biomass. Intuitively, Eqgs. 4 and 5 depend on the speed of
the energy conversion (i.e., how fast the microbial machinery
operates), although such a dependence is not explicit. Indeed,
virtually all the energy terms in Eq. 4 depend on this speed.
As we show below, in analogy with heat engines, the efficiency
n will be at its maximum for quasistatic transformations and
will decrease as the microbial engine runs faster. While in heat
engines the maximum efficiency is the Carnot efficiency (n =1 —
Tc/Tu,with Te and Ty being the cold and hot temperatures,
respectively), which is lower than one, in chemical engines max-
imum efficiency can theoretically reach one. However, energy
dissipation includes both energy requirements for physiological
maintenance and energy waste due to inefficiencies (26, 35, 43)
(Fig. 1). As we show in Materials and Methods, since the energetic
cost for physiological maintenance is inevitable, the maximum
thermodynamic efficiency of microbial communities is also lower
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than one. Note also that here we expressed the energy balance
per mole ED consumed, in contrast to previous investigations
that analyzed the energy balance per C mole biomass produced
(18, 29, 39). This unit conversion will unveil a general pattern in
the energy conversion (Results) that was not previously observed.

Lastly, the definition of thermodynamic efficiency (5) applies
only to the case AG™ > 0. In fact, when B is more oxidized
than C it is possible that the anabolic reaction is itself a ther-
modynamically spontaneous reaction (AG*" < 0). In this case,
by synthesizing biomass the system actually moves toward ther-
modynamic equilibrium. Even in these energetically favorable
conditions, microorganisms still run the catabolic reaction and
obtain energy for basic metabolic functions. Therefore, both
catabolic and anabolic reactions are sources of energy; however,
all the energy is dissipated, and n = 0.

Results

Guided by the theory outlined above, we analyzed existing data
on growth of bacterial isolates (44). We relied on an extensive
dataset in ref. 29, which mostly includes data originally compiled
in ref. 45. Overall, the dataset contains data on 132 growth
experiments, with EDs including carbon sources with one to
six C atoms and Hj. Data provide growth yields (per mole
ED and per C mole ED), stoichiometry of the anabolic and
catabolic reactions, standard- and nonstandard-state Gibbs free
energies, temperature, and specific growth rate. The reaction
and calculations of thermodynamic data are based on micro-
bial biomass formula CsHgO2 5N (molecular weight 24.6 g C
mol biomass_l). Throughout the dataset, temperature is about
300 K. As we mentioned in The Energy Balance of Growth, the
thermodynamic efficiency n > 0 for AG*" > 0, while n = 0 for
AG" < 0. Accordingly, we do not consider those experiments
for which AG“*" <0, ending up with data on 100 experiments.
Furthermore, the specific growth rate 1 was not always provided,
so in those analyses requiring 1, 65 experiments are considered.

Thermodynamic Efficiency. We began by computing the energy
terms in Eq. 4 to explore the variability in thermodynamic effi-
ciency (Eq. 5) across the experiments. In the dataset, the ther-
modynamic efficiencies are rather low, spanning from = 0.002
to ~ 0.34 and with an average of ~ 0.09. However, given that
microbes likely operate far from equilibrium (i.e., outside of the
linear regime) (14, 46, 47), it is not surprising to observe such
low efficiencies. We then searched for a relation between the
efficiency of energy and mass conversions, which led us to the
first central result that the thermodynamic efficiency decreases
with pgp following a power law scaling (Fig. 2),

N X gD, [6]

where the empirical exponent o ~ —1/2 (Table 2 shows a sum-
mary of the regressions). Interestingly, such relation agrees with
the expectation that 7 increases as pgp — 0 (i.e., quasistatic
transformation). It also suggests that » may be related exclusively
to the speed of the cellular engine and not (at least directly) to
the size of the population or whether the latter is in steady state
or not. The importance of such a relation is paramount, in that it
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Fig. 2. Thermodynamic efficiency across different metabolic pathways. (A) Power law relation between thermodynamic efficiency, n, and ED uptake rate,

wep- (B) Power law relation between thermodynamic efficiency, , and growth yield, Y. Red lines indicate the observed regression lines, while dashed light
red lines indicate the 95% confidence bands. The data points are plotted using different colors depending on the specific electron accepting metabolic
pathway (O3, N, Mn, Fe, fumarate, S, and U; fermentation [Ferm], methanogenic [Meth], and acetanogenic [Acet]). The power laws and the corresponding

Pearson’s r values are shown. Table 2 shows a summary of the regressions.

provides an explicit link between mass and energy balances. The
direct implications of this relation are discussed in Discussion.
Next, as a direct consequence of the above relation we investi-
gated whether variations in thermodynamic efficiency are linked
to variations in the mass conversion efficiency, namely to the
growth yield. As shown in Fig. 2, n indeed scales with the growth
yield as
noc Y7, 7]

where the exponent 8 = 4/5. These two results establish a fun-
damental relationship between mass and energy conversion in
microbial growth, which remarkably, applies across different mi-
crobial species and metabolic pathways for most of the explored
range of ugp and Y (Fig. 2). Interestingly, the relation seems to
also apply within each individual metabolic pathway, as suggested
by their efficiencies aligning well with the regression lines. This
is especially visible in Fig. 2B, for which more data (on Y) were
available. However, more experimental data for each metabolic
pathway and wider ranges of yzp and Y are needed to test this
properly.

Although the relations are highly significant (P < 0.001), ob-
servations still scatter around the regression lines (i.e., 7 < 0.5).
An important source of uncertainty here is the use of a constant
biomass formula (i.e., CsHgO2.5N) and the corresponding Gibbs
free energy of formation. The latter in fact can vary substantially
(at least by a factor of two) due to variations in the biomass
formula, as recently shown in ref. 48. Additionally, since the
dataset is a compilation of various experiments from different
laboratories and performed over a window of at least 50 y (29),

some uncertainty also inevitably arises from methodological dif-
ferences in the laboratory measurements across the experiments.

Origin of the Energy Scaling. To understand the origin of the above
relations, we further explored how the energy terms in Eq. 4 vary
as a function of pugp and Y. We noticed that the decrease of n
with the ED uptake rate is the result of two contrasting trends in
the catabolic and anabolic energies. On the one hand, when the
catabolic energy that can be obtained from the ED (AG“*) is
low, microbes direct more ED to the catabolic reaction (hence,
YE% = Y\ and ppp increase) but are only partly successful in
balancing the production of energy. As a result, as ;1 gp increases,
the catabolic energy per unit ED (YgH§AG") decreases in
absolute value (Fig. 34). This mechanism tends to increase 7.
On the other hand, the anabolic energy, Y AG*", also decreases
with ugp (Fig. 3B), but its decay is faster than the decay of the
catabolic energy, suggesting that due to energy dissipation, more
energy does not make it to the anabolic reaction as p1gp increases.
This fact would decrease 7. The ratio of these two trends yields
the power law in Eq. 6.

Independently, we observed that the dimensionless ratio of
the anabolic energy to the catabolic energy, Y AG®" /AG,
scales with the growth yield Y (Fig. 3C) with an exponent ~ 0.72.
Accordingly,  (Eq. 5) can be expressed as

Y0A72
v [8]

The thermodynamic efficiency thus depends on A and its rela-
tionship with Y. Recall that A expresses the number of times the

N X

Table 2. Scaling of thermodynamic efficiency and energy fluxes in microbial growth

Y X Slope (Clgse) Intercept (Clgso) Pearson's r P value n Fig.
n ED —0.476 (—0.719, —0.271) —1.443 (—1.579, —1.306) —0.486 <0.001 65 Fig. 2A
n Y 0.804 (0.491, 1.257) —0.621 (—0.888, —0.353) 0.416 <0.001 100 Fig. 2B
—YE‘E;AGcat ED —0.309 (—0.753, 0.046) 1.685 (1.490, 1.881) —0.217 >0.050 65 Fig. 3A
YAG®" LED —0.871 (—1.324, —0.559) 0.203 (—0.007, 0.414) —0.526 <0.001 65 Fig. 3B
—(YAG™)/AG™! Y 0.720 (0.271, 1.502) —0.766 (—1.137, —0.394) 0.277 <0.01 100 Fig. 3C
A Y —1.137 (—1.167, —1.108) —0.183 (—0.208, —0.158) —0.992 <0.001 100 Fig. 3D
o Y 2.750 (1.043, 4.932) 0.873 (—1.558, 3.304) 0.214 >0.05 65 Fig. 4A
LED Y —2.021 (—3.450, —1.352) —2.005 (—2.705, —1.305) —0.449 <0.001 65 Fig. 4B

All the scaling relations, Y = aX?, were fitted through a major axis regression in a log-log scale. Here, we report the exponent b (i.e., slope in the log-log
plot) and the Pearson’s coefficient r. We also report the number n of observations.
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catabolic reaction proceeds in order to meet the energy demand
for the growth of one C mole of biomass. By definition, higher
values of A imply that more ED needs to be consumed to produce
one C mole of biomass, hence reducing the growth yield. Fig. 3D
shows that across metabolic pathways, A decreases with Y also
following a power law. It can be readily seen that substituting this
power law into Eq. 8 yields Eq. 7.

Discussion

Even if microbes are complex biological structures operating in
thermodynamic nonequilibrium, we found fundamental relations
(Egs. 6 and 7) at the macroscopic level linking the thermody-
namic efficiency 7 to commonly measured microbial parameters
(ED uptake rate, urp, and growth yield, Y), thus strongly cou-
pling mass and energy balances. Accordingly, knowing only one
microbial growth parameter (e.g., ugp) is sufficient to estimate
the thermodynamic efficiency and interpret the energy balance
in Eq. 4, at least under energy-limited conditions. As we discuss
below, these findings have important theoretical and practical
implications, from explaining the relationship between growth
rate and yield under energy-limited conditions to providing math-
ematical expressions for improving biogeochemical modeling.

Energy Interpretation of the Pirt Equation. Our results on the scal-
ing of the thermodynamic efficiency provide a direct thermody-
namic interpretation to the dependence of microbial growth on
maintenance requirements (26, 27, 49), generally described by
the Pirt equation (27):

2 2

PED =y = + m, 91
where the maintenance coefficient, m, represents the substrate
utilized for all functions other than growth and Y., is a hy-
pothetical maximum growth yield for m = 0. In fact, the Pirt
equation takes into account all the energetic and carbon require-
ments other than growth in terms of the substrate uptake rate
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but not in terms of the energy flow from catabolism to anabolism.
Additionally, it has been challenging to understand variations in
the coefficients m and Yiaz (26).

Here, we can derive the Pirt equation directly from the
metabolic balance (Eq. 4). Multiplying Eq. 4 by x.zp and dividing
by — Y54 AG**, one obtains

u u WED A Gdiss

i T o S 10
y 'Y T Tyvgiaga 101
where we have introduced the thermodynamic efficiency. By
comparing Eqgs. 9 and 10, one can readily see that

MEDA Gdiss

— Y AGe i

Yimar =Y/ and m= = pep(l —n),

which link the maximum yield, Y.q., and the maintenance co-
efficient, m, to the thermodynamic efficiency. Additionally, the
observed scaling relationships allow direct quantification of Yax
and m as a function of the uptake rate (Eq. 6) or of the growth
yield (Eq. 7) across microbial species and metabolic pathways.
Interestingly, Roels (10, p. 2,480, equation 32) more than four
decades ago defined the thermodynamic efficiency using Eq. 11
(n =Y/ Ymaz), although not in the context of the Pirt equation.
n and Ynq were then calculated based on the assumption that
the thermodynamic efficiency could reach one (i.e., limit imposed
by the second law of thermodynamics). As we show in Materials
and Methods, however, because microbes are themselves the re-
sult of nonequilibrium conditions, the maximum thermodynamic
efficiency is always lower than one. This energetic perspective on
the Pirt equation also clarifies that the maintenance coefficient m
accounts for both physiological (e.g., macromolecules turnover)
and nonphysiological (i.e., inefficiencies, waste) requirements.

The Rate-Yield Trade-Off. The above results also led us to impor-
tant considerations on the rate—yield trade-off. The existence of a
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trade-off between growth rate and yield has often been reported
(24, 25, 50), and its origin has been attributed to the second
law of thermodynamics, and hence Eq. 4, in that higher energy
dissipation is due to faster growth, which comes at the expense
of the growth yield (e.g., refs. 23, 24, 51, and 52). However,
while Eq. 4 suggests a relation between yield and dissipation,
the equation per se does not explicitly show the dependence on
the growth rate because it does not show how the various terms
(e.g., Gibbs free energies, Y) may covary. In fact, the growth
rate and the yield in energy-limited growth do not show such a
trade-off (Fig. 44), suggesting that this does not emerge from
constraints on energy allocation. The growth rate-yield trade-
off thus is likely the result of other mechanisms, such as within-
species resource investment in stress resistance (53) or overflow
metabolism (25), or at the community level due to ecological
interactions leading to the prevalence of species with contrasting
resource investment strategies (54).

By contrast, as we discussed in the previous section, energy
dissipation is related to the rate of ED uptake, pzp, and to the
growth yield, Y. Indeed, combining Egs. 6 and 7 yields a power
law relationship between pgp and Y with exponent ~—1.7,
hence suggesting a trade-off between the two. As illustrated in
Fig. 4B, this trade-off is confirmed by the experimental data. The
predicted slope falls within the 95% CI of the observed slope
of ~—2 (Table 2), where the small discrepancy may be due to
limited sample size and data uncertainty. Recently, this yugp — Y
trade-off was also observed in adaptive evolution experiments
and numerical results from genome-scale models of Escherichia
coli (55).

Importance for Biogeochemical Modeling. Lastly, relating the en-
ergy and mass balances of microbial growth (e.g., Eq. 6 linking
the thermodynamic efficiency and ED uptake rate) allows inte-
gration of thermodynamics into biogeochemical models of mi-
crobial growth (29, 56-60), so as to effectively take into account
the amount of energy available for growth. While a number of
methods have been developed to compute the energy dissipation
based on the composition of the carbon source (e.g., number
of carbon atoms) when the specific carbon source is known (18,
29, 37-39), our results may be particularly useful when the exact
carbon source or metabolic pathway is not known, such as in soil
carbon modeling where the microbial carbon use efficiency (C
mole biomass C mole substrate ~!) is calculated based on carbon
(and energy) allocation to maintenance requirements (49, 61—
63). A theoretical approach to account for metabolic constraints
on growth related to body size (i.e., maintenance energy) lever-
aging the Pirt equation has been proposed in ref. 64. Based on the
energy interpretation of the Pirt equation (Energy Interpretation
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of the Pirt Equation), this approach could be generalized by
introducing the thermodynamic constraints (e.g., Eq. 6) related
to the speed of the microbial machinery (i.e., the substrate uptake
rate). This may have an impact in fields as diverse as ecosystem
modeling (e.g., soil carbon cycling modeling) and biochemical
engineering (e.g., water treatment, fermentation processes), in
which it is important to accurately predict microbial growth (19).

Conclusions

The thermodynamics of microbial growth has received consider-
able attention for decades (10, 17, 34, 64). Understanding how
microbes process energy may in fact elucidate the underlying
fundamental principles governing the ecology and evolution of
living systems at large, explain the success of empirical laws, such
as the Monod equation (65), and guide research in nanotech-
nology inspired by biological systems (66). Here, we provided a
comprehensive analysis of the nonequilibrium thermodynamics
of microbial growth based on a large dataset on energy-limited
growth. Our analysis showed that the thermodynamic efficiency
is related by scaling laws to commonly measured macroscopic
parameters (growth yield, ED uptake rate). These findings add
to our understanding of mass and energy conversion in microbial
growth (e.g., the Pirt equation, the rate—yield trade-off) and un-
derline the importance of the thermodynamic efficiency in micro-
bial growth and microbially mediated processes. Furthermore,
the scaling laws can be readily integrated into biogeochemical
modeling to account for thermodynamic constraints on microbial
growth. In the light of these results, future investigations will ex-
plore the microscopic origin of the power laws [e.g., by analyzing
the scaling properties of metabolic networks (1)] and whether
similar thermodynamic scaling laws apply across evolutionary
transitions (prokaryotes to metazoans), in which the demand
for C and energy to maintain the biological structure tends to
increase, resulting in a decrease in growth yields (67) and in shifts
in metabolic scaling (68).

Materials and Methods

Coupling Catabolic and Anabolic Reactions. Here, we report a more general
derivation than in the text, accounting for carbon sources either more
oxidized or more reduced than biomass and also considering the case of
a carbon source that is not the ED. As microorganisms take up substrates,
energy is obtained from the catabolic reaction, which can be written gener-
ically as (Eq. 1)

YERED + YA = Vi A + Yep,, EDox, [12]

where ED is the ED (the energy source), A is the electron acceptor, Aq is
the reduced form of A, EDoy is the oxidized form of ED, and Y’s are the
stoichiometric coefficients. As the reaction proceeds, an amount of energy
equal to AG®" (at constant pressure and temperature) is released per mole
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of ED consumed. The energy released by the catabolic reaction is then used
to drive the anabolic reaction. For carbon sources more oxidized than the
biomass, this can be written as

YcC+ YuN + YZ3ED — YB + YZ5_ EDoy, [13]

where the ED is needed to reduce the oxidation state of C and form biomass.
When the carbon source is more reduced than the biomass, electrons
required for biosynthesis are already met, so the anabolic reaction needs
an electron acceptor and can be written as

YeC+ YaN + Y'A = YB + Y2 A, [14]
where for the compound participating in both catabolic and anabolic
reactions, we used superscripts to distinguish the different yields between
the two reactions. The Gibbs free energy change per unit biomass associated
with the anabolic reaction [13] or [14] is AG®".

To obtain the overall macrochemical equation, the catabolic and anabolic
reactions need to be summed up. Then, for C more oxidized than B, one
obtains

ED + YcC+ YS'A + YyN —
YB + Y;i:dAred + (Y[_-C'E;X + YEEOX)EDOXI

[15]

where since Y is the C mole biomass per one mole ED, we used the fact that
Yt + Y5 = 1, whereas for B more oxidized than C, we have

ED + YcCH4 (YR 4+ Ya)A 4 YaN —
t t
YB+ (YEL + Y2 )Aces + Yep,, EDox,

[16]

where we now used Y =

A common situation is one in which the ED is also the carbon source (i.e.,
ED = Q). In this case, for C more oxidized than B, the overall growth equation
reduces to

C+ YS'A + YAN — [171
YB 4 Yar Ared + (YC, + Y0, )Coxi
while for B more oxidized than C it reduces to
CH+ (Y + YA + YN — [18]

YB + (Y’zar:d + Y,:’:ed)Ared + Yézicox-

Metabolic Energy Balance. As mentioned in the text, the metabolic energy
balance, Eq. 4, derives from the maximum work (40) and Gouy-Stodola (41,
42) theorems, which combine the first and second laws of thermodynamics.
In other words, the metabolic energy balance is an exergy balance, according
to which available energy (maximum work) can be utilized to do work (i.e.,
chemical work) or is dissipated into the environment,

E=W+TAS, [19]

where £ is the available energy, W is the chemical work, T is the temper-
ature of the environment, and AS is the entropy production. For chemical
reactions at constant temperature and pressure, the exergy is expressed in
terms of Gibbs free energy. The available work is provided by the catabolic
reaction, £ = — YE‘Z,'AG‘“, while chemical work is done to drive the anabolic
reaction, W = YAG®". The remaining energy that is not used by the anabolic
reaction is dissipated into the environment:

— YEIAG™ — YAG™ = AG™ = TAS. [20]
Eq. 20 is essentially the starting point for the thermodynamics of microbial
growth. The efficiency of this energy conversion is quantified by the ther-
modynamic efficiency, which can be generically defined as

— 21]
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Theoretically, n can vary between zero and one. If the conversion of energy
occurred at an infinitesimally slow rate, then thermodynamic dissipation
would tend to decrease, but as we show below, it is important to also
take into account the physiological energy requirements to maintain the
nonequilibrium state.

Maximum Thermodynamic Efficiency. An important goal of thermodynam-
ics is also the estimation of maximum efficiencies of energy conversion
(69). Generally, these are computed assuming quasistatic transformations
(infinitesimally slow). In the case of microbial growth, however, microbes
reside in a nonequilibrium state that requires a constant influx of en-
ergy (physiological maintenance requirements) to be maintained (70). The
quasistatic condition is thus somewhat unrealistic for microbes, in that
for slow transformations (small rate of energy production), these energy
requirements would not be met and microbes would decay.

For microbial growth, a different definition of maximum thermodynamic
efficiency that is more suitable for the nonequilibrium condition is needed.
Rather than assuming quasistatic conditions, the maximum thermodynamic
efficiency can be computed by assuming that the energy released by the
catabolic reaction equals the amount of energy utilized for growth plus
the energy needed for physiological maintenance, excluding inefficiencies
(i.e., energy waste). Under these ideal conditions, the energy produced in
the catabolic reaction, at rate umprAG®, is equal to the energy needed
by the anabolic reaction uepYAG™ (= pAG®") plus the energy mp AG®!
required for physiological maintenance, with m, being the portion of the
total maintenance m (the Pirt equation) used for physiological functions
(mp =m — my, my, being linked to energy dissipated via inefficiencies).
Introducing these catabolic and anabolic energies in Eq. 21, the maximum
thermodynamic efficiency can be expressed as

;LAGan
HAG™ + my AGP

1 mpAGP ' 122]
LAG™ | myAGP

Tmax =

where the second equality was obtained through algebraic manipulation.
If AGP =~ AG® (i.e., energy is used for turnover of macromolecules), then
Eq. 22 reduces to

Mp

- [23]
w4 mp

Nmax =1

Egs. 22 and 23 readily show that, as long as mp > 0, nmax is always lower
than one for microbial growth. This originates from the fact that microbial
engines are the result of and operate under nonequilibrium conditions. Such
an insight likely applies to any biological system. The equations above also
demonstrate that the thermodynamic efficiency is a dynamic property of the
microbial community, which is controlled by growth conditions. Maximum
thermodynamic efficiencies tend to be higher under fast growth conditions
(i.e., mp << p and nmax — 1), while under slow growth conditions, main-
tenance requirements can prevail, such that my, >> 1 and nmax — 0. This
approach extends previous studies, in which only the condition m, << p is
considered, so that the thermodynamic efficiency could virtually reach one.
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