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Abstract

Biomass-explicit biogeochemical models assign microbial growth yields ( Y) using values measured in the laboratory or pre-
dicted using thermodynamics-based methods. However, Y values are rarely measured under the low energy delivery condi-
tions that often prevail in the subsurface, and existing predictive methods for calculating Y values when the catabolic
energy supply rate is limited remain poorly tested. Here, we derive and validate a new semi-theoretical method for calculating
Y values: the Gibbs Energy Dynamic Yield Method (GEDYM). Method validation relies on a compilation of 132 geochem-
ically relevant literature ¥ values comprising predominantly (60%) low energy (> —25 kJ (mol e~)~!) metabolisms. GEDYM
is based on estimating the Gibbs energy change of the metabolic reaction (AG,,,), which links the Gibbs energy changes of the
catabolic (AG.,) and anabolic (AG,,) reactions of a microorganism through its growth yield. Given that the values of
AG e, AG.,, and AG,, all depend on their respective reaction quotients, the resulting ¥ values account for changes in the
chemical environment surrounding the cells. GEDYM incorporates an empirical relationship that accurately estimates the
extent to which AG,,, deviates from its standard state value from the relative difference between AG,,, and its corresponding
standard state value. GEDYM yields Y values with lower relative errors and statistical bias than the existing Gibbs energy
dissipation method (GEDM). Using dissimilatory iron reduction, sulfate reduction and methanogenesis as examples, we illus-
trate the importance of considering variations in AG., and AG,, when predicting Y values for individual metabolisms.
Because of its ability to dynamically adjust the values of AG,,., and Y to variable geochemical conditions, GEDYM yields
a more realistic representation of geomicrobial activity in predictive reactive transport models.
© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/
creativecommons.org/licenses/by-nc-nd/4.0/).

1. INTRODUCTION

Microorganisms sustain numerous ecosystem functions
including, but not limited to, geochemical cycling, bioreme-
diation and ore formation. An understanding of the kinetic
and thermodynamic controls on microbial activity is thus
paramount to assess and predict the biogeochemical
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functioning of many natural ecosystems. Kinetic models
of microbially mediated reactions are either biomass-
implicit or biomass-explicit. The former models assume a
steady state biomass distribution and fold the biomass into
an empirical, site specific rate constant (e.g., Hunter
et al.,1998; van Breukelen et al., 2004; Arora et al., 2016),
while the latter explicitly account for microbial growth
using growth yields and biomass concentrations (e.g.,
Istok et al., 2010, Rodriguez-Escales et al., 2016). The stan-
dard theoretical basis for simulating microbial growth rates
is the Monod model (Monod, 1949) (see Section 2).
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The growth yield, conventionally represented by the
symbol Y, forms the stoichiometric link between anabolism
to catabolism in bioenergetics models. It is defined as the
portion of the growth-limiting substrate consumed that is
converted into cellular biomass (Lipson, 2015); it is
expressed in, for instance, grams of cells per mol of electron
donor (e.g., Strohm et al., 2007) or C-mol biomass per
C-mol electron donor (e.g. Rutgers et al., 1989). The latter
units are particularly useful when comparing different
microorganisms growing on the same carbon-based elec-
tron donor: Y can then directly be interpreted as a measure
of the C-based electron donor use efficiency. For example, a
Y value of 0.1 C-mol biomass (C-mol acetate) ! during the
oxidation of acetate coupled to the reduction of sulfate
implies that 10% of the carbon from acetate is incorporated
into new cellular biomass. Many Y values found in the lit-
erature are specific for a particular microorganism and
metabolism (e.g., Strohm et al., 2007).

Biomass-explicit models that are used to predict sub-
strate utilization rates (e.g., sulfate reduction) range from
those describing microbial reaction kinetics in pure cultures
(e.g., Liu et al., 2001a) to environmental reactive transport
models (RTMs) applied to water bodies (e.g., Reed et al.,
2014), groundwaters (e.g., Yabusaki et al., 2007; Li et al.,
2009; Bao et al., 2014), lake sediments (e.g., Jin et al.,
2013), marine sediments (e.g., Dale et al., 2006), and soils
(e.g., Neill and Gignoux, 2006). Given the difficulty of mea-
suring in situ microbial growth yields, a common practice in
RTMs is to extrapolate Y values measured in laboratory
incubations to field conditions (e.g., Scheibe et al., 2006;
Bao et al., 2014). However, in the laboratory, Y values
are usually obtained under highly favorable conditions,
including optimal temperatures, nutrient-rich growth media
and high electron donor and acceptor concentrations (often
in the mM range). Depending on the experimental method,
Y values are either derived from data collected during expo-
nential growth (i.e., in chemostats), or after the microor-
ganisms have entered the stationary growth phase (i.e., in
batch experiments). Therefore, the corresponding Y values
reflect growth of a uniform population of cells which have
either undergone (i.e., batch) or continue (i.e, chemostats)
to experience an energy-replete physiological state charac-
terized by high metabolic rates and rapid growth (e.g.,
Laanbroek et al., 1984; Strohm et al., 2007). It is thus ques-
tionable whether these values apply to microbial popula-
tions inhabiting resource-limited environments.

In principle, a detailed knowledge of the complete net-
work of metabolic pathways informed by genomics should
allow one to predict the effects of nutrient and electron
donor and acceptor supply rates on the growth and func-
tion of a given microorganism without the need to assign
a growth yield (Mahadevan et al., 2011, and references
therein). So-called genome-scale models have successfully
been implemented in RTMs (Scheibe et al., 2009). The com-
parison of a uranium bioremediation RTM, including
either a traditional Monod growth model with a specified
Y-value or a genome scale metabolic model of Geobacter
sulfurreducens, yielded higher cell concentrations for the

Monod model (Scheibe et al., 2009). The observation was
attributed to the constant Y value used in the Monod
model, while in the genome-scale model growth dynami-
cally adjusts to the environmental chemical gradients. Not
surprisingly, a subsequent sensitivity analysis of a RTM
using the traditional Monod model applied to the same
aquifer identified Y as a key parameter required to predict
the fate of uranium (Zhao et al., 2011). However, for many
environments of interest the entire microbial genome is not,
or only incompletely, known.

Under energy-limiting conditions, Y can be related to
the catabolic energy yield via empirical relationships (e.g.,
Roden and Jin, 2011) or through bioenergetically based
models (Heijnen et al., 1992; McCarty, 2007), such as the
Gibbs Energy Dissipation model (GEDM). Models
grounded in thermodynamics provide a theoretically sound
approach to predict Y values in energy-stressed environ-
ments (e.g., subsurface environments). These values can
then be implemented into comprehensive microbial kinetic
formulations describing substrate consumption or produc-
tion. Moreover, the experimental determination of Y values
when solid phase electron acceptors (or reaction products)
are involved may be difficult, for example during dissimila-
tory reduction of insoluble iron(IIl) oxyhydroxides,
because solids interfere with commonly used optical meth-
ods to measure biomass. In these cases, predictive bioener-
getic models offer an alternative way to estimate
metabolism-specific Y values. Most existing bioenergetic
models, however, have been calibrated with data from bio-
engineering and biotechnological applications that may not
provide realistic analogues for the low energy-yielding
metabolisms prevailing in many subsurface environments.

VanBriesen (2002) assessed different bioenergetics mod-
els by comparing predicted Y values for aerobic respiration
to 10 Y values determined in the laboratory. More recently,
Kleerebezem and Van Loosdrecht (2010) evaluated the
accuracy of the same models using 31 measured Y values
for O, respiration (74% of the data), denitrification (16%)
and methanogenesis (10%). While both reviews show simi-
lar errors across the different models (12-20%), they both
compared the model predictions to a small number of
experimental Y values with a bias towards higher-energy
yielding metabolisms. Moreover, the catabolic Gibbs
energy values used in the Y prediction models by
VanBriesen (2002) and Kleerebezem and Van Loosdrecht
(2010) were calculated under biochemical standard state
conditions (i.e., 25 °C, pH 7 and unit activities for all chem-
ical species, except H™), that is, conditions that may deviate
significantly from those encountered in environmental sys-
tems (LaRowe and Amend, 2015). Thus, for geochemical
applications, a Y prediction method should account for
the spatial and temporal variable temperature and chemical
conditions under which the metabolic processes are
occurring.

A key objective of our study is to extend the original
Gibbs Energy Dissipation model (GEDM) of Heijnen
et al. (1992) and develop a method for calculating Y values
that can be implemented in dynamic, biomass-explicit
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biogeochemical models. We achieve this by (1) establishing
an empirical relationship between the Gibbs energies
of catabolism and metabolism using a database comprising
132 experimental Y values, with 60% of values correspond-
ing to low energy yielding catabolic processes (i.e.
> —25 kJ/mol e7), hence including common geomicrobial
metabolisms such as methanogenesis and sulfate reduction,
and (2) deriving a new Y prediction model from the afore-
mentioned empirical relationship and the original GEDM.
While the Y data assembled pertain to catabolic energy
production during chemoorganotrophy, chemolithotrophy,
methanogenesis, and fermentation, the theoretical frame-
work should provide the foundation to predict Y for other
important geomicrobial metabolic classes.

2. BIOGEOCHEMICAL SIGNIFICANCE OF THE
GROWTH YIELD

Growth yields are generally incorporated into biomass-
explicit microbial kinetic models using the well-known
Monod formulation (e.g., Thullner et al., 2007). The bio-
mass production rate (r,) [in units of biomass (time)fl] is
a function of the microorganism’s specific growth rate (p)
[time™']:

re = pX (1)

where X is the biomass. Note that although u is referred to
as a rate, it is actually a rate coefficient. The value of u
reflects both the microorganism’s intrinsic metabolic capac-
ity and the external environmental conditions. The Monod
microbial growth equation (Monod, 1949) relates u to the
availability of a growth-limiting substrate via:

= — 2
H :uma,\KS_‘_S ()

where 4, is the maximum specific growth rate [time '], S
is the concentration of the substrate, and K| is the substrate
affinity constant, that is, the substrate concentration when
1= 0.5y

The growth yield (Y) directly couples the rate of sub-
strate consumption () [mass substrate (time™")] to the bio-
mass production rate:

re=—Try (3)

(Note that the additional substrate consumption required
to enable the cellular maintenance processes can be
accounted for by adding an extra term to the RHS of
Eq. (3), commonly known as the maintenance substrate uti-
lization rate, m, [moles substrate (C-mol biomass h)™'].)
Combining Egs. (1), (2) and (3):

_ )umax S
Y K,+S

rs = (4)

The Monod formulation can be expanded to multiple
substrates. For example, for energy-limited growth, where
the catabolic reaction involves the transfer of electrons
from an external electron donor (S;) to a terminal elec-
tron acceptor (S,), a multiplicative formulation can be
used:

:uma,\' Sa Sd
s = — X - . 5
g Y (Ka ¥ Sa> (Kd ¥ Sd> ®)

A key thermodynamic condition that applies to cellular
metabolism is that the catabolic reaction must be generat-
ing useable energy under the prevailing environmental con-
ditions, that is, AG.,; < 0, where AG,, [kJ mol_l] is the
Gibbs energy change of the catabolic reaction under non-
standard conditions:

AG., = AG,,, + RTInQ,,, (6)

cat

where AGZM is the Gibbs energy of the catabolic reaction
under standard conditions and Q. is the corresponding
reaction quotient. In addition, it has been observed that a
minimum excess catabolic energy production is required
for cells to be able to utilize a given catabolic reaction. This
requirement can be explicitly added to the Monod model.
Jin and Bethke (2003, 2007), for instance, propose the fol-

lowing formulation:

Mgy S AGcat + }’ZAGATP
—omax N —] (1= exp
Y K, +S JRT
(7)

where the corresponding thermodynamic condition now
states that the catabolic reaction will proceed at the rate
given by Eq. (7) when (AG,, +nAG,p) <0; when
(AG,,, +nAG,zp) > 0, the reaction can no longer sustain
the metabolic machinery of the cells, and r,=0. In Eq.
(7), AGzp [kI mol~']is the Gibbs energy required to pro-
duce 1 mol of ATP from ADP and monophosphate, n is
the number of ATP molecules produced per catabolic for-
mula reaction, R is the universal gas constant, 7'is the abso-
lute temperature, and y is the average stoichiometric
number. The latter is the number of times the rate limiting
step occurs per overall reaction and is often related to pro-
ton translocation across the cell membrane (Jin and Bethke,
2003). An alternative formulation for the last term on the
right hand side (RHS) of Eq. (7) has been proposed by
LaRowe et al. (2012), based on the minimum energy
requirement to sustain a viable cell membrane potential.

The use of an energy explicit equation such as Eq. (7)
rather than Eq. (4) is crucial under energy-limiting condi-
tions, that is, when the absolute value of AG,,, approaches
nAGyzp. In that case, most energy generated by catabolism
is diverted to maintenance functions, with little energy left
to invest in growth. Thus, it may seem that with the last
term on the RHS of Eq. (7), the dependence of microbial
reaction kinetics on energy limitation is accounted for.
However, the value of Y is also dependent on catabolic
energy gains (Roden and Jin, 2011). In what follows, we
focus specifically on how to relate Y to the energetics of cel-
lular metabolism.

Vg =

3. EXPERIMENTAL DATA: LITERATURE
COMPILATION

Experimental growth yields and ancillary data are based
on an extensive literature search predicated on electron-
donor (ED) limited monoculture growth on C1-C6 carbon
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sources and H,: in total, 132 growth yields are used (for a
complete listing including the anabolic and catabolic reac-
tions, see Tables A.1 and B.1). In what follows and unless
otherwise denoted, the Y values are expressed in units of
C-mol biomass per C-mol ED, except when H, is the elec-
tron donor and Y is expressed as C-mol biomass per mol
H,. The data set includes 96 Y values selected from the
123 values assembled by Roden and Jin (2011); 30 values
are excluded because of the lack of chemical data to calcu-
late Gibbs energies of reaction under non-standard state
conditions, or because the values correspond to syntrophic
growth. Ancillary data include pH, temperature, aqueous
chemical concentrations and the experimental method
(i.e., batch, chemostat or retentostat).

The anabolic reactions are all written using the generic
microbial biomass formula of CsHoO,sN (or CH; gOq s-
No.2), proposed by Roels (1980) based on the measured ele-
mental concentrations of eight microbial species. This
biomass formula gives a corresponding molecular weight
of 24.6g (C-mol biomass)”!. The anabolic reactions
account for the differences in C oxidation states between
the carbon source and the biomass (Kleerebezem and Van
Loosdrecht, 2010). Details on how the anabolic formula
reactions are derived are provided in Section 3 and Appen-
dix C.1. Standard state Gibbs energy changes of the ana-

bolic (AG,,), catabolic (AG,,) and metabolic (AG,,)
reactions are calculated using the standard Gibbs energies
of formation (AG}) of the products and reactants at
298.15 K.

Gibbs energies and enthalpies of formation (AG;. and
AH;) of the relevant chemical species are obtained from
Shock (1995), Stumm and Morgan (1996), Shock et al.
(1997) and Majzlan et al. (2004). AG, values are unavailable
for iron citrate complexes, therefore formation constants
(i.e., logK values) from Wang et al. (2008) are converted
to AG_;, giving values of —2450.4 and —2460.08 kJ/mol
for Fe(C6H507)§_ and Fe(C(,H507)‘2‘_, respectively. Like-
wise, logK values from Dong and Brooks (2006) are used
to calculate the AG, of MgUO(CO3)i~, Ca,UOy(CO3)4
and CaUO,(CO;)3~ complexes, giving values of —3140.1,
—3817.1 and —3231.8 kJ/mol, respectively. The remaining
AGcf for the relevant uranium complexes and uraninite are
those of Guillaumont et al. (2003). For biomass, we rely
on the AGf and AH, values of Roels (1980), —67 and
—91.4kJ (C-mol biomass)™', respectively. These values,
which are the only ones currently available in the literature,
have previously been successfully implemented in other
bioenergetic models (e.g., Heijnen and Van Dijken, 1992).

Standard Gibbs energies of reaction are corrected for
experimental temperatures using the Gibbs-Helmholtz
equation:

o o T o 298.15-T
AGrT = AG7298 : (29815) + AHV298 : ( 208.15 ) (8)

where AH, is the standard enthalpy change at 298.15 K,
and T is the experimental temperature in Kelvin. Gibbs

energies of reaction under non-standard state conditions
are calculated according to:

AG, = AG,; + RTInQ 9)

where AG: is the Gibbs energy of reaction under standard
state conditions corrected for temperature using Eq. (8)
and Q is the reaction quotient. Chemical concentrations
are converted to activities using PHREEQC v.3
(Parkhurst and Appelo, 2013). Chemical concentrations
are those either directly measured when the final biomass
was collected, or computed from the initial concentrations
by applying appropriate formula reactions to calculate the
final concentrations when the biomass was collected. Ionic
strengths are estimated from the aqueous and gaseous
chemical compositions of the growth medium recipes listed
for each literature Y value. Biomass is treated as an insol-
uble precipitate and assigned an activity of 1 (Battley,
1992).

Specific growth rates (p) are either taken directly from
the experimental studies, or calculated by converting the
reported doubling times (¢,) using:

2

p= (10)

ta
When p or ¢, are not reported, the biomass growth curve is
digitized with the open source software, Plot Digitizer©,
and 7, calculated as:
[ = 0.301(, — 1) (1
log X, — log X,

where X; and X, are cell concentrations measured at times
t; and t, during the exponential growth phase, respectively.

A boxplot of growth yields grouped according to the
major electron accepting, methanogenic and fermentation
pathways is shown in Fig. 1A. As can be seen, there is a
general tendency for Y values to be higher for pathways
such as aerobic respiration and denitrification that are asso-
ciated with the stronger oxidants. However, there is much
overlap between the pathways, as any given pathway can
exhibit a significant range in Y values. For instance, ¥ val-
ues for chemoorganotrophic aerobic respiration vary
between 0.07 and 0.66 C-mol biomass (C-mol ED)~'. The
majority of doubling times in the experiments included in
Fig. 1A fall below 24 h, which reflects the bias in culture
studies towards higher specific growth rates (Fig. 1B).
Nonetheless, the data set also includes Y values in the slow
growth rate regime, which tend to be associated with low
energy-yielding processes, such as sulfate reduction and
methanogenesis. As also shown by Roden and Jin (2011),
a general positive correlation, or linear free energy relation-
ship (LFER), is observed between the measured Y values
and the corresponding Gibbs energy changes of the cata-
bolic reaction, AG., (see Appendix Section C.2 and
Figs. C1 and C2).

4. ANABOLIC REACTION FORMULAS

The key to predicting Y, and therefore accurately repre-
senting geomicrobial processes in biogeochemical models, is
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Fig. 1. Compiled literature values of (A) observed Y for the major
electron accepting, fermentation (ferm) and methanogenic (meth)
metabolic pathways. The black circles represent outliers; DN, and
DNHj refer to dissimilatory nitrate reduction to N, and NHi,
respectively; (B) observed Y plotted versus doubling times where
the inset shows data for doubling times less than 24 h; Y is reported
as C-mol biomass per mol H, for the corresponding catabolic
reactions denoted in the legend where H, is the electron donor.

—_

to determine the energy demand associated with growth
(Kleerebezem and Van Loosdrecht, 2010). The latter is
embodied by the anabolic reaction. Consider for example
heterotrophic growth with acetate as sole carbon source
and electron donor. Production of biomass is then given by:

0.5C,H;0; + 0.2NH; + 0.5H" +0.2¢~
— CH, 300 5Ny, + 0.5H,O (12)

where the required electrons are provided by the oxidation

of acetate:

0.025C,H;0; + 0.1H,0 — 0.05HCO3 + 0.225H" +0.2¢~
(13)

combining Egs. (12) and (13) then yields the full anabolic
reaction:

0.525C,H;0; + 0.2NH; + 0.275H*

We define the parameter v as the number of moles of ED
used in the synthesis of 1 C-mol of biomass, that is, v cor-
responds to the stoichiometric coefficient of the ED in the

full anabolic formula reaction written to yield 1 C-mol of
biomass. In Eq. (14), v equals 0.525 moles of acetate con-
sumed per C-mol of biomass synthesized. When using a dif-
ferent biomass formula, the anabolic formula reaction must
be adjusted accordingly (see also Section 7).

In the above example, the carbon source and ED are the
same chemical compound, which does not have to be the
case. For instance, Desulfovibrio vulgaris can grow using
sulfate as terminal electron acceptor, H; as electron donor
and both acetate and carbon dioxide as carbon sources
(Badziong et al., 1978). The latter authors report that
70% and 30% of cell carbon derives from acetate and car-
bon dioxide, respectively. Therefore, the biomass produc-
tion reaction is given by:

0.35C,H;0; +0.3CO, + 0.2NH + 1.55H" + 1.4e”
— CH,; 305Ny, + 0.8H,O (15)

The electron donor (H,) in the catabolic reaction provides
the electrons to balance Eq. (15) via:

0.7Ha(y — L4H™ + Lde (16)

combining reactions Eqs. (15) and (16) then yields the full
anabolic reaction:
0.35C,H;0;5 +0.3CO; + 0.2NH; + 0.7H,(, + 0.15H"

— CH1_300_5N0_2 + 08H20 (17)
and v equals 0.7 moles of H, per 1 C-mol of biomass
synthesized.

The chemolithoautotrophic methanogen, Methanosar-
cina barkeri, is another example of a microorganism where
the electron donor and carbon source are different: H, is
the electron donor and HCOj3 the carbon source (Smith

and Mah, 1978). Biomass production requires the transfer
of electrons to bicarbonate according to:

HCO;Z + 0.2NH; + 5H" 4+ 4.2¢~
— CH, 309 5Ny + 2.5H,0 (18)

where the electrons are supplied by:
2.1H,, — 42H" +4.2¢ (19)

Combining reactions (18) and (19) yields the full anabolic
reaction for M. barkeri:

HCO; + 2'1H2(aq) + O2NHI + 08H+
— CH,; 305Ny + 2.5H,0 (20)
with v equal to 0.1 moles of H, used per 1 C-mol of biomass

synthesized. Further examples of how to formulate ana-
bolic reactions are given in Appendix C.1.

5. METABOLIC ENERGY BALANCE

If we define A, as the number of times the catabolic
reaction must proceed in order to meet the energy demand
for growth, then the metabolic energy balance is
Kleerebezem and Van Loosdrecht (2010):

AGmet = )~L'at : AGcat + AGan (21)
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where AG,,,, is in units of kJ (C-mol biomass)f1 and corre-
sponds to the Gibbs energy change of the metabolic reac-
tion, that is, the overall reaction coupling catabolic and
anabolic reaction (see Section 7 for an example of a meta-
bolic reaction). Note that the metabolic energy balance only
accounts for the catabolic energy invested in anabolism. It
therefore differs from the total cellular energy balance,
which also includes the energy required to perform mainte-
nance processes. In a biomass-explicit microbial kinetic
model, the maintenance energy requirement is implemented
separately through the substrate utilization rate (see Sec-
tion 2 and Pirt, 1965, for further details).

The growth yield Y and /., are directly related to one
another via:

1—Yv

feat = (22)
where 4., is expressed in units of mol ED per C mol bio-
mass, and Y is expressed in C-mol biomass per mol ED.
By combining Eqs. (21) and (22) we can express Y in terms
of the Gibbs energies of catabolism, anabolism and meta-
bolism (see also Heijnen et al., 1992; Kleerebezem and
van Loosdrecht, 2010):

Y _ AGcat
B AGmet + AGcatvaGan

(23)

where Y is in units of C-mol biomass (mol ED)~!. Alterna-
tively, when the ED is an organic compound, ¥ may be con-
verted to units of C-mol biomass (C-mol electron donor)™"
via:

B AG.y 1
N AGmel + AszV_AGan x '/IC

Y (24)
where 7 is the number of carbon atoms in the molecular
formula of the C-source.

Once the corresponding formula reactions are estab-
lished, the Gibbs energies of reaction AG.,, AG,, and
AG,,.; can in principle be calculated at any given tempera-
ture and chemical composition of the medium (Section 2).
However, to formulate the metabolic reaction from the
catabolic and anabolic reactions, /., and, therefore, ¥ must
be known. In other words, Eqgs. (23) and (24) contain two
unknowns, AG,,., and Y. A second equation is therefore
required to independently estimate AG,,, in order to use
Eqgs. (23) or (24) to predict Y. In the next two sections,
we describe two methods for obtaining AG,,, values, first
the original equation developed by Heijnen and Van
Dijken (1992) (Section 5) followed by our new method
(Section 6).

6. GIBBS ENERGY DISSIPATION METHOD (GEDM)

The empirical GEDM formula of Heijnen and Van
Dijken (1992) is based on 46 growth yields measured for
monocultures of aerobes, denitrifiers, chemolithoau-
totrophs and fermenters supplied with carbon sources con-
taining 1 to 6 C atoms. Because of the general lack of
chemical data on the growth media required to calculate
reaction quotients, Heijnen and Van Dijken (1992) rely
on biochemical standard state Gibbs energies. Fitting of

the observed Y values then yields the following empirical
formula for the biochemical standard state Gibbs energy

of metabolism, AG,, [kJ (C-mol biomass)~'];

met

AG! = - [200+18(67nc)1'8

met

-‘rexp{((?».g - «/C)z)o"6 ‘ (3.6+0.4nC)H (25)

where 7. is the degree of reduction of C in the carbon
source, that is, the number of electrons released per C dur-
ing complete oxidation to CO, (for details on y., see
Appendix, section C.1).

According to Eq. (25), AG,,, depends on the carbon
source for anabolism, via 7. and y., but not on the electron

acceptor in the catabolic reaction. Energy dissipation (i.e.,

—AGZW) is lowest for microorganisms growing on a C
source with y. values between 3.5 and 4.5. Moreover, for
C sources with the same y., energy dissipation is lowest

for the C source containing more C atoms. Thus, —AG,,,

decreases the more chemically similar the C source is to
intracellular biomass-building compounds, such as pyru-

vate or acetyl-CoA. Using Eq. (25), AG:@/ values range
between —200 and —800 kJ (C-mol biomass) ™! for chemo-
heterotrophs. For chemolithoautotrophs that derive energy
using a reverse electron transport (RET) system, Heijnen

and Van Dijken (1992) further propose to impose a constant
AG.  value of —3500 kJ (C-mol biomass) ' and —1000 kJ

met
(C-mol biomass)~! for autotrophs lacking a RET.

For each experimental Y value compiled in our study,
the corresponding predicted GEDM Y value is calculated
with Egs. (22) and (23) for H, or the carbon based ED,

respectively, using the values of AG,,,, AG,,,v and 7 listed
in Appendix Table Al, plus AG;;BZ obtained with Eq. (25).
The resulting parity plot shows reasonable agreement
between the observed and predicted growth yields when
considering the entire range of Y values (Fig. 2A). Focusing
on the low growth yields (i.e., ¥ < 0.2 C-mol biomass
(C-mol ED)™!), however, reveals significant scatter (inset
of Fig. 2A). In addition, the residuals for ¥ < 0.2 are not
randomly distributed. In particular, the GEDM-
calculated Y values of sulfate reduction tend to be system-
atically lower than the observed values (Fig. 2B).

The AG;;[ values calculated with Eq. (25) can also be
directly compared to the experimental AG,,, values in our
data set (Fig. 3A). The latter can be derived for each
observed Y value by rearranging Eq. (23) and solving:
AG,., — —YAG. v + YAG,, + AG.y (26)

Y
The poor agreement in Fig. 3A between experimental and
GEDM Gibbs energies of metabolism reflects the inability
of Eq. (25) to account for changes in temperature, ED
and medium composition. In other words, for a given meta-
bolic pathway, GEDM yields a single value of AG,,,, while
in reality AG,,,, varies with temperature and changes in the
reaction quotient. This limits the usefulness of GEDM in
geochemical and environmental applications where large
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Fig. 2. Parity plots of observed growth yields (Y,) versus predicted growth yields (Y ,.s) using (A) GEDM and (C) GEDYM for the major
electron accepting and fermentation (ferm) and methanogenic (meth) metabolic pathways. DN and DNRA refer to dissimilatory nitrate
reduction to N, and NH, respectively. The inset graphs magnify the x- and y-axis to illustrate model predictions at low growth yields. The
black lines represents the 1:1 line while the red dashed lines are the result of linear regression fits. Residual plots of the observed growth yields
(Yops) versus the residuals of the prediction, i.e., (Y5 — Y ,eq) using (B) GEDM, and (D) GEDYM. All Y values are expressed as C-mol
biomass/C-mol of electron donor except for those denoted with H, in the legend which are expressed as C-mol biomass/mol H,.
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Fig. 3. Parity plots of observed and predicted AG,,., values calculated using (A) the original GEDM, and (B) GEDYM of the major electron
accepting and fermentation (ferm) and methanogenic (meth) metabolic pathways. DN and DNRA refer to dissimilatory nitrate reduction to
N, and NHj, respectively. The black lines represent the 1:1 line while the red dashed lines are the result of linear regression fits.
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spatial and temporal gradients in physical, chemical and
redox conditions are encountered. Below, we present a
novel approach to overcome this limitation of GEDM.

7. GIBBS ENERGY DYNAMIC YIELD METHOD
(GEDYM)

The extension of the original GEDM, GEDYM, is
based on the highly significant correlation (r*=0.998,
p <0.0001) observed between the extent to which AG,,,
deviates from its standard state value AG,, and the corre-

sponding deviation between AG,,, and AG:_at (Fig. 4A):

AGmet _ 1 _ (AGcat _
AG, ~ \AG,,

met

1) m+b (27)
where m and b are the slope and y-intercept, respectively.
With Egs. (23) and (27), we now have a system of two equa-
tions for the two unknowns Y and AG,,,. Solving for Y
yields:

(AGmet /AGmeto )-1

Y= “AGZZt — ﬁA GZmAGCHt
wAG.., —AG.,, (BvAG,,,+2AG, +AG,,)+mAG.,AG,,
(28)
where
a=m—b—1 (29)
and
p=m—1 (30)
2
All Metabolisms ~
- o | v.=0935¢-0060
o = 0.998
2 p < 0.0001
9 p
-2 5710
E <& 7 0.5
o 4
2 -4 & 00
/09/ -0.5
P 1.0
-6 . i -1.0 -05 I(J.O 05 1.0
-6 -4 -2 0 2
(AGcat /AGcato ) -1
¢ O A MnQ, & Fe(lll)-citrate
O DN [ FeOOH O Fumarate
® DN-H, m FeOH), <& sSO7
0 DNRA @ Fe(OH);H, ¢ SO-H,

In Eq. (28), Y is expressed in C-mol biomass (mol
ED)"!; these units can be converted to C-mol biomass
(C-mol ED)™! by dividing the RHS of Eq. (28) by 7.
For growth on mixed electron donors (e.g., H, plus
C,H303) individual Y values can be determined for each
ED. These values can then be converted to common units
of C-mol biomass (mol electrons transferred)fl, and com-
bined to an overall Y value based on the stoichiometry of
the catabolic reaction.

Eq. (27) holds across a remarkably broad range of meta-
bolisms and Y values. Detailed scrutiny of the data reveals
that the following metabolisms depart the most from the
linear regression in Fig. 4A: (1) aerobic respiration coupled
to glucose oxidation (n=135), (2) glucose fermentation
(n=238), (3) hydrogenotrophic methanogenesis (n = 10),
and (4) uranium reduction (n = 5) (Fig. C3). Table 1 there-
fore provides separate linear fitting parameter values for
these four metabolisms. Possible reasons why the four
metabolisms deviate from the general trend include uncer-
tainties in the formulation of the catabolic reaction, over-
flow metabolism and cellular energy sinks other than
biomass production.

In the five studies on aerobic glucose oxidation exam-
ined (Table A.1, CR# 1-5), secondary oxidation products
(i.e., acetate) were only analyzed in one of them
(Andersen and von Meyenburg, 1980). Acetate production
has been reported to occur at doubling times less than 55
minutes (Basan et al., 2015), which applies to three of the
five ¥ values in our database. For these three Y values we
included acetate as a catabolic reaction product (see

2
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& 05
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Fig. 4. (A) Parity plots of the ratios of metabolic and catabolic energies under standard versus non-standard conditions (i.e.,
((AGM@, / AG:M) — 1) versus ((AGM, / AGZm) - 1)) of (A) all compiled literature growth yields (n = 132), and (B) the majority of metabolisms
(n = 102) including all of the major electron accepting, fermentation (ferm) and methanogenic (meth) metabolic pathways. DN and DNRA
refer to dissimilatory nitrate reduction to N, and NHj, respectively. The inset graphs magnify the x- and y-axis to illustrate the linear

relationship for (AG..,/AG

cat

) —1 varying between —1 and +1. The black lines represents the 1:1 prediction line while the red dashed lines are

the result of linear regression fits. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Table 1

The slopes (m) and y-intercepts (b) derived from the empirical relationship between the ratios of metabolic and catabolic energies under
standard versus non-standard state conditions presented in Figs. 4B and C3.

# ok

Metabolism m b o p
Majority of metabolisms 0.9306 —0.0690 —0.0004 —0.0694
Glucose + oxygen respiration 0.9862 0.0109 —0.0247 —0.0138
Glucose fermentation 0.9048 0.0024 —0.0976 —0.0952
Hydrogenotrophic methanogenesis 0.9975 —0.0225 0.0200 —0.0025
U(VI) reduction 1.0560 0.0029 0.0531 0.0560

s

ao=m—b—1.
T B=m—1.

Table B.1, CR# 2-4). However, there are no actual compo-
sitional data to corroborate the catabolic reaction formulas
used. Moreover, overflow metabolism has been observed
for glucose oxidation in the presence of O,: bacteria such
as E. coli may use fermentation rather than respiration as
a strategy to lower the energetic demand for proteins syn-
thesis (Basan et al., 2015). For glucose fermenting bacteria,
the absence of an external electron acceptor results in
greater energy expenditure as compared to non-
fermenting microbes. Another potential explanation is that
the Y wvalues included in our database correspond to
Clostridium sp. known to produce endospores that may rep-
resent an energy sink not accounted for in our approach.
For hydrogenotrophic methanogenesis extra energetic costs
may be linked to the use of CO, as a carbon source which is
highly oxidized and must be reduced to same oxidation
state of biomass (i.e, autotrophy) and, for uranium reduc-
tion, to those invested in uranium detoxification (Belli
et al., 2015).

A parity plot of observed versus Y values calculated with
Eq. (28) and the parameter values in Table 1 yields closer
agreement of GEDYM with the available data than the
original GEDM (Fig. 2), in particular at Y values less than
0.2 C-mol biomass (C-mol ED)! (see inset on Fig. 2C).
The better performance of GEDYM in predicting Y is con-
sistent with the improved estimation of AG,,., using Eq. (28)
rather than Eq. (25), as shown by comparing Fig. 3A and
3B. The good performance of Eq. (27) at low Y values likely
reflects the corresponding high values of 1., (see Eq. (14)),
which imply that variations of AG,,, are dominated by
variations of AG,, (see Eq. (13)).

Changes in the biomass formula requires re-writing the
anabolic reaction stoichiometry and, therefore, adjusting
the values of AG; and AG,, in Eq. (28). For instance,
Liu et al. (2001b) report a biomass formula CH/ 4O 53-
No.22 for the methanogen Methanosarcina barkeri. Use of
this biomass formula in Eq. (28) can be compared to that
of the generic one for the same microorganism (denoted
CR#123 in Tables A.1 and B.1). The predicted Y values
with the generic biomass formula (CH; 3O sNp,) and the
reported biomass formula (CH; 40¢.53Ng22) do not vary
significantly: they are 0.047 and 0.050 C-mol biomass (C-
mol acetate)fl, respectively. Both predicted Y values com-
pare equally well to the actual ¥ measured by Smith and
Mah (1978) of 0.039 C-mol biomass (C-mol acetate)’l.
Nonetheless, more work should be devoted to potential

impacts of variable cell biomass composition on growth
yield estimations.

8. APPLYING GEDYM: EXAMPLE

As an example of the use of GEDYM, we consider the
reduction of amorphous ferric oxide, Fe(OH)s, coupled to
the oxidation of acetate by Geobacter sulfurreducens, a com-
mon subsurface bacterium (Methe et al., 2003), under the
controlled laboratory conditions described by Caccavo
et al. (1994) (Table A.1, CR# 49). Full details on the exper-
imental conditions and calculations can be found in the
Appendix (Table C.1). The anabolic reaction is Eq. (7)
and the value of v is 0.525 mol acetate (C-mol biomass)™
(Section 3). The values of AGjm and AG,, are 17.8 and
37.0 kJ (C-mol biomass) ™!, respectively. The catabolic reac-
tion is:

8Fe(OH), + C,H;0; + 15H*
— 8Fe*" + 8Fe(OH), + 2HCO; + 20H,0 (31)

Note that we use aqueous Fe*™ as the reduced reaction
product. The latter usually transforms into a ferrous iron
solid phase, such as magnetite or siderite. However, the
mineral precipitation process is an abiotic reaction from
which the bacteria gain no energy. The production of
Fe?* in the study of Caccavo and coworkers, as in the case
of all the iron reduction studies included in our database, is
determined by measuring Fe’" in 0.5M HCI extracts,
which include aqueous as well as solid-bound Fe?". There-
fore, we compute equilibrium aqueous Fe?' activities with
respect to the observed secondary iron mineral. In the
example here, equilibrium with magnetite yields an Fe*"
activity of 2.9 x 1077, The corresponding AGZmand AG.y
values are then —475.9 and —173.1 kJ (mol acetate) .

With the above Gibbs energy changes, Eq. (28) predicts
a Y value of 0.159 C-mol biomass (C-mol acetate) ', which
compares well to the experimental value of 0.105 C-mol
biomass (C-mol acetate)”!. From the predicted Y value,
we obtain a A, value of 2.62 moles acetate (C-mol
biomass) ™' with Eq. (22). Next, the full metabolic reaction
is obtained by adding the anabolic reaction (Eq. (14)) and
the catabolic reaction (Eq. (31)) multiplied by A.,:

20.98Fe(OH), + 3.15C,H;0; + 0.2NHj + 39.62H™

— CH, §00,5Np2+20.98Fe’" + 5.3HCO; + 52.86H,0
(32)
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The corresponding Gibbs energy of metabolism, AG,,;, is
—417.10kJ (C-mol biomass)~! and is calculated using
Eq. (21).

Eq. (32) is written to yield one C-mol biomass; alterna-
tively, the metabolic formula reaction can be expressed per
mol of acetate consumed:

6.67Fe(OH), + C,H;0; + 0.064NH; + 12.59H"
—0.318CH, 300 5Ny + 6.67Fe** +1.68HCO; + 16.79H,0
(33)

With AG,,, = —132.5 kJ (mol acetate)"'. The lower Gibbs
energy yield of reaction (33) compared to that of the cata-
bolic reaction (31), —132.5 wversus —173.1kJ (mol
acetate) ™!, reflects that only a fraction of the acetate con-
sumed is used to generate catabolic energy, while the other
fraction is allocated to biomass growth. In contrast to cat-
abolism, where acetate is oxidized, during anabolism the
carbon in acetate is reduced in order to form new biomass.
Consequently, it is important to account for all the carbon
utilization, as captured by the metabolic reaction, rather
than assume that all of the C-based ED is oxidized.

9. A THERMODYNAMIC LIMIT FOR Y

Minimum catabolic energy requirements to sustain a
variety of microbial metabolisms range from —4 to
—50kJ (mol ED)™" (see review by Hoehler (2004)). The
lowest catabolic energy yield in our database is —12.7 kJ
(mol acetate) ! for acetotrophic methanogenesis by Metha-
nosarcina mazei. Thus, below a catabolic Gibbs energy yield
(i.e., —AG.) of about 10 kJ (mol ED)~! predicting Y val-
ues with GEDYM may no longer be meaningful and, there-
fore, not recommended by the authors.

There are instances, however, where the catabolic reac-
tion is favourable (i.e., AG.,<0), but the corresponding
AG,,, is equal or greater than zero (Liu et al., 2007). A zero
AG,,., value represents the thermodynamic limit of ¥, as one
would expect the specific growth rate (n) to become infi-
nitely slow and the microorganisms would be outgrown
by competitors (von Stockar et al., 2006). This intuitively
contradictory interplay between Y and p is a so-called
rate-yield trade-off (RYTO) (see Lipson, 2015; and refer-
ences therein). When AG,,., becomes positive, the metabolic
reaction should no longer be able to proceed. Possibly,
microorganisms cope with this condition by activating
energy overflow or spilling processes (Russell and Cook,
1995).

From a bioenergetics perspective, the growth yield Y
reaches its absolute maximum value (Y,.) when
AG,. = 0. Substituting the latter condition into Eq. (23)
then gives:

AGCG[
Y"WX B AGmlv_AGan (34)
When applying GEDYM, it is crucial to recognize the exis-
tence of an upper limit to Y (i.e., ¥,,,) in order to avoid
overestimating growth yields. In the examples described
in Section 9, we therefore systematically compare the values
of Y and Y,,,, under variable geochemical conditions.

10. GEOCHEMICAL APPLICATIONS OF GEDYM

In many environments, energy supply exerts a key con-
trol on geomicrobial activity. In soils, sediments and aqui-
fers, the energy flow sustaining the microbial community
usually originates from detrital organic electron donors,
with electrons ultimately transferred to internal or external
terminal electron acceptors (Thullner et al., 2007; Hoehler
and Jorgensen, 2013, and references therein). Fermentation
products, for example acetate and H,, often serve as the
direct energy substrates for heterotrophic respiration in
the subsurface. As reviewed by Zhuang et al. (2011),
in situ acetate oxidation rates range from values as high
as 6.4 uM h~! in lake sediments (Lovley and Klug, 1983)
to as low as 0.0135uM h™" in deep aquifers (Chapelle
and Lovley, 1990). These rates are well below those mea-
sured in the laboratory, even in experiments intended to
mimic microbial physiology and slow growth in low energy
environments. For example, in acetate-limited flow-through
bioreactors designed to derive kinetic parameters (including
Y) for Geobacter sulfurreducens in groundwater environ-
ments, Lin et al. (2009) and Esteve-Nunez et al. (2005) used
acetate as the limiting reagent which was supplied at rates
of 20 and 220 uM h~", respectively.

Thus, laboratory-derived Y values may offer poor ana-
logs for growth yields in the subsurface. The distinctive
advantage of GEDYM is that it allows for the dynamic
adjustment of AG,,,, and therefore Y, when geochemical
conditions change. The use of GEDYM is illustrated using
the examples of dissimilatory iron reduction, sulfate reduc-
tion and methanogenesis, that is, microbial processes that
play major roles in the biogeochemical cycling of carbon,
nutrients and contaminants in anoxic environments.

10.1. Iron reduction

We expand the iron reduction example of Section 7 by
calculating Y values for the dissimilatory reduction of
goethite (0-FeOOH) and ferrihydrite (Fe(OH)3) for vari-
able activities of aqueous Fe?™ and acetate, at 12 °C and
under chemical conditions typical of those encountered in
groundwater (Tables C.2 and C.3, Fig. 5, C4-C7). The
activities of Fe?™ at which the groundwater is in equilib-
rium with either vivianite (Fe;(POy),), siderite (FeCO3),
magnetite (Fe;04), or mackinawite (FeS), that is, secondary
iron minerals commonly forming during Fe(III) reduction,
are shown in Fig. 5 (Hansel et al., 2003).

As expected, predicted Y values for reduction of Fe
(OH); and a-FeOOH increase with increasing acetate activ-
ity and decrease with increasing aqueous Fe®' activity
(Fig. 5). Furthermore, Y is systematically higher for Fe
(OH)3 than o-FeOOH, because of the greater catabolic
energy production generated by the reduction of Fe
(OH);. At activities of acetate and Fe*" of 107 and 1072,
respectively, Y equals 0.261 C-mol biomass (C-mol
acetate) ! for Fe(OH); and 0.192 C-mol biomass (C-mol
acetate)”! for a-FeOOH. At Fe" activities above 1077,
o-FeOOH reduction becomes thermodynamically unfa-
vourable, with AG,,, becoming positive (Fig. C4). However,
these Fe?' activities are likely rarely reached in the
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Fe(OH),/ Acetate

Fe2 8 9

Fe 2+

Fig. 5. Predicted Y and Y,,, as a function of the log acetate and Fe(Il) activities for acetate oxidation coupled to Fe(Ill) reduction in
ferrihydrite (Fe(OH)3) and goethite (-FeOOH). Y and Y, are expressed as C-mol biomass/C-mol acetate. Arrows denote Fe(II) activities
when groundwater is in equilibrium with vivianite (Fe;(POy),), siderite (FeCO;), mackinawite (FeS), and magnetite (Fe;O4) as predicted by
PHREEQC. Y and Y, values are assigned a value of 0 when Y and Y,,,, values are equal to or less than 0, and AG,,, is greater than 0.

subsurface as they exceed the solubilities of potential sec-
ondary ferrous iron minerals commonly found in reducing
environments.

As can also be seen on Fig. 5, the Y, values calculated
with Eq. (34) are significantly greater than the correspond-
ing Y values. For the acetate and Fe>" activity ranges cov-
ered in Fig. 5, the maximum Y /Y, ratios are 0.34 and 0.27
for Fe(OH); and o-FeOOH, respectively (Fig. C7). The
marked differences between Y and Y, reflect the large neg-
ative values of AG,,, from —400 to —1200 kJ (C-mol
biomass)~! under the geochemical conditions considered
(Fig. C5), that is, values that deviate significantly from
the AG,,; = 0 condition that defines Y, (Eq. (20)).

The highest Y value for a-FeOOH in Fig. 5, i.e. 0.192 C-
mol biomass (C-mol acetate)_l, falls at the lower end of
growth yields typically assigned to microbial iron reduction
in geochemical models, which range from as low as 0.12
(Istok et al., 2010) to 0.40 (Li et al., 2009; Scheibe et al.,
2009; Bao et al., 2014) to as high as 0.60 C-mol biomass
(C-mol acetate)”! (Watson et al., 2003). Interestingly,
despite the higher catabolic energy gained during Fe
(OH); reduction, lower Y values have been used in geo-
chemical models to represent dissimilatory ferrihydrite
reduction, including 0.015 C-mol biomass (C-mol DOC)™!
(Eljamal et al., 2011) and 0.03 C-mol biomass (C-mol
DOC) ! (Perera et al., 2010), where DOC stands for dis-
solved organic carbon. Possibly, this results from the lower

energy content of naturally occurring DOC compared to
acetate.

10.2. Sulfate reduction

Next, we compare Y values for sulfate reduction coupled
to the oxidation of H, or acetate (Tables C.2 and C.3,
Fig. 6, C4-C7). Molecular hydrogen, H,, is often an impor-
tant fermentation product in reducing subsurface environ-
ments and serves as an electron donor to many microbial
metabolisms, including sulfate reduction, dissimilatory Fe
(IIT) reduction and methanogenesis (Caccavo et al., 1992;
Lovley et al., 1994; Lovley and Chapelle, 1995). In the cal-
culations, the aqueous sulfide activity is kept constant by
assuming equilibrium with mackinawite (FeS), typically
the first iron sulfide to form as a result of microbial sulfate
reduction (Omoregie et al., 2013). The corresponding activ-
ities of HS™ and H,S at pH 7 are 107%!3 and 107%17,
respectively. The activities of sulfate, acetate and H, are
varied from 107 to 107>, For H,, this range is representa-
tive of concentrations typically measured in the shallow
(e.g, Lovley et al., 1994; Jakobsen and Postma, 1999) and
deep terrestrial subsurface (e.g., Li et al., 2016; Hernsdorf
et al., 2017).

The calculated Y values fall in the ranges 0.004-0.192
and 0.007-0.079 C-mol biomass (mol acetate or Hz)’l,
respectively (Fig. 6). The Y values for acetate oxidation
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8042'1 Acetate

Y

Fig. 6. Predicted Y and Y, for sulfate reduction as a function of log acetate or H, and sulfate activities. To compare across metabolisms, ¥

and Y, are expressed as C-mol biomass/mol acetate or mol H,.

coupled to sulfate reduction expressed in units of C-mol
biomass (C-mol acetate)™! are lower than when Fe(OH);
and o-FeOOH are the electron acceptors, due to the smaller
catabolic energy gains for sulfate reduction (Fig. C4). As
for Fe(IIl) reduction, the calculated Y values are much
smaller than the corresponding Y, values for sulfate
reduction with acetate and Hp, giving maximum Y/Y
ratios of 0.22 and 0.09, respectively (Fig. C7). This is con-
sistent with the predicted AG,,, values for both sulfate
reduction pathways, which stay well below zero, from
—260 to —805 kJ (C-mol biomass) ™! under the conditions
considered (Fig. C5).

Values of Y used to represent sulfate reduction coupled
to acetate oxidation in geochemical models span from 0.032
to 0.100 C-mol biomass (C-mol acetate)™" (Watson et al.,
2003; Li et al., 2009; Scheibe et al., 2009; Istok et al.,
2010; Bao et al., 2014; Cheng et al., 2016). These values fall
within our predicted range. Nonetheless, they are imple-
mented as constant parameters and therefore do not reflect
changes in AG,,; and AG,, whose values may vary consid-
erably depending on the chemical conditions (Figs. C4 and
C6). Fewer subsurface geochemical models include sulfate
reduction coupled to H, oxidation. Istok et al. (2010)
assigned a Y value of 0.07 C-mol biomass (mol Hz)fl,
which is near the high end of the Y range computed for
the geochemical conditions examined here (Fig. 6). Based
on the results presented in Fig. 6, we would expect Y values
to be quite small at the low H, concentrations observed in
the shallow subsurface (i.e., <10 nM) (Lovley et al., 1994),

but higher as H, concentrations increase up to the mM con-
centrations observed in some deeper subsurface environ-
ments (Li et al., 2016).

10.3. Methanogenesis

Lastly, we compare Y values for acetotrophic and
hydrogenotrophic methanogenesis (Fig. 7). For aceto-
totrophic methanogenesis (AM), the methane and acetate
activities are varied, while the HCOj3 activity is kept con-
stant at 107> to reflect equilibrium with calcite (Tables
C.2 and C.3). The predicted Y values for hydrogenotrophic
methanogenesis (HM) are consistently low, reaching only
0.03 C-mol biomass (mol H,)~! at the highest H, activity
considered (1073). It is important to note that the highest
Y value does not coincide with the largest catabolic energy
yield (=AG., =40.5kJ (mol H,)~!, Fig. C4), which is
reached for H, and CH, activities of 1073 and 1072, respec-
tively. The explanation resides in the fact that Y not only
depends on AG., but also on the values of AG,, and
AG. (Eq.(28), Fig. C6). For autotrophic HM, AG;H is actu-

ally highly negative, —93.4 kJ (C-mol biomass)~!, there-
fore, as AG., becomes more negative, the denominator in
Eq. (28) becomes larger thereby lowering predicted Y
values.

The AG,,., values for HM, under the chemical conditions
covered in Fig. 7, range from —1800 to +82 kJ (C-mol
biomass) ™! with the majority of the values more negative
than —800 kJ (C-mol biomass)’l, which reflects the high
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Hydrogenotrophic Methanogenesis
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Fig. 7. PredictedY and Y,,. for hydrogenotrophic (HM) and acetotrophic methanogenesis (AM) as a function of log acetate or H, and

methane activities. To compare across metabolisms, ¥ and Y, are expres

sed as C-mol biomass/ mol acetate or mol H,. The black line on the

panel representing predicted Y for AM denotes the methane and acetate activities at which ¥ and Y, converge. Y and Y,,, values are

assigned a value of 0 when Y and Y, values are equal to or less than 0

energetic cost of using HCO3 as a carbon source in the ana-
bolic reaction (Fig. C5). Moreover, predicted Y values
exceed Y, at high methane activities (1073) and low H,
activities (10~°) where AG,., becomes positive (Figs. C5
and C7). This trend is the result of decreased catabolic
energy gains coupled to more positive AG, values
(Figs. C4 and C6) leading to lower Y, values (Eq. (34))
and, therefore, increasing Y/Y,.,.. When the calculated Y
value exceeds Y., we assign the Y, value predicted using
Eq. (34) to Y.

Acetototrophic methanogenesis shows a wider range of
predicted Y values than the previous metabolisms, ranging
from 0 to 0.8 C-mol biomass (mol acetate) ™! (Fig. 7). These
results highlight the importance of accounting for variable
catabolic and anabolic Gibbs energies calculated under
non-standard state conditions. Moreover, at high acetate
activities, which correspond to more negative AG,,, values
(Fig. C4), predicted Y values exceed Y,.. (Figs. 7, C7).
Consequently, all of these Y values are assigned the Y.,
value obtained using Eq. (34). Similar to HM, AM also
shows a wide range of AG,. values from —1696 to
+522 kJ (C-mol biomass)’l, however, in contrast to HM,
the majority of AG,,, values for AM are less negative than
—800 kJ (C-mol biomass)™! (Fig. C5).

Values of ¥ for HM used in subsurface biogeochemical
models range from 0.015 to 0.020 C-mol biomass (mol
H,)~! (Istok et al., 2010; Tang et al., 2016), that is, values

, and AG,,, is greater than 0.

that fall within our predicted Y values. Moreover, in some
studies growth via HM is assumed negligible, that is ¥ ~ 0
(e.g., Watson et al., 2003). Values of ¥ used for AM tend to
be higher than for HM, ranging from 0.02 to 0.5 C-mol bio-
mass (mol acetate) ™' (Istok et al., 2010; Tang et al., 2016).
These higher values are consistent with those obtained here
using GEDYM, which range up to 0.8 C-mol biomass (mol
acetate)”!. The wide range of Y values predicted for AM,
coupled to the potential for Y values for both HM and
AM to approach or exceed Y, illustrates the importance
of systematically calculating Y, in parallel with Y, in
order to avoid predicting growth yields that violate the Sec-
ond Law of thermodynamics. The latter may happen when
relying only on AG,,,, rather than the full energy mass bal-
ance (Section 4), when deciding whether a given metabolism
can support growth or not (e.g., Hoehler and Jorgensen,
2013; Blodau, 2011, Blodau et al., 2011).

11. CONCLUSIONS AND FUTURE DIRECTIONS

Geomicrobial activity in environmental systems is clo-
sely linked to the generation and allocation of energy by
the resident microorganisms. A key parameter in microbial
kinetics is the growth yield, Y, which depends on the rela-
tive energetics of the catabolic and anabolic reactions.
The reaction energetics, in turn, are functions of the
geochemical composition and temperature of the medium
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surrounding the microbial cells. Existing bioenergetics
models, however, do not, or only incompletely, account
for variable geochemical conditions. The proposed Gibbs
Energy Dynamic Yield Method (GEDYM) overcomes this
limitation.

GEDYM is developed and validated using a carefully
compiled database of measured growth yields, media com-
positions, and the associated catabolic and anabolic reac-
tion formulas. For each Y value, the data allow us to
derive the overall metabolic reaction formula, and to calcu-
late the Gibbs energies of catabolism (AG,,), anabolism
(AG,,) and metabolism (AG,,,). The database further yields
a very strong linear relationship between the ratio of the
Gibbs energy of metabolism to its standard state value

(i.e., AG,M,/AG;@,) and the corresponding ratio of the

Gibbs energy of catabolism (i.e., AG.,/ AG;,). With this
empirical relationship it becomes possible, for any given
metabolism, to simultaneously calculate ¥, predict the over-
all metabolic reaction stoichiometry, and calculate the
value of AG,,,, as a function of temperature and the activ-
ities of reactants and products.

Because GEDYM explicitly represents the effects of
changes in geochemical conditions, it provides a new theo-
retical foundation to iteratively compute Y values and
adjust metabolic reaction formulas in biogeochemical reac-
tion models. As shown by the geochemical applications of
GEDYM presented here, while the catabolic energy yield
(i.e., —AG.y) plays a central role in controlling microbial
growth yields, depending on the particular metabolism
and geochemical environment, the energetics of biomass
synthesis (i.e., AG,,) and the existence of a maximum allow-
able growth yield (i.e., Y,..) also regulate the values of Y.

While GEDYM accounts for the role of the energetics of
catabolism and anabolism on microbial growth yields,
biomass-explicit models have the flexibility to incorporate
other controls on geomicrobial growth kinetics. These mod-
els can, for example, explicitly represent the effects of nutri-
ent limitation and species competition, as well as additional
energy sinks, for example, energy requirements for mainte-
nance, detoxification, surplus storage or the energy costs
associated with the assimilation of nitrogen and sulfur.
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