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Abstract—A new rate law of general form can be applied to predict rates of microbial respiration in various
geochemical environments. Because it accounts for the energy available to a microbe, the rate law can be
applied in over a spectrum of conditions, ranging from environments rich in chemical energy to those fully
oligotrophic. Two sets of parameters, one related to thermodynamic constraints and the other set appearing in
kinetic terms, need be determined to apply the new law. We show that the thermodynamic parameters can be
estimated from knowledge of the details of a microbe’s respiratory chain. The kinetic parameters are best
determined by fitting the rate law to experimental observations. We find that for respiration characterized by
a strong thermodynamic driving force, such as many types of aerobic respiration and denitrification, the kinetic
controls on respiration rate almost invariably dominate. In such cases, the thermodynamic control can safely
be ignored. For respiration utilizing less powerful thermodynamic driving forces, such as sulfate reduction and
reductive methanogenesis, the thermodynamic control on respiration rate can be dominant. It is of critical
importance in these cases to account for thermodynamic as well as kinetic controls when calculating
respiration rates. Taking as examples methanogenesis and sulfate reduction in hydrothermal fluids, we show
how the new rate law can be applied over a spectrum of conditions and energy availability. Copyright

© 2005 Elsevier Ltd

1. INTRODUCTION

Respiring microorganisms inhabit much of the Earth’s hy-
drosphere and lithosphere, thriving in environments ranging
from surface water to submarine hot springs to groundwater
several kilometers below the surface (Jones et al., 1983; Jann-
asch and Mottl, 1985; Stevens and Mckinley, 1995). Such
microbes derive the energy they need to live, grow, and repro-
duce from their chemical environments, by transferring elec-
trons from reduced to oxidized chemical species. The chemical
environment, therefore, affects a microbe’s respiration, and
respiration alters the chemical environment.

The single most significant issue arising in quantifying the
relationship between a respiring microbe and its environment is
predicting the microbe’s respiration rate, i.e., the rate at which
it consumes its substrate as it transfers electrons through its
electron transport chain. Each of the rate equations in common
use in microbial kinetics today—the Monod and dual Monod
equations, for example—treats microbial respiration as a uni-
directional, autocatalytic reaction. In other words, the microbe
conserves energy liberated by catalyzing the forward progress
of respiration. It uses the conserved energy to grow and repro-
duce, increasing the amount of biomass available for further
catalysis.

The rate equations in common use are limited in several
ways. They are not general, in the sense that they do not
consider all of the chemical species consumed and liberated by
the electron donating and accepting half-reactions. They ac-
count for only forward progress of respiration, although any
enzyme catalyzes a reaction in both the forward and reverse
directions simultaneously, albeit not necessarily at equal rates.
Finally, the equations do not account for the thermodynamic
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requirement that a microbe conserve energy from its environ-
ment.

In recent papers (Jin and Bethke, 2002, 2003), we developed
a general rate law predicting the rate of electron flow through
the transport chain of respiring organisms. The rate law was
derived on the basis of irreversible thermodynamics and the
chemiosmotic model, which holds that a cell (or a mitochon-
drion in an eukaryotic cell) conserves some of the energy
released as electrons pass through its respiratory chain, from an
electron donating to an electron accepting half-reaction. The
new law predicts that the rate of microbial respiration varies
with the product of three terms: a kinetic factor describing the
effect of the electron donating half-reaction, a similar factor for
the electron accepting half-reaction, and a thermodynamic po-
tential factor. The latter term accounts for the availability of
energy in the geochemical environment.

The new rate law differs from the rate laws in common use
today in its generality. Kinetic factors in the new rate law
account for the concentration of each chemical species in-
volved in microbial respiration, and the thermodynamic poten-
tial factor allows the rate law to be applied across a spectrum of
energy availability. As we discuss in this paper, these general-
ities are critical for predicting the rate of microbial respiration
in geochemical environments, such as degradation of organic
compounds using various terminal electron accepting processes
in soils, sediments, and water bodies.

In this paper, we discuss how to account for thermodynamic
control in predicting rates of microbial respiration in geochemi-
cal environments, paying special attention to the question of
determining the parameters needed to evaluate the rate law.
Using hydrothermal systems as an example, we show how rate
expressions can be developed from a general rate law and how
various factors control the rates of hydrogentrophic methano-
genesis and acetotrophic sulfate reduction.
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2. RATE LAW FOR MICROBIAL RESPIRATION

Respiring microorganisms derive energy for growth from
their chemical environments. In our previous work (Jin and
Bethke, 2002, 2003), we represented microbial respiration as a
coupled process between redox reaction and ATP synthesis,

> voD+ >, vaA + mADP + mP, =
D A
D vp DT+ v AT+ mATP (1)
D+ A~

where vp, etc., are reaction coefficients, m is the number of
ATPs synthesized, P; is the phosphate ion, D and D are
chemical species on the oxidized and reduced sides of the
donating half-reaction,

; vpD - D vp D' +ne” 2)
D+

A and A" are chemical species on the oxidized and reduced
sides of the accepting-half reaction,

S viA+ne - D va A 3)
A A-

Here coefficient n is the number of electrons transferred per
turnover of the reaction. Electron transfer between the donating
and accepting half-reaction releases Gibbs free energy AG

[T Lo
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where AG.. . is the standard Gibbs free energy change of
reaction, ap,, etc., are species activities, R is the gas constant,
and T is the absolute temperature. In evaluating Eqn. 4, it is a
common practice in microbiology to use concentration ([D],
etc.) and partial pressure instead of activity (ap, etc.) and
fugacity.

Microorganisms can conserve part of the energy available
(—AG,40x) by synthesizing ATP (reaction 1). The free energy
change in synthesizing ATP from ADP and P;, the phosphor-
ylation potential AGp, is ~50 kJ per mol ATP under typical
cellular conditions (White, 1995). Since m ATPs are synthe-
sized, the total energy saved is m AGp. The sum AG, 4o, +
m AG,, therefore, is the free energy change of microbial
respiration (reaction 1) and its negative value is the thermody-
namic driving force.

The net respiration rate r (M s~ ') is

redox

AGredox AGlcdox + RT ln (4)

_1dD]  1dA] 14dD] 1 dA]
B vp dt B vy dt _vD+ dt Va-  dt
(5)
which is described by the rate law
r = k[ X]FpFsFr (6)

where £ is a rate constant, [X] is biomass concentration, F, and
F, are kinetic factors accounting for concentrations of chem-
ical species involved in the donating and accepting half-reac-
tions, and Fr is the thermodynamic potential factor accounting
for the effect of the thermodynamic driving force. The kinetic
factors are expressed

1];[ [D]BD
l;[[D]BD + KD]]J [D+]BD+

Fp= (7

and
1;[ [A]BA
];[[A]BA + KA/H [A*]BA*

Here, B, etc., are exponents applied to concentration values,
and K, and K, are constants, the values of which depend on
details of the electron transport chain. The thermodynamic
potential factor F is given as a function of the driving force as

AG,gox + mMAGy
Fr=1—exp| —= ——7F )

Fy= (®)

XRT

where y is the average stoichiometric number for the overall
reaction (reaction 1).

3. PARAMETER DETERMINATION

The new rate law (Eqns. 6, 7, 8, and 9), because of its
generality, contains more parameters than are needed to eval-
uate any of the simple rate laws in common use today. This
requirement is not a limitation of the new law; instead, it allows
a rate theory valid over specific conditions to be derived from
the general case, and for a general expression to be developed,
where sufficient data are available. In this section, we discuss
how the various parameters in the new rate law can be deter-
mined.

To apply the new rate law in its most general form, we need
to determine values for (1) the parameters k, K, K,, the
exponents B, B, and so on, which appear in the kinetic
factors, and (2) the number m of ATPs synthesized and the
average stoichiometric number y, which arise in the expression
for the thermodynamic potential factor Fr. We refer to these
groups as the kinetic parameters and thermodynamic parame-
ters, respectively.

3.1. Kinetic Parameters

The kinetic parameters cannot be determined for real prob-
lems from first principles, but must be estimated by fitting the
rate expression to experimental observations. Most microbial
respiration experiments are run in a batch reactor, and the
results recorded as variation in the concentrations of chemical
species and biomass with time (e.g., Simkins and Alexander,
1984). In fitting the data, the rate constant k determines how
rapidly the concentrations of chemical species change, per unit
biomass concentration, and the values of K, and K, affect the
shape of these curves. Specifically, increasing K and K,
works to decrease the convexity of the curves.

It is worth noting that the kinetic terms

Ko][[D*]™
D+
and

KA[H [A,]ﬁA,



Rate of microbial respiration in geochemical environments 1135

Benzoate (ug ml™")

Time (hours)

Fig. 1. Fitting of a kinetic rate law (Eqn. 10) to the observed
evolution of benzoate concentration in a laboratory experiment re-
ported by Simkins and Alexander (1984). Taking the exponent 3 to be
0.5, 1, 1.5, and 2 shows that such data fitting can be largely insensitive
to the value chosen for this parameter. In evaluating the rate law, we
assume values of 2.0 X 107®mol g 7! s ' and 3.14 X 107° M for k and
Kp, respectively. To account for biomass growth, we assume a decay
constant of zero and calculate rates of biosynthesis as a product of
growth yield Y and respiration rate r. We take the initial biomass as
0.92 mg L™ ! and a growth yield of 60 g biomass per mol benzoate (Jin
and Bethke, 2003).

which occupy the position of the half-saturation constants in
the Monod and dual-Monod equations, may differ in value
from those constants. In fitting the new law to experimental
data, we account for both kinetic and thermodynamic factors,
whereas the Monod equations carry only kinetic terms. The
kinetic terms, therefore, can be expected to be equivalent to the
half-saturation constants only where the thermodynamic poten-
tial factor remains close to unity.

There is little theoretical guidance for choosing values for
the exponents B, B, and so on. Like K, and K, it is best to
derive these values through the analysis of experimental results,
although this process is not always straightforward. As pointed
out by Masel (2001), variation in a batch reactor of species
concentration with time is not always sensitive to the value
chosen for the exponents. To show this point, we take as
example the results of a study of benzoate degradation reported
by Simkins and Alexander (1984) and fit by visual inspection
the simple rate expression.

[p]’

r=Hx] [D]’+ Kk,

(10)
to the reported variation with time in benzoate concentration.
As shown in Figure 1, curves for 8 values of 0.5, 1, 1.5, and 2
fit the data almost equally well.

In our experience, it is in many cases acceptable to assign
values of unity to the exponents, as we will assume hereafter in

this paper. The parameter may in fact be equal to one, which is
certainly not uncommon in chemical kinetics. However, the
reader should keep in mind that this assumption is not neces-
sarily true, and that it may be necessary to consider nonlinear
exponents in applying rate laws over the broad range of chem-
ical conditions encountered in nature.

3.2. Thermodynamic Parameters

The average stoichiometric number x and the number m of
ATPs synthesized per reaction turnover can be estimated from
knowledge of the functioning of the respiratory chain. The
value of y can be taken as the number of times the rate
determining step occurs in the overall reaction (reaction 1). The
rate determining step is typically a step associated with energy
conservation, generally proton translocation across the cell
membrane (Mitchell, 1961). In the examples below, we show
how the values of x and m can be estimated for dihydrogen-
respiring microbes using various electron acceptors (Table 1).

The values of x and m are in general proportional to the
number n of electrons transferred in the overall reaction. In
other words, they depend on how we choose to write the
reaction. For consistency, we will express y and m per H,
oxidized, which is per pair of electrons transferred (n = 2). We
will also assume that passage of three protons through the ATP
synthase enzyme, from outside to inside the cell membrane, is
required to produce each ATP.

For the case of dioxygen serving as the electron acceptor, ~3
protons are translocated per electron transferred through the
respiratory chain (van Verseveld and Bosma, 1987;
Stouthamer, 1991), two of which are translocated at the rate
limiting step (Erecinska and Wilson, 1982). The value of m,
then, is two, since making each ATP requires three protons, and
we have written the reaction for the transfer of two electrons.
The value of y is 4, because the rate limiting step occurs twice
for each of the two electrons transferred.

In denitrification, nitrate is first reduced to nitrite, then to
nitric oxide, nitrous oxide, and finally to dinitrogen. Two pro-
tons are translocated in each instance of the quinone cycle in
the respiratory chain (Trumpower, 1990), with each instance
consuming one H,. The quinone cycle occurs once when nitrate
is reduced to nitrite, and again during each of the three subse-
quent reductions (Stouthamer, 1991). The value of m for deni-
trification, then, is 2/3, i.e., two protons are translocated per
pair of electrons transferred, and three are required to make one
ATP.

In sulfate reduction, experimental observation (Nethe-
Jaenchen and Thauer, 1984) has shown the value of m to be 1/3.
In hydrogentrophic methanogenesis, CO, and H, react to form
CH, via the CO, reduction pathway. It is difficult to figure an
appropriate value of m for this respiration directly, because
details of the respiratory chain are poorly known. We have
obtained good results by assuming that 1/3 of a proton is
translocated per electron transferred, which leads to a value of
2/9 for m. This value is close to that observed for sulfate
reduction, consistent with the fact that for the two types of
respiration the energies AG, 4., are similar.

In anaerobic respiration, energy is conserved by the quinone
cycle. Two protons are translocated in each instance of the
quinone cycle in the respiratory chain (Trumpower, 1990), with
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Table 1. Thermodynamic parameters for dihydrogentrophy using various terminal electron accepting pro-

cesses common in the geochemical environment.

AE°’ (V)a Xb mb
Oxygen respiration (Paracoccus denitrificans®)
1 1.23 4 2
H, + 3 0,2 H,0
Denitrification (Paracoccus denitrificans)
2 2 1 6 1.2 2 2/3
H, + -NO; + —-H"=2-N, + - H,0
5 5 5 5
Sulfate reduction (Desulfovibrio vulgaris)
1 1 1 0.193 2 173
H, + -H" + - SO; 2 - HS™ + H,0
4 4 4
Methanogenesis
0.17 2 2/9

1 1 1 3
H, + —-H" + - HCO; = - CH, + - H,0
4 4 4 4

* Data from Thauer et al. (1977); AE°’ represents the redox potential difference at the biological standard state:

25°C, pH 7, and chemical species concentration of 1 M.

® Values of x and m depend on the number of electrons transferred; here reactions are written so that n is 2.
¢ Microbial species in parentheses are examples of organisms whose respiration is consistent with the values

shown for x and m.

each instance consuming one H,. Making the logical assump-
tion that the quinone cycle is the rate determining step, the
value of y per H, oxidized for anaerobic respiration is 2. In
other words, proton translocation during the quinone cycle
occurs twice per pair of electrons transferred.

4. THERMODYNAMIC POTENTIAL FACTOR

The rate law described in this paper is unique in that it
incorporates a thermodynamic potential factor F.. This factor
describes how respiration rate varies with the energy available
(—AG,.40x) In a microbe’s environment, accounting for the
energy the cell conserves as ATP. It is a nonlinear function of
the thermodynamic driving force, the difference between the
energy liberated by electron transfer (the energy available) and
that conserved (m X AG,) by the microbe (Fig. 2). Where the
energy available is large relative to the amount conserved, the
thermodynamic driving force is large and the value of Fr
approaches one. In this case, the thermodynamic potential
factor need not be carried in the rate calculation. Where the
energy available falls close to the energy conserved, the ther-
modynamic driving force is smaller and F; assumes a value
less than one.

The thermodynamic factor, in this case, can exert a signifi-
cant control on the respiration rate and needs to be considered
in predicting the rate. Where the energy available balances the
energy conserved, microbial respiration (reaction 1) reaches a
state of thermodynamic equilibrium, and the driving force and
F. are zero. The respiration rate then takes a value of zero
(Eqn. 6), reflecting a cessation of respiration. Where the energy
available is less than the energy required to synthesize ATP, the
driving force as well as F; become negative, implying that
respiration will proceed backwards. In reality, to prevent un-
necessary dissipation of ATP, the cell may regulate its respi-
ratory chain to prevent such reverse electron transfer.

Because the new rate law incorporates this factor, it can be
applied across a spectrum of thermodynamic conditions. This

capacity is significant in light of the broad range of energy
availability in natural environments. The energy available
(—AG,4,,) to a microbe in the natural environment depends in
large part on the terminal electron accepting process the mi-
crobe uses. Taking as examples various terminal electron ac-
cepting processes using dihydrogen, i.e., H,(aq), as electron
donor (Table 1), Figure 3 shows how the energy available and
the corresponding thermodynamic potential factor varies with
dihydrogen concentration in a typical geochemical environ-
ment.

From this plot, it is clear that large amounts of energy per
mole of dihydrogen consumed are available for the processes of
aerobic respiration and denitrification. The aerobic respiration
of dihydrogen proceeds according to

1 1

0 15 30
Thermodynamic drive (kJ mol™)

Fig. 2. Variation with thermodynamic driving force of the thermo-
dynamic potential factor Fy for anaerobic respiration. The line was
calculated using Eqn. 9, taking a value for y of 2, which typical for an
anaerobic respiration reaction written in terms of the transfer of two
electrons (n = 2).
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Fig. 3. Dependence on dihydrogen concentration of the energy
available (—AG,.q4ox; On left) and thermodynamic potential factor Fr

redox?

(right) for aerobic respiration (line 1), denitrification (line 2), sulfate
reduction (line 3) and methanogenesis (line 4) in a typical geochemical
environment. We assume a temperature of 10°C, pH of 7, [O,] of 10
nM, N, partial pressure of 0.7 atm, [NO5 ] of 1 mM, [SO%’] of 5 mM,
[HS" ] of 1 uM, [HCO5] of 30 mM, and [CH,] of 10 uM. The shaded
area indicates the approximate range of [H,] commonly observed in
near-surface natural environments.

1
Ha(aq) + > 0,(aq) 2 H,0 an

in which two electrons (n = 2) are transferred. As we discussed
previously, the values of x and m for aerobic respiration are 4
and 2, respectively. Substituting into Eqn. 9, we can write the
thermodynamic potential factor as

(12)

AG 4ox T 2AGp
4RT

Fr=1 —exp(

The energy available —AG,4,.can be calculated according to

redox
A(;redox = AGScdox +RT ln[HZ]il[OZ]ivz (13)

Taking AG,, as 50 kI (mol ATP)™!, the amount of energy
conserved (2 AGP) then is 100 kJ (mol H,)~'. Under the
conditions considered, the value of —AG?,,,, equals 263.9 kJ
(mol H,)~', which is considerably larger than the energy
conserved, 100 kJ mol~". As such, the thermodynamic driving
force is large and the thermodynamic potential factor takes on
a value of one.

The thermodynamic drive depends on the abundance of H,
and O, (Eqn. 13), but for a broad range of the concentrations of
these species the energy —AG, .4, available greatly exceeds
that conserved. Taking a small dioxygen concentration of 10
1M, for example, the energy available ranges from 180 to 210
kJ mol™' where dihydrogen concentration ranges from 0.01
nM to 1 mM. As a result, the driving force for reaction 11 is
almost invariably large and the value of the thermodynamic
potential factor remains near unity (Fig. 3). The thermody-
namic control, therefore, can almost always be neglected in
predicting the rate of the aerobic respiration of dihydrogen. A
parallel analysis of microbial denitrification (Table 1) similarly
shows that the value of F; approaches one under most geo-
chemical conditions, so that the thermodynamic control can
commonly be neglected.

In the case of sulfate reduction using dihydrogen as electron
donor,

1 1 1
H,(aq) + - H" + = SO;" 2H,0 + — HS~ (14)
4 4 4
we can write the thermodynamic potential factor as

1
AGredox + 5 AGP

Fr 1 —exp SRT (15)
since, as already discussed, appropriate values for x and m for
reaction 14 are 2 and 1/3, respectively. Taking the phosphor-
ylation potential AG,, as 50 kJ (mol ATP)™', the energy con-
served (mAG,,) is ~17 kJ (mol H,) '. From Eqn. 15, the value
of F'; approaches unity where the thermodynamic driving force
is larger than ~15 kJ mol~" (Fig. 2). In other words, where the
energy available from reaction 14 is greater than ~32 kJ
mol ', F, approaches unity and the thermodynamic control
can be neglected when predicting the rate of sulfate reduction.

We can calculate the energy available —AG, from the
relation

redox

[HS ]
(1. ][] [s0i "

where the standard Gibbs free energy change AGP.,., is
—65.46 kJ (mol H,) ' at 10°C. Since this value is small, the
energy available —AG, 4., depends significantly on the abun-
dance of reactant species H, and SO3 ™, and the extent to which
the product species HS™ has accumulated. In natural environ-
ments, commonly observed dihydrogen concentrations range
from less than 1 nM to ~10 nM (Lovley and Goodwin, 1988).
Assuming a typical value for [SO3 ] of 5 mM, [HS "] of 1 uM,
and a pH of 7, the energy available (—AG .., is less than 26
kJ mol~!. Under such conditions, the value of Fr is less than
one and thermodynamics, therefore, exerts an important control
on the rate of sulfate reduction. The thermodynamic drive for
reductive methanogenesis, by similar analysis, is commonly
small enough that the thermodynamic potential factor F can
vary sharply below one, and hence must be considered to
predict the rate of methanogenesis.

A(;mdox = Achdox + RT In (16)

5. APPLICATION

The new rate law offers the potential of working over a
spectrum of available energy, from fully oligotrophic environ-
ments to those rich in chemical energy. In this section, we
consider how the new rate law can be applied to predict rates of
methanogenesis and sulfate reduction at seafloor hydrothermal
vents, where hot hydrothermal fluid mixes with cold seawater.
A number of previous studies of the geomicrobiology of these
hydrothermal ecosystems have focused on calculating the
Gibbs free energy for various metabolisms (McCollom and
Shock, 1997), culturing organisms sampled there (Kashefi et
al., 2003), and the molecular biology of the sites (Reysenbach
et al., 2000). Here, we extend those studies to show how
microbial respiration rates might vary there during the mixing
process, according to our rate law.

A typical seafloor hydrothermal fluid is acidic and rich in
dissolved sulfide and dihydrogen. Seawater is slightly alkaline
and almost devoid of sulfide and dihydrogen (Table 2). Where
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Table 2. Properties and concentrations of various species in a mido-
cean ridge hydrothermal fluid, East Pacific Rise near 21°N, and in
seawater.”

Species Hydrothermal fluid Seawater
0, 0 0.123 mM
SOy~ 0 29.5 mM
HCO3 2 mM 24 mM
HS™ 6.81 mM 0

H, (aq) 1.7 mM 0

Acetate 0.02 mM 0

CH, 0.07 mM 0

T (°C) 273 4

pH 42 8.1

* Acetate concentration is assumed based on experiment results
under hydrothermal conditions (Huber and Wachtershauser, 1997); for
other concentrations assumed in the calculations, refer to Bethke (1996,
table 16.3).

hot hydrothermal fluid mixes with cold seawater, the combina-
tion of reduced and oxidizing species creates rich sources of
energy for chemolithotrophic microorganisms. To understand
how methanogens and sulfate reducing bacteria exploit this
chemical energy, we model the mixing of hydrothermal fluid at
East Pacific Rise near 21°N with seawater using program React
from the Geochemist’s Workbench software package (Bethke,
2002); the input file is available in the electronic annex.

Our modeling approach is similar to that described in Bethke
(1996, chap. 16.2) except that we hold methane in redox disequi-
librium with carbonate, sulfide in disequilibrium with sulfate,
acetate in disequilibrium with bicarbonate, and dihydrogen in
disequilibrium with hydrogen ions. We assume that microbial
respiration is sufficiently slow as not to significantly affect species
concentrations in the rapidly mixing fluid. Figure 4 shows how
temperature, and the concentrations of key chemical species
change as seawater mixes into the hydrothermal fluid. Over the
course of the mixing reaction, temperature, pH, and the concen-
trations of dihydrogen, acetate, methane, and sulfide decrease,
whereas the sulfate concentration and pH increase.

5.1. Methanogenesis

Where seawater reacts with hydrothermal fluids, hydrogen-
trophic methanogens can conserve energy by producing CH,
from CO, and dihydrogen, using the CO,-reduction pathway
(Deppenmeier et al., 1996)

1 1 1
H,(aq) + 4_1 CO,(aq) = Z CH,(aq) + 5 H,O 17)

The free energy AG,.q.x released by this reaction depends on
its standard Gibbs free energy change AG,.,,, temperature,
and the concentrations of dihydrogen, carbon dioxide, and

methane, according to

MG = AGh + T LO
redox redox n ( 1 8)

V4
[R.][co.]

As shown in Figure 5, the value of AGY, ., varies with tem-

perature, increasing (becoming less negative) with increasing

temperature.

~ 300
g pH 6
g 200
E 1 =
oy B
g 100 Temperature | A
= 0 | 1 |
0.02F ‘20%
% 410 ;3:
= 001 T
< 4
_.0 O
0k 5]
._2 ,_QA
g5
o' E
41 © 1.
)
S I
40 an

0 5 10
Seawater/hydrothermal fluid (mass ratio)

Fig. 4. Variation in temperature, pH, and the concentrations of
various species as seawater mixes into and reacts with fluid from a
seafloor hydrothermal vent, as calculated by a reaction model. Initial
concentrations of chemical species in the two fluids are listed in Table
2.

From Eqn. 18, we see that several factors affect the energy
available for methanogenesis during mixing. As cold seawater
mixes into the hydrothermal fluid, the decreasing temperature
drives an increase in the value of —AGS,, . (.e., AG2 ..
becomes more negative), which in turn increases the energy
available —AG,,,,. Variation in the concentrations of the
dissolved gases, which may serve to increase or decrease the
energy available, has an effect secondary to that of temperature.

—20

Methanogenesis

—40

=200

Sulfate reduction
- 2-400 | |

100 200 300
Temperature (°C)

edox (KJ (mol Ac)™! or (mol H,)™)

AG
o

Fig. 5. Variation with temperature of the standard Gibbs free energy
change (AG¢,4,,) of hydrogentrophic methanogenesis (reaction 17) and
acetotrophic sulfate reduction (reaction 27). Values of AGS.,, were

calculated vs. temperature using the Geochemist’s Workbench (Bethke,
1996).
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Fig. 6. Variation in the energy available —AG,.4, thermodynamic
potential factor Fr, kinetic factor Fp,, and relative respiration rate of
hydrogentrophic methanogenesis during mixing of seawater with a
seafloor hydrothermal fluid. The dashed line indicates the energy con-
served (mAG,). The value of Fy is evaluated using Eqn. 19, and F,
using Eqn. 25. Respiration rates are predicted using the Monod equa-
tion (Eqn. 25) and the new rate law (Eqn. 26), respectively. In evalu-
ating Eqns. 25 and 26, we neglect the effect of [H*], [CO,], and [CH,],
and take the value of K}, as 5.0 X 10~ mM. Relative respiration rate,
which is unitless, is the actual rate r divided by k[X].

As a result, the energy available increases as the fluid cools
during mixing (Fig. 6).

As discussed previously, the values of y and m for reaction
17 are 2 and 2/9, respectively. Substituting into Eqn. 9 gives the
thermodynamic potential factor

2
A(;rcdox + 5 AC;P

Fr=1—exp SRT (19)
McKay et al. (1982) noted that at hydrothermal temperatures
the value of phosphorylation potential AG,, remains near 50 kJ
(mol ATP)~!. Assuming that under hydrothermal conditions
methanogens use the same type of respiratory chain as at room
temperature (i.e., m is same), the amount of energy conserved,
mAG,, then, is ~11 kJ (mol H,)~'. The value of F approaches
unity where the thermodynamic driving force (—AG, qox —
mAG,) is larger than ~15 kJ mol ' (Fig. 2). With this in mind,
we see the value of F approaches unity where the energy
available —AG, 4., from reaction 17 is greater than ~26 kJ
(mol H,)™'; only under these conditions can the term be
ignored safely in evaluating the rate expression.
During the mixing process, the calculated energy available
increases from a value of 10 kJ (mol H,) ! in the fluid before
mixing to over 26 kJ (mol H,) ™! at a mixing ratio of about two

parts seawater to one part hydrothermal fluid (Fig. 6). The
value of Fr is almost zero in the unmixed hydrothermal fluids.
As the fluids mix, the value of Fy increases and approaches
unity, reflecting the increasing energy available.

5.2. Rate of Methanogenesis

To predict the rate of methanogenesis using the new rate law,
we can write kinetic factor F, for the electron donating half-
reaction,

H,(aq) » 2H" + 2e” (20)

according to Eqn. 7, which gives
_ ]
[H.] + Ko[ ']

Similarly, from the accepting half-reaction

2n

D

CO,(aq) + 8H" + 8¢~ - CH,(aq) + 2H,0 (22)
and the form of Eqn. 8, F, can be written

[co,][H"]

~ [coJ[H ]+ K.[cH,]

(23)

A

The complete rate expression for hydrogentrophic methanogen-
esis, then, is given as

(] [co.][H"]

T+ Ko[H] [CO[H] + Ka[CHL] "
(24)

r= k[X] [H

by substituting Eqns. 21 and 23 into Eqn. 6. Here, the form of
F is given by Eqn. 19.

Is it necessary to carry the thermodynamic potential factor
F. when predicting the rate of methanogenesis in the hydro-
thermal system? We can answer this question by comparing the
rate predicted by the new rate law (Eqn. 24) with that suggested
by the Monod equation

[H,]
r=k[X] —— (25)
[H,] + K'p

which has been applied widely to describe rates of methano-
genesis in both pure culture and natural sediments (Kristjans-
son et al., 1982; Lovley et al., 1982; Robinson and Tiedje,
1984; J. Oude Elferink et al., 1984). In this equation, K, is the
half-saturation constant.

To focus on the effect of F', we take the representation of F',
in Eqn. 24 to be one, and carry the term Kp[H'] as the
half-saturation constant Kp,. In this way, the new rate law
simplifies to

[H,]
r=k[X] ———Fy (26)
[H,] + K’

which is the product of the Monod equation and thermody-
namic potential factor Fir. In reality, of course, the neglected
concentrations may play important roles in controlling the

respiration rate.
The product k[ X], which appears in both the Monod equation
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and new rate law (Eqns. 25 and 26), represents the maximum
rate of methanogenesis. This is the rate under optimum condi-
tions, where the energy available is abundant relative to that
conserved and substrate concentrations are large enough that
both F, and F, approach unity. To assess the difference
between predictions of the two rate laws, we therefore compute
respiration rates relative to the maximum rate, as r(k[X]) " '. In
evaluating Eqns. 25 and 26, we take the value of K7, to be 2
1M, within the range of K|, reported for various methanogens
and for methanogenesis in natural sediments (Widdel, 1988).

As shown in Figure 6, rates of methanogenesis predicted by
Eqn. 26 and by the Monod equation show broadly different
patterns. According to the Monod equation, the rate decreases
slightly during mixing, but remains close to the maximum. The
rate predicted by the new rate law, however, increases from
zero in the unmixed hydrothermal fluids, approaching maxi-
mum rate at a mass ratio of about two parts seawater to one part
hydrothermal fluid.

The differences between the rates predicted arise from the
effect of the thermodynamic potential factor, which is absent in
the Monod equation (Eqn. 25). The Monod rate is greatest in
the unmixed hydrothermal fluid, in which the dihydrogen con-
centration is highest, and decreases slightly as the addition of
seawater dilutes the dihydrogen. Over the mixing range con-
sidered, the dihydrogen concentration remains large relative to
the value assumed for Kp,, so the rate predicted by the Monod
equation varies little.

The new rate law (Eqns. 19 and 26) accounts for the effects
of both dihydrogen concentration and the energy available. As
discussed previously, the thermodynamic control on microbial
respiration requires that for methanogenesis to proceed, the
energy available in the environment must be greater than that
needed to synthesize ATP, in which case —AG, 4ox > 11
kJ(mol H,)~". In the unmixed hydrothermal fluid, little energy
is available because —AG.. ., is small; the energy available
amounts to little more than 10 kJ (mol H,)~'. As a result, the
thermodynamic driving force and predicted respiration rate are
close to zero, even though the dihydrogen concentration is
high.

As seawater begins to mix into the hydrothermal fluid, the
drop in temperature increases the available energy. Values of
F and the predicted rate increase, even though the dihydrogen
concentration is decreasing. After the mass ratio of seawater to
fluids increases to ~2, the energy available increases above 26
kJ (mol H,)™!, leading to a value of F. close to one. Now the
rates predicted by the new rate law approach those predicted by
the Monod equation. This example illustrates an important
point. The Monod equation may work well where energy
available (—AG,.4,,) is abundant relative to the amount con-
served (m AG,), but can give broadly erroneous results where
the energy available is limited, as is the case in many geo-
chemical environments.

5.3. Sulfate Reduction

In a mixture of seawater and seafloor hydrothermal fluid,
sulfate reducing bacteria can reduce sulfate from seawater to
sulfide by oxidizing acetate (CH;COO™, Ac™) from the hydro-
thermal fluid. The redox reaction in this case is

—AG yo0s AGP
(kJ (mol AcH)*D)

01 1 |
- 7
S -
L; 0.5 F,
LLT 0 \
FT
0.5 1 I I
1 -
(]
B
2 05k dual-Monod
k=]
& new rate law
o | ] I

0 5 10
Seawater/hydrothermal fluid (mass ratio)

Fig. 7. Variation in the energy available —AG,.4.x, thermodynamic
potential factor F, kinetic factors F, and F,, and relative respiration
rate for acetotrophic sulfate reduction during mixing of seawater with
a seafloor hydrothermal fluid. The dashed line indicates the energy
conserved (mAG,). The value of Fy is evaluated using Eqn. 15; Fy, and
F , are evaluated by Eqns. 25 and 32, respectively, and respiration rates
are predicted using dual-Monod equation (Eqn. 34) and the new rate
law (Eqn. 35). In evaluating Eqns. 34 and 35, we neglect the effect of
[H™], [CO,], and [H,S] on respiration rate and take the value of K}, and
K tobe5 X 10 *mM and 5 X 10~ mM, respectively. The predicted
rates are expressed as a ratio, relative to k [X].

Ac” +SO;” +3H" 22H,0 + 2CO, + H,S 27)

since most sulfide and carbonate in the acidic hydrothermal
fluid are present as H,S and CO,, respectively. The energy
available (—AG,4,,) to drive sulfate reduction depends on the
standard Gibbs free energy change AGY. .., temperature, pH,
and the concentrations of Ac™, CO,, sulfate and sulfide (Eqn.
14).

As seawater mixes into the hydrothermal fluid, the decrease
in temperature causes the standard Gibbs free energy change to
increase (i.e., AGp.4o becomes less negative), as shown in
Figure 5. At the same time, pH rises and Ac™ concentration
falls during mixing (Fig. 5), serving to decrease the energy
available to drive sulfate reduction. The decrease in sulfide and
increase in sulfate concentration, conversely, works to increase
the energy available. As shown in Figure 7, the energy avail-
able to drive sulfate reduction first increases during mixing, due
to the effect of increasing sulfate concentration and decreasing
sulfide concentration. After reaching a maximum at a seawater
to hydrothermal fluid ratio of less than 0.1, the energy available
begins to decrease sharply, as the effect of decreasing temper-
ature becomes dominant.

Assuming that sulfate reducing bacteria conserve 4/3 ATP
per turnover of reaction 27 (i.e., m = 4/3), and taking the value
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of x as 1 per electron transferred or 8 per acetate oxidized, the
thermodynamic potential factor takes the form

AG o + ;l AGy
Fr=1—exp SRT (28)
Taking the phosphorylation potential AG,, as 50 kJ mol !, the
amount of energy conserved, mAG,, is ~66.7 kJ (mol Ac™)~ "
From Eqn. 28, for F to approach unity, the thermodynamic
driving force must be larger than 150 kJ mol ', or the energy
available (—AG,.,,,) must be at least 217 kJ mol "

The calculation results (Fig. 7), however, suggest that during
mixing the driving force never exceeds 200 kJ (mol Ac™)™', so
the thermodynamic potential factor Fr is invariably less than
one. The value of Fy first increases during mixing and then
decreases, reflecting variation in the energy available
(—AG, 4., to drive sulfate reduction. When the energy avail-
able no longer exceeds that needed to synthesize ATP, the
thermodynamic drive and hence Fr turn negative. A negative
thermodynamic drive would hydrolyze ATP to ADP and P, and
drive electrons backward through the respiratory chain, in this
case causing sulfide oxidation. To avoid dissipation of ATP
store, microorganisms would regulate the redox enzymes to
interrupt its respiratory chain. In other words, the rate can
reasonably be taken as zero where the energy available is
insufficient to support ATP synthesis.

5.4. Rate of Sulfate Reduction

To evaluate the rate of sulfate reduction, we write the general
rate expression as we did for methanogenesis. From the elec-
tron donating half-reaction

Ac” +2H,0 - 2CO, + 7H" + 8¢~ (29)

and Eqn. 4, F, can be written as

[Ac]

= 30
*~ [Ac ]+ Ko[H'J[CO.] G0
From the electron accepting half-reaction
SO;™ + 10H" + 8e™ — 4H,0 + H,S (31
and Eqn. 8, F, is
So;”|[H*
poo_ LS07][H'] )
[SOi |[H] + Ki[H.S]
Combining Eqns. 28, 30, and 32 leads to
[Ac]
=k X
=X T ko]
So;™|[H*
[sorJml

[sO ][H] + K.[H.S] Fr

This is the general rate expression for microbial sulfate reduc-
tion using dihydrogen as electron donor. In practice, the dual-
Monod equation (Widdel, 1988)

[AcT] [SO:]
[AcT] + Kb [SOZ 1+ K/,

r=k[X] (34)
is commonly used to describe the rate of microbial sulfate
reduction (e.g., Nedwell, 1982; Ramm and Bella, 1974). Here,
Kp, and K, are half-saturation constants. To compare the pre-
dictions of the two rate expressions, we neglect the effects of
[H*], [CO,] and [H,S] in the new rate law, giving

[AcT] [SO:]
[Ac ]+ K'p [SOF 1+ K/,

r=k[X] Fr (35)

We employ a form of the new rate law, therefore, that is the
product of the dual-Monod equation and thermodynamic po-
tential factor Fp. Here, K and K, are products of
K[H"][CO,] and K ,[H,S][H"] ™", respectively. In evaluating
Eqns. 34 and 35, we take values of 5 uM and 50 uM, respec-
tively, for Kj, and K),. These values are within the ranges
reported for sulfate reducing bacteria and sulfate reduction in
natural sediments (Widdel, 1988).

The rate of sulfate reduction predicted by the new rate law
differs from that resulting from the dual-Monod equation, as
shown in Figure 7. Initially, the rate predicted by either rate law
is near zero because there is little sulfate in the hydrothermal
fluid. As the fluid mixes with seawater, the sulfate added serves
to increase the value of F,, whereas the decrease in acetate
concentration decreases the value of Fp,. During the initial
mixing, for seawater to hydrothermal fluid ratios less than
~0.2, the effect of increasing sulfate concentration dominates
and the rate increases. Once the sulfate concentration exceeds
the value of K, (50 uM, in this example), F, approaches unity
and the effect of increasing sulfate concentration becomes
minimal. At this point, the rate starts to decrease due to the
decline in acetate concentration.

The rate predicted by the new rate law decreases much more
sharply with mixing than that given by the dual-Monod equa-
tion, due to the effect of the thermodynamic potential factor. At
mass ratios less than about one, the energy available
(—AG,4,,) remains relatively high and the value of Fr is near
one. The thermodynamic control under these conditions is not
significant and the rates predicted by the two rate laws are
similar. At mass ratios exceeding about two, the energy avail-
able decreases quickly, as does the value of Fy. The rate
predicted by the new rate law falls sharply to zero. At a mass
ratio of ~4.5, the energy available drops below the amount of
energy needed to synthesize ATP. At this point, the value of F.
decreases to zero and respiration cannot proceed. The dual-
Monod equation, in contrast, predicts that respiration will con-
tinue during mixing, even though the energy available is no
longer sufficient to support the metabolism.

6. DISCUSSION

We propose in this paper to use a rate law of general form to
develop rate expressions for microbial respiration in geochemi-
cal environments. The new rate law (Eqns. 6, 7, 8, and 9)
differs from laws in common use today (Table 3) in that it
accounts for the effects of energy availability and for all of the
chemical species in the redox reaction. The new rate law is
derived on the basis of the mechanism of microbial respiration
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Table 3. Rate equations in common use and conditions under which they represent simplifications of the rate

law presented.

Rate equation® [X] Fp F, Fr
Dual Monod equation
D A 1
R o
[D]+Kp [A]+K)
Monod equation
[D] Constant 1
r = K[X]
[D]+Kp
Michaelis-Menten equation
, [D] Constant Constant 1
~ [DI+kp
Logistic equation
r = K[D](C — [D])° [D] << Kj, Constant 1
First order equation
r = K[D] Constant [D] < < K}, Constant 1
Logarithmic equation
r=K(C — [D))® [D] >> K, Constant 1
Zero order equation
r=k Constant [D] >> Kj, Constant 1

#1In each case, no more than one chemical species in the electron donating reaction and one in the accepting

reaction can vary in concentration.

*C = v [X]/Y + [D],. Here [X], and [D], are initial concentrations of biomass and electron donor.

(Jin and Bethke, 2002), i.e., how electrons are transferred
through the respiratory chain and how the energy is conserved
by synthesizing ATP. Factors such as the need of the microor-
ganism to derive and conserve energy and the concentrations of
electron donor, acceptor, and reaction product species are in-
corporated in the new law, in the expression of thermodynamic
potential factor F.. and kinetic factors F, and F 4.

The thermodynamic potential factor F;. is a nonlinear func-
tion of the thermodynamic driving force, the difference be-
tween the energy available and the energy conserved to syn-
thesize ATP. Where the energy available is much larger than
that conserved, the value of F approaches unity. Under such
circumstances, the thermodynamic control can be neglected in
calculating microbial respiration rates. This is the case, as we
have shown, for aerobic respiration and denitrification using
dihydrogen as electron donor. Where the energy available is of
similar magnitude to that conserved, as in the case of sulfate
reduction and methanogenesis, the thermodynamic driving
force is small and the value of F.. is commonly less than unity.
In other words, the energy available limits the rate of respira-
tion and F has to be considered to predict correctly the rate of
respiration. Where the energy available balances the amount
conserved, the driving force decreases to zero and microbial
respiration reaches the state of thermodynamic equilibrium.
The value of F at this point becomes zero, as does the rate of
respiration. Where the energy available falls below the amount
needed to synthesize ATP, the driving force and thermody-
namic potential factor turn negative. Under such conditions, the
new law would predict a negative rate; i.e., respiration would
proceed backwards. To prevent reverse electron transfer
through the respiratory chain and the loss of its ATP stores, a
microorganism can regulate the activities of redox enzymes to
interrupt its respiration.

Rate laws in common use today to describe microbial respi-
ration are chosen and parameterized by fitting the rate expres-
sion to a given experimental data set. The standard for justify-
ing the use of a particular rate expression is solely empiric; i.e.,
how closely the rate expression can fit experimental observa-
tions. As a result, more than one rate law has been used to
describe the respiration of an individual strain, as in the case of
aerobic benzoate degradation (Simkins and Alexander, 1984).
From the perspective of chemical kinetics, however, the form
of the rate law should depend only on the reaction mechanism
of the respiration process.

The new rate law is a generalization of the various empiric
rate equations in common use, and hence honors this perspec-
tive. It can be applied in the general case, or simplified to the
forms of the other laws under specific sets of conditions. In
other words, each of the commonly used rate laws is a specific
simplification of the new law we developed. These simplifica-
tions are summarized in Table 3. Taking microbial sulfate
reduction as an example, we have seen that once the electron
donating and accepting half-reactions are specified, the new
rate law assumes a manageable form (Eqn. 33). Where the
energy available (—AG,.,,,) for sulfate reduction is much
larger than the energy saved (m X AG,), the driving force is
large and the value of F. approaches unity. Under such con-
ditions, the rate expression (Eqn. 33) reduces to

[Ac] [soi ][H']
"]+ ko[HT][CO,] [SO; |[H" ] + KA[H.S]
(36)

r= k[X] [Ac

Assuming [H"], [CO,], and [H,S] remain constant, as in the
case where pH is buffered, dissolved carbon dioxide is in
balance with atmospheric CO,, and [H,S] is limited by metal
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concentrations in the environment, the rate expression simpli-
fies to the dual-Monod equation (Eqn. 34). Where [SOZ7] is
much larger than K),, as would be the case where [HS ] is
small, the value of F, approaches unity. The sulfate concen-
tration in seawater, ~28 mM (Drever, 1988), is considerably
larger than K|, values determined in experimental studies
(Smith and Klug, 1981; Ingvorsen and Jorgensen, 1984; In-
gvorsen et al.,, 1984) for sulfate reducers; these values vary
from 5 to 220 uM. In this case, the rate expression (Eqn. 36)
takes the form of the Monod equation.

The rate laws in common use may be expected to work well
for describing laboratory experiments, where only one or two
factors may be allowed to vary, and where a large thermody-
namic driving force is likely maintained. The extrapolation of
experimental studies as models of actual geochemical environ-
ments, however, presents a special challenge, because many
factors control respiration in the field. Predicting the rate of
microbial respiration in the field can be expected to require a
rate expression of general form that accounts for a variety of
controlling factors, including energy availability and concen-
trations of substrates and metabolic products.
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