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Abstract We develop a kinetic model that
builds on the foundation of classic Monod kinet-
ics, but incorporates new phenomena such as
substrate thresholds and survival mode observed
in experiments with the H,-oxidizing methanogen
Methanobacterium bryantii M.o.H. We apply our
model to the experimental data presented in our
companion paper on H; thresholds. The model
accurately describes H, consumption, CH, gen-
eration, biomass growth, substrate thresholds, and
survival state during batch experiments. Methane
formation stops when its Gibbs free energy is
equal zero, although this does not interrupt H,
oxidation. The thermodynamic threshold for H,
oxidation occurs when the free energy for
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oxidizing H; and transferring electrons to biomass
is no longer negative, at ~0.4 nM. This threshold
is not controlled by the Gibbs free energy equa-
tion of methanogenesis from H, + HCO3 as we
show in our companion paper. Beyond this
threshold, the microorganisms shift to a low-
maintenance metabolism called ‘“‘the survival
state” in response to extended H, starvation;
adding the starvation response as another new
feature of the kinetic model. A kinetic threshold
(or Smin), @ natural feature of the Monod kinetics,
is also captured by the model at H, concentration
of around ~2,400 nM. S,,;, is the minimum sub-
strate concentration to maintain steady-state
biomass concentration. Our model will be useful
for interpreting threshold results and designing
new studies to understand thresholds and their
ecological implications.

Keywords Kinetic model - Hydrogen
thresholds - Survival - Gibbs free energy -
Methanogens

Introduction

Respiring microorganisms consume H; until a
certain minimum level that is called the H,
threshold, which is a minimum concentration
below which consumption of H; by the particular
microorganism stops (Lovley 1985; Widdel 1988;
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Conrad 1996). Several studies proposed that H,
thresholds are controlled by thermodynamics,
specifically having the Gibbs free energy (AG)
equal zero (Cord-Ruwisch et al. 1988; Lovley and
Goodwin 1988; Chapelle et al. 1996; Hoehler
et al. 1998; Yang and McCarty 1998). Solving the
Gibbs equation for H, at AG = 0 gives the strict-
thermodynamic H, threshold, which can be
computed if standard free energies, temperature,
and concentrations of all reactants and products
are known for the reaction.

In our companion article (Karadagli and
Rittmann 2006, companion), we investigated H,
thresholds systematically using methanogenesis
and Methanobacterium bryantii M.o.H., which
uses H, as its only electron donor. We computed
the strict thermodynamic H; threshold from the
Gibbs equation for each batch experiment and
compared these values to the experimental
observations. Our comparison showed that the H,
threshold for M. bryantii was not controlled by
the Gibbs free energy relationship for methano-
genesis with H,, but often was lower than the
values computed with Gibbs equation. We found
a reproducible a constant H, threshold of
~0.4 nM (with a range of 0.2-1 nM) for batch
experiments in which the strict-thermodynamic
thresholds ranged from 0.2 to 4 nM, depending on
the activity of methane.

On the one hand, the strict thermodynamic and
actual thresholds may differ, because the Gibbs
equation is applicable only for reversible reac-
tions that can reach a true thermodynamic equi-
librium. Because the last step of methane
production is a one-way (irreversible) reaction
(Thauer 1998), an equilibrium-based H; threshold
should not be relevant for methane production
from H, + HCOs. In parallel to methanogenesis,
the last steps of other dissimilatory reactions also
are irreversible (Hollocher 1982; Legall and
Fauque 1988; Stouthamer 1988; Nicholls and
Ferguson 2002); therefore, computation of H,
thresholds by using Gibbs free energy equation is
not feasible in a general sense.

On the other hand, H, oxidation by M. bryantii
and by other dissimilatory anaerobic microor-
ganisms is a reversible reaction (Karadagli and
Rittmann 2006, companion; Valentine et al. 2000);
thus, a reproducible, equilibrium-based H,
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threshold is possible if the ultimate sink for the
electrons receives the electrons in a reversible
reaction. Based on the consistency of the observed
H, threshold and that H, was generated by
endogenous oxidation of biomass, we (Karadagli
and Rittmann 2006, companion) proposed that
this reversible reaction is one in which the reduced
product is a solid biomass component. Electrons
from H, oxidation must be transferred to cell’s
solid components when methanogenesis becomes
thermodynamically unfavorable, or the AG for
methanogenesis is greater than or equal to zero.
However, H,

oxidation continues until AG = 0 for the H, —
biomass reaction, which is when the ultimate
thermodynamic H, threshold is observed.

In parallel to the thermodynamic threshold, we
consider a series of physiological changes that occur
as the cells reach the threshold and take actions to
protect themselves against starvation (Reeve et al.
1984a; Kjelleberg et al. 1987; Siegele and Kolter
1992). When external electron donor is no longer
available, some cells execute a program that adjusts
their metabolism to survive for the long term. In
this program, they reduce cell size by condensing
cytoplasm, degrade RNA and other proteins, syn-
thesize new resistant proteins, change cell wall
structure toward a hydrophobic composition, and
condense DNA. Cells reduce their overall energy
demand through these activities so that, during
starvation, they can survive by consuming their
internal energy sources, such as biomass in general
and reserve compounds, e.g., glycogen.

Describing the thermodynamic threshold and
the starvation response is new for modeling
microbial systems, and we incorporate these two
phenomena into a kinetic model that maintains
the usual features, which remain in effect when
the H, concentration is higher than the thermo-
dynamic threshold: H, oxidation, methanogene-
sis, and biomass synthesis and decay. We use
M. bryantii M.o.H. as our model microorganism
consuming H, as the sole electron donor and
generating methane as the normal end product of
respiration. We evaluate the model outputs
against the experimental data presented in our
companion paper, in which the concentrations of
M. bryantii, H,, and CH4 were measured in batch
experiments.
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Mathematical model

The model assumes equilibrium between gas and
liquid phases for H, and CH,. The total mass of a
gaseous compound in a batch system is

CL
MT_(RxTxKH

>><VG+CL><VL (1)
where Mt is the total mass of a gaseous com-
pound in moles, C is the liquid-phase concentra-
tion in mol/L, R is the ideal gas constant (0.082 L-
atm/mol K), T is the temperature in Kelvin, Ky is
the Henry’s law constant in mol/L-atm, V is the
volume in liters, and G and L identify the gas and
liquid phases, respectively. We calculated Ky
values for our experimental temperature of
37°C using the van’t Hoff equation (Stumm
and Morgan 1996): 7.4 x10* mol H,/L-atm and
1.04 x 10 mol CH,/L-atm.

The change in total mass of hydrogen is only
via microbial consumption, which occurs in the
liquid phase; therefore,

dMry,  (d[H]; Ve
dr < a ) \Rxrxka "t

= {—qmaxx (%) xXa} x VL (2)

where [...] denotes concentration in mol/L. The
left term on the right side of Eq. 2 is the Monod
term for substrate consumption, in which qp,ax is
the maximum specific substrate consumption rate
(mol Hy/g cells-day), Ky, is the half-maximum-
rate concentration (mol H,/L), and X, is the
active biomass concentration (g cells/L).

The change in microbial biomass due to con-
sumption of hydrogen is

dX, _ [HZ}L
O

— {qumaxx <%) —b} xXa  (3)

where pp.x i the maximum specific growth rate
of the biomass (1/day), b is the endogenous-
decay coefficient (1/day), Y is the true yield or
the mass of cells synthesized per unit mass of
substrate consumed (g cells/mol Hy), and all

other terms are as explained before. Y is pro-
portional to the fraction of electrons that the
cells must use for synthesis (Namkung and
Rittmann 1987; Rittmann and McCarty 2001),
f°, through a unit conversion, which is, for H, as
the donor,

fo=(Y)(molcells/mol H;) x (ImolH,/2eeq)
12=(0.325gcells/molH;)*) x (1molH,/2e ™ eq)*)
x (20e~ eqcells/mol cells)
x (Imolcells/113gcells csuroon))

=0.029¢ " cells/e H,.

The mass balance equation for methane, the end
product of normal methanogenic metabolism, is

dMrc, _ (d[CH Y Ve »
d dr RxTxKyxVL

-~ d[Hy] o

= [0.25 (TL) (1—£)
mg COD

mg C5H7 OzN)

mg CHy 1 mol CH4
2 4
% (0 5mgCOD) (16000mg )

+bX, (1.42

Equation 4 includes methane production due
to consumption of hydrogen and endogenous
respiration. The first term on the right side of
Eq. 4 is the formation of CH, based on the
total oxidation of H, the electron equivalents
transferred to newly synthesized biomass (f;°).
In this term, 0.25 is the stoichiometric molar
ratio of produced CH, per mole of oxidized H,.
Endogenous respiration of biomass (CsH,O,N)
also generates CH, in proportion to the elec-
tron equivalents removed by oxidation of a
mole of biomass, the second term on the right
side.

In addition to H,, biomass, and methane
concentrations, the model computes the net free
energy for methanogenesis from the Gibbs free
energy equation. We explained in our companion
paper how we computed activities of reactants and
products in our medium (Karadagli and Rittmann
2006, companion). The reaction of methane
production from Hy, its Gibbs free energy, and the
strict-thermodynamic threshold equation of
methanogenesis are
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1/4HCO3 +Hy(aq)+1/4H"

AG=AG°+RxT

{CH4} () x {H,0}*7 (5)

x In
{HCO3}*% x {H'}"® x {Hy} )

{H2 }threshold =

{CH4}?§3 x {H,0}*"

{HCO; }0.25 « {H+}0.25 « e(—(AG*)/RxT)

(6)

The standard free energy of methane produc-
tion at 37°C is AG® = -59.05 kJ/mol H,.

In Eq. 6, activity of water is 1 by definition, pH is
fixed in our medium (7.2), bicarbonate activity is
much higher than activities of other compounds so
that bicarbonate activity is constant (0.03) and thus,
the only activity that changes the H, threshold is the
final methane activity. According to this equation,
the H, threshold increases along with final methane
activity with a range of 0.2-4.9 nM for all experi-
ments in this study. In contrast, we observed that H,
thresholds remained constant for all experiments
and were not affected by the final methane activi-
ties (Karadagli and Rittmann 2006, companion).
Therefore, we presented an alternate reaction for
transfer of electrons from H, to solid biomass
components; activity of the solid product is always
1, since it is solid, and thus, it does not affect the
computed H, threshold values. Here we show this
reaction, its AG, and the threshold equation

Hz(aq)-‘v-l/ZHC()3_-‘v-1/2H+
— 1/2CH20(S)+H20 (7)

AG=AG°+RxT
{CH,0}'* x {H,0}
{Haaq} x {HCO7}' x {H}'/?

{H2 }preshold =
{CH,0}{; x {H,0}
{HCO3 }* x {H*103 x (~(4G*)/RxT)

x In
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where CH,Oy represents the solid biomass
components that accept electrons from H, and
become reduced. All other parameters are same
as before.

In independent experiments (Karadagli and
Rittmann 2005), we determined the Monod
parameter values for M. bryantii M.o.H. Their
values are: pnax = 0.77/day; gmax = 2.36 mol [H,]/
g cells/day; Ks = 18 uM; Y = 0.325 g cells/mol Hy;
and b = 0.09/day. The minimum H; concentration
able to support a positive growth rate, Sy, = b/
(Y X @max - b), is c. 2400 nM (Karadagli and Ritt-
mann 2005).

To incorporate the new threshold concept in the
model, we stop methane production from H, oxi-
dation when AG for methanogenesis is zero. This
effect is implemented by removing the (d[H,]/dr)
term from the right side of Eq. 4 when AGin Eq. 5 is
equal to or greater than zero. However, methane
production from biomass decay continues (second
term on the right of Eq. 4), because electrons from
oxidation of biomass can still be transferred to CH,
(Karadagli and Rittmann 2006, companion). In
addition, H, oxidation can continue, with the
electrons transferred to a solid cell material.

Based on reproducible experimental results
(Karadagli and Rittmann 2006, companion), we
establish a strict-thermodynamic threshold for H,
oxidation at 0.4 nM H,. When the new strict
thermodynamic threshold is reached, the model
stops H, consumption and biomass growth by
making gun.x = 0 in Eqgs. 2 and 3.

Because the cells cannot gain any energy from
H, oxidation when H, <0.4 nM, we then begin the
process by which the microorganisms switch into a
starvation mode by reducing most metabolic
activities, degrading many proteins and RNA,
condensing their DNA, and synthesizing new
resistant proteins for long-term starvation (Reeve
et al. 1984b; Kjelleberg et al. 1987; Siegele and
Kolter 1992). To represent starvation mode in the
model, we drop the decay rate tenfold, from 0.09 to
0.009/day, 2 days after the H, concentration
reaches the strict-thermodynamic threshold
(0.4 nM). The 2-day transition period is based on
the biomass data from the experiments (Karadagli
and Rittmann 2006, companion), which showed
that the cells had a significantly slowed decay rate



Biodegradation (2007) 18:453-464

457

by about 2 days after the H, threshold reached
~0.4 nM.

We simulated the growth of M. bryantii
M.o.H. in a batch system by solving the model
equations numerically using Microsoft Excel or
Matlab (Mathworks Inc., Natick, MA, USA)
computer programs. The experimental batch
system is described in detail in our companion
paper; however, briefly, it is an anaerobic tube
with a total volume of 28 mL that is divided
into 5 mL liquid medium, 1 mL inoculum, and
22 mL gas phases. We enter the kinetic
parameters and the initial values of biomass, Hy,
and CH, into the equations, and we then com-
pute the outcome with a time interval (Ar) of
0.003 days.

Results and discussion

We compared our model predictions to the
experimental results for all experiments in Kara-
dagli and Rittmann (2006, companion). Besides
concentrations of biomass, H,, and CH,, we
computed the net free energies for methanogen-
esis (Eq. 5) and for the new solid-phase reaction
(Eq. 8). All experiments were represented well by
the model, and we present comparisons for a
set of experiments that illustrate the range of
responses. Table 1 summarizes the key informa-
tion for the experiments presented here. One
significant feature is the range of initial biomass
concentrations (0.01-0.3 as optical density, OD,
or 4.4-73 mg/L as cell-dry weight), which makes it
possible to evaluate well how the model repre-
sents the lag and exponential-growth phases. A
second significant feature is that the final CH4
concentrations cover a fivefold range. The final
CH, concentration determines the thermody-
namic threshold for methanogenesis, and these

ranged from 0.2 to 4.9 nM for the experiments in
Table 1. However, the new thermodynamic
threshold based on the solid biomass material
does not change.

The results in Figs. 1, 2, 3, and 4 show that the
new model captures all the key trends in H,, CHy,
biomass, and the free energy data of the experi-
ments in Table 1. The different figures highlight
different aspects of the model. Although the time
period for consumption of hydrogen is similar for
all three figures (2-4 days), the stability period of
the H, threshold ranges from 5 to 25 days. Con-
sequently, the time scales for Figs. 1 and 2 are
logarithmic for the longer stability periods in
order to show the key features of the model and
the experimental results, e.g., lag phase, S,;,, and
survival mode.

Figure 1 indicates an extended lag phase of
18 h due to low initial biomass concentration,
which distinguishes Fig. 1 from the two figures
that follow. Correspondingly, H, consumption
and CH,4 production are slow during this phase.
H, is consumed rapidly between days 1 and 2,
as cells enter into the logarithmic growth
phase, and CHy is generated in stoichiometric
amounts. Around day 3, the biomass growth
rate goes from positive to negative; the H,
concentration is around 2,400 nM, which cor-
responds to the kinetically based S, value
(Karadagli and Rittmann 2005). That the
model captures the lag, logarithmic-growth, and
Smin phases confirms that the traditional fea-
tures of the model and the Monod-parameter
values are accurate.

Methane is produced significantly for the first
2-3 days of the experiment, when the rate of H,
oxidation is high and AG for methanogenesis is
negative. At 3.4 days, AG of methane formation
from H, + HCO3 becomes zero, and therefore,
methane production stops. Methane production

Table 1 Summary of key experimental conditions simulated by the model

Initial Initial Initial Final Methanogenesis Solid-biomass Figure
ODgoo [Ha]iiq (nM) [CH4)iiq (nM) [CH4iiq (nM) H,-threshold (nM) H,-threshold (nM) No.
0.01 213,000 2,000 74,000 3.9 0.4 1

0.3 356,000 255,000 390,000 4.7 0.4 2
0.045 431,000 301,000 440,000 49 0.4 3
0.007 55 5 43 0.2 0.4 4
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Fig. 1 Experimental 10°
results (symbols) and
model simulations (/ines)
for H, threshold
experiments with . ~
Methanobacterium S %
bryantii M.o.H when the E -
initial H, concentration e J10* g
was 213,000 nM. (a) H, 8 8
(plus) and CHy " I+
(triangles), (b) biomass I 0
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available free energy from
methanogenesis L + + (a)
(triangles) and from 10" . . 10°
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(squares)
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310t ,
~ Free energy = 0 (~3.4 d)
>-15 | E
)]
5 =20 E
5 25 -
0 -30 e
¢ 350
- (© ]
-40 1 ! 0 1 2
10 10 10 10

due to endogenous decay continues, but the
production rate is small compared to the
methane concentration.

The new strict-thermodynamic threshold occurs
around 4 days, when H, consumption stops at a
concentration of 0.4 nM and AG for the solid-
biomass acceptor reaches zero (Fig. 1a, c). For
comparison, the available free energy from meth-
anogenesis with H, (Fig. 1c) is positive (+5 kJ/
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Time (day)

mol Hj,) when the strict thermodynamic threshold
is observed at ~0.4 nM, which is well below the
computed threshold for H,-to-methane reaction
that is 3.9 nM for Fig. 1.

A decrease in the biomass-decay rate is also
observed starting on day 6, 2 days after H,
oxidation stopped around day 4, indicating that
cells enter into the survival mode. During the next
30 days, the survival stage is simulated well by the
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Fig. 2 Experimental 10° . . 10°
results (symbols) and +
model simulations (/ines) 10°
for H, threshold
experiments with 10" | I
Methanobacterium s S
bryantii M.o.H when final £ 10°} O A £
CH,4 concentration was 8 8
390,000 nM. (a) H, (plus) QO 104 8
and CHy (triangles), ON .
(b) biomass concentration I 10} -
as O.D., (¢) available free Hp Oxidation stops(~1d) ©
energy from 10° | ,/ 4+ o+
methanogenesis , + + =+ (a) .
(triangles), and from 10 ~ S - 10
biomass reaction 10 10 10 10
(squares)
0-55 1 S, (0.8 d) 1
. 05} .
2 v
o 045 E
~ Survival mode
Q@ o4ar R
0
O o35 i
B
g 03F |
5
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0.2 -1 0o 1 2
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° 5 T
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< 15 ]
>
D 20t g
2
g 257 g
0 -304 i
8 30
L -35 R
g (c)
-40 .
10" 10° 10’ 10°

model with an endogenous decay constant ten
times lower than the normal value.

Figure 2 shows that H, consumption, CH,
generation, and biomass growth started immedi-
ately for an experiment in which the initial
biomass concentration is relatively large (0.3 O.D.)
and CH, was added initially to accentuate the
differences between the thermodynamic thresh-
olds for methanogenesis and the solid-biomass

Time (day)

acceptor. The large initial biomass concentration
eliminates the lag phase and compresses the
experimental time so that H, consumption is
complete by 1 day. The model explains that
methanogenesis stops when its AG = 0, or when
H, concentration is 4.7 nM, but H, oxidation
continues to the new threshold of 0.4 nM.
Figure 2a clearly shows that H, oxidation
continues well below 4.7 nM, stopping at the new
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Fig. 3 Experimental (a)
results (symbols) and 10° 10°
model simulations (/ines)
for H, threshold 10° |
experiments with _ .
Methanobacterium % 10 ¢ ~
bryantii M.o.H when final ~ . ~ %
CH,4 concentration was 8 10 B’
440,000 nM. (a) H; (plus) 8 , S
and CHy (triangles), (b) o 10 6]
biomass concentration as I \ ¥
O.D, (cf) available free 10 H,, oxidation stops (~ 2.7 d) o
energy from o
methanogenesis 10 N
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(squares)
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strict-thermodynamic threshold of ~0.4 nM at
1.1 days, while CH, generation almost stops at
1 day, slightly before H, oxidation stops at the
new strict-thermodynamic threshold of 0.4 nM
(Fig. 2a).

Despite the short duration of the experiment,
Smin (2,400 nM) occurs at around 20 h. The cells
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Time (day)

enter into the survival state (slower decay rate)
around 3 days, which is supported by the good
match between experimental results and the
model predictions out to day 12.

Figure 3 shows that the model simulations and
experimental data match well for H, consump-
tion, CH4 generation, and biomass for an exper-
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Fig. 4 Experimental 102 102
results (symbols) and
model simulations (/ines)
for H, threshold A
experiments with ~
Methanobacterium % 10 s
bryantii M.o.H when final - g
CH,4 concentration was g 110’ 8
43 nM. (a) H, (plus) and ° 0
CH, (triangles), (b) S o,
biomass, (c) available free T« T
energy from O
methanogenesis (circles),
and from biomass (a)
reaction (squares) 10" . 10°
o] 4 6 8
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w (c)
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iment that had a high-thermodynamic threshold
for methanogenesis (4.9 nM), but less initial bio-
mass than in the previous experiment. Figure 3a
shows that methane generation stops at well
before H, oxidation, around 2.4 days. Methane
concentration plateaus at 440,000 nM when H,
concentration is around 5-50 nM. Figure 3b
shows that S.,;, occurs around 1.9-2.2 days, when

Time (day)

experimentally measured H, was 6,000-1,000 nM,
spanning the computed value of 2,400 nM. The
cells enter into survival stage beyond 4 days, as
supported by the slowed decay rate. Figure 3c
presents that the free energy for H,-to-methane is
+5 kJ/mol H, at the threshold, a value similar to
Fig. 2, since the final CH,4 concentrations are in
the same range.
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Figure 4 presents an experiment in which all
methane was removed prior to the experiment,
and a small amount of H, (55 nM) was added.
The final methane concentration is 43 nM, and,
as a result, the strict-thermodynamic threshold
for methanogenesis is 0.2 nM. The biomass
concentration initially is low (0.007 O.D.) and
remains consistent throughout the experiment
(Fig. 4b). Consumption of the low initial H,
concentration and production of methane are
simulated accurately by the model. The lower b
(0.009/day) is in effect for the entire experi-
ment, because the H, concentration is below
the thermodynamic threshold when we strip H,
and CH, at the start of the experiment; thus,
the cells are in the survival state from the
outset. H, oxidation stops at 0.7 nM, a value
similar to our previous threshold, but higher
than that (0.2 nM) depicted by thermodynamics
of methanogenesis. In this case, the thermody-
namics of the H,-to-biomass control when H,
oxidation stops in the model, and AG = 0 stops
this reaction.

The model highlights three phenomena that
ought to affect competition among H,-oxidizing
microorganisms that perform different types of
respiration: the kinetic threshold, the actual
strict-thermodynamic threshold for H, oxida-
tion, and the entry into survival mode.

The kinetic threshold, Sp,;,, occurs naturally in
the model when the H, concentration is
~2,400 nM for M. bryantii (Karadagli and
Rittmann 2005). Our S.,;, value is comparable to
the literature Sy, value (~1,300 nM) reported
for methanogens utilizing H, as the sole electron

donor (Brown et al. 2005). For comparison of
Smin values among different H, oxidizing groups,
we selected a few representative microorganisms
based on availability of all relevant kinetic
parameters and computed S,;, values (Table 2).
Smin values in Table 2 indicate that methanogens
are at disadvantage compared to sulfate reducers
and dehalogenators when H, concentration is at
the micromolar level.

Our experimental results are consistent with
the model in that H, oxidation and methane
formation are uncoupled in M. bryantii M.o.H.,
since methane production is irreversible. As
discussed in detail by Karadagli and Rittmann
(2006, companion), empirical H, thresholds for
microorganisms using oxygen, nitrate, iron
reduction, and sulfate seem to be similar to
0.4 nM, even though the strict thermodynamic
thresholds for the terminal electron acceptor are
much lower. This set of observations suggests
that the H,-to-solid-biomass threshold may
take precedence, a hypothesis supported by the
results in Fig. 4. If this is the case, then no
group of respirers will have a strong competitive
advantage when the H, concentration is low,
around 1 nM.

The onset of the starvation-survival phase,
represented by a tenfold decrease in the decay
rate in the model, represents a strong competi-
tive advantage for microorganisms that have
this capability when the H, concentration is
exceptionally low, less than 0.4 nM in the
case of M.  bryantii. The experimental
results with M. bryantii support that this meth-
anogen has such a strategy and may be espe-

Table 2 Computed Syn values for representative microorganisms with kinetic parameters obtained from literature

Microorganism Umax (1/day) K, (nM) b (1/day) Smin (0M) Reference

Desulfovibrio 3.6 1,300 0.09% 33 Kristjansson et al. (1982)
vulgaris (Marburg)

Methanospirillum 1.27 6,500 0.09 495 Robinson et al. (1984)
hungatei JF-1

Methanobacterium 0.77 18,000 0.09 2,380 Karadagli and
bryantii M.o.H. Rittmann (2005)

Dehalobacter restrictus 0.89 100° 0.09 11 Holliger et al. (1998)

# We used our endogenous decay constant for all microorganisms (Karadagli and Rittmann 2005), since this value is not

provided in the relevant references

® A general K value for dehalogenators using H, (Smatlak et al. 1996)

@ Springer



Biodegradation (2007) 18:453-464

463

cially good at surviving extended periods of H
depletion.

Conclusions

The new model captures the following aspects of
H, oxidation and the H, threshold for M. bryantii
M.o.H.:

e Smin occurs naturally for H, concentration
near 2,400 nM, when the specific growth rate
shifts from positive to negative.

e CH, generation from H, oxidation stops when
AG = 0 for the reaction of H, oxidation cou-
pled to CH, generation. H, oxidation can
continue beyond this point, making AG > 0
for methanogenesis. Methanogenesis from
oxidation of biomass continues.

e H, oxidation stops when AG = 0 for transfer
of electrons from H, to the solid-phase bio-
mass component, which occurs [H,] = 0.4 nM.
This is the strict-thermodynamic threshold for
H, oxidation.

e The shift to survival mode occurs after about
2 days from the time when AG = 0 kJ/mol H,
for the reaction between H, and solid-phase
biomass component. Starvation survival
is represented in the model by reducing the
decay rate from 0.09 to 0.009/day 2 days after
AG = 0 kJ/mol H, for biomass as the electron
acceptor.

The phenomena represented in the model
have implications on the competitiveness of dif-
ferent microorganisms that oxidize H,. When the
H, concentration is high—well above the ther-
modynamic threshold—kinetics and S,;, control,
which microorganisms will prevail based on their
ability to have a positive growth rate and con-
sume H,. As the H, concentration approaches
the strict thermodynamic threshold of 0.4 nM,
thermodynamics begin to dominate. If the H,-to-
solid-biomass threshold of ~0.4 nM is widespread
among many types of H, oxidizers, no group of
H, oxidizers should have a distinct thermody-
namic advantage, even though the AG values for
the terminal electron acceptors are widely dif-
ferent. Finally, the ability to initiate a starvation-
survival strategy should give a long-term

advantage to microorganisms exposed to very
low H, concentrations.
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