
Abstract H2 thresholds, concentrations below

which H2 consumption by a microbial group

stops, have been associated with microbial respi-

ratory processes such as dechlorination, denitrifi-

cation, sulfate reduction, and methanogenesis.

Researchers have proposed that observed H2

thresholds occur when the available Gibbs free

energy is minimal (DG � 0) for a specific respi-

ratory reaction. Others suggest that microbial

kinetics also may play a role in controlling the

thresholds. Here, we comprehensively evaluate

H2 thresholds in light of microbial thermody-

namic and kinetic principles. We show that a

thermodynamic H2 threshold for Methanobacte-

rium bryantii M.o.H. is not controlled by DG for

methane production from H2 + HCO3
–. We

repeatedly attain a H2 threshold near 0.4 nM,

with a range of 0.2–1 nM, and DG for methano-

genesis from H2 + HCO3
– is positive, +5 to +7 kJ/

mol-H2, at the threshold in most cases. We pos-

tulate that the H2 threshold is controlled by a

separate reaction other than methane production.

The electrons from H2 oxidation are transferred

to an electron sink that is a solid-phase compo-

nent of the cells. We also show that a kinetic

threshold (Smin) occurs at a theoretically com-

puted H2 concentration of about 2400 nM at

which biomass growth shifts from positive to

negative.
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Introduction

In anaerobic environments, fermentative micro-

organisms degrade complex organic materials and

produce H2, which is consumed by various

H2-oxidizing microorganisms, including denitrifi-

ers, iron and manganese reducers, sulfate reduc-

ers, methanogens, and dehalogenators (Zehnder

1988; Schink 1997). Because H2 is such a common

electron donor, competition for available H2 is
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keen among the H2-oxidizing microorganisms

(Lovley et al. 1982; Lovley and Klug 1983; Rob-

inson and Tiedje 1984). Experimental studies on

competition suggest that each terminal electron-

accepting process, i.e., denitrification, Fe(III) and

Mn(IV) reduction, or sulfate reduction, has a

unique hydrogen concentration associated with it.

This unique H2 concentration, called the H2

threshold, is considered an indicator of that par-

ticular metabolic activity, e.g., sulfate reduction

(Shrout et al. 2005; Kassenga et al. 2004; Lu et al.

2004; Luijten et al. 2004; Kotsyurbenko et al.

2001; Mazur and Jones 2001; Löffler et al. 1999;

Krumholz et al. 1999; Hoehler et al. 1998; Yang

and McCarty 1998; Löffler et al. 1997; Chapelle

et al. 1996; Lovley et al. 1994; Klüber and Conrad

1993; Häring and Conrad 1991; Conrad and

Wetter 1990; Cord-Ruwisch et al. 1988; Lovley

and Goodwin 1988; Lee and Zinder 1988; Lovley

1985; Conrad et al. 1983; Lovley et al. 1983 and

1982.)

In a general sense, a threshold is defined as

the minimum concentration below which the

substrate is not scavenged (Lovley 1985; Widdel

1988; Conrad 1996). Tiedje (1988) indicated that

a threshold implies a critical value for a break-

point from one process to another, e.g., mini-

mum oxygen levels to switch from aerobiosis to

denitrification. In the context of thermodynam-

ics, Zinder (1993) defined a threshold as the

minimum concentration of a reactant, e.g., H2, to

allow a specific reaction to be thermodynami-

cally favorable based on the Gibbs free energy

relationship.

Many researchers suggest that H2 thresholds

depend on the free-energy yield of the respiratory

reaction and the physiological characteristics of

the H2-consuming microorganisms (Lovley and

Goodwin 1988; Conrad and Wetter 1990; Hoehler

et al. 1998; Zinder 1993; Brown et al. 2005). H2

thresholds have been measured for pure or mixed

cultures in various systems, e.g., batch reactors

(Conrad et al. 1983; Lovley 1983; Cord-Ruwisch

1988; Conrad and Wetter 1990; Häring and Con-

rad 1991; Klüber and Conrad 1993; Löffler et al.

1997, 1999; Krumholz et al. 1999; Mazur and

Jones 2001; Luijten et al. 2004), completely mixed

reactors (Yang and McCarty 1998), sediments

(Lovley et al. 1982 and 1983; Hoehler et al. 1998;

Mazur and Jones 2001), constructed wetlands

(Kassanga et al. 2004), and aquifers (Lovley and

Goodwin 1988; Lovley et al. 1994; Chapelle et al.

1996; Luijten et al. 2004), and researchers suggest

that H2 thresholds follow a thermodynamically

controlled trend that is homoacetogene-

sis > methanogenesis > sulfate reduction > iron

reduction > nitrate reduction (Lovley and

Goodwin 1988; Lovley et al. 1994; Chapelle et al.

1996; Hoehler et al. 1998; Brown et al. 2005). This

trend is in the same direction as the standard

Gibbs free energies (DG�) of these metabolic

reactions; therefore, it has been proposed that H2

thresholds can be computed using the Gibbs free

energy equation (Lovley and Goodwin 1988; Lee

and Zinder 1988; Conrad and Wetter 1990;

Kotsyurbenko et al. 2001; Conrad 1996). When

several researchers calculated the Gibbs free

energy (DG) at their observed H2 threshold, they

obtained a small negative free energy, and they

attributed this energy as the critical minimal

energy necessary for microbial survival (Conrad

and Wetter 1990; Lu et al. 2004; Seitz et al. 1988).

Similarly, other researchers observed in

syntrophic co-cultures of fermenting and metha-

nogenic bacteria that at least –15 to –35 kJ/mol-

reaction of free energy was necessary for

production or consumption of H2 (Schink 1997;

Seitz et al. 1988). On the other hand, Jackson and

McInerney (2001) observed that syntrophic reac-

tions of fermenting and sulfate-reducing or

methanogenic bacteria can proceed until the

absolute thermodynamic limit is observed.

In addition to thermodynamics, several studies

suggest that microbial kinetic parameters, such as

H2-consumption rate, specific growth rate, and

biomass decay rate, also may play a role in con-

trolling H2 thresholds (Lovley et al. 1982, 1983;

Robinson and Tiedje 1984; Lovley 1985; Lovley

and Goodwin 1988; Brown et al. 2005). Lovley

and Goodwin (1988) proposed that H2 consump-

tion depends on the kinetic parameters of the

microorganisms consuming H2; therefore, each

predominant H2-consuming process should have

a characteristic H2 concentration, which can be

the H2 threshold for that particular microbial

process.

In this study, we comprehensively test how

thermodynamics and microbial kinetics control
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H2 thresholds. We first provide mechanistic

definitions and computation methods for dis-

tinct types of thresholds. To evaluate theoret-

ical and observed experimental thresholds, we

carry out an experimental program using

methanogenesis as the respiratory reaction and

Methanobacterium bryantii M.o.H. as a model

methanogen that uses H2 as its sole electron

donor.

Theoretical basis

Methanogenesis is the ideal system for studying

H2 thresholds for several reasons. First, avail-

able is Methanobacterium bryantii M.o.H., a

well-described methanogen that uses only H2 as

its electron donor and can be obtained as a

pure culture from Deutsche Sammlung von

Mikroorganismen und ZellKulturen GmbH

(DSMZ) (www.dsmz.de) (Culture Number: 863)

(Benstead et al. 1991). M. bryantii cells are long

rods with blunt round ends—0.5–1 lm in width,

and 10–15 lm in length—that can easily be

detected by simple light microscopy, which is an

advantage for monitoring growth and purity of

the microbial culture (Boone 1987; Boone and

Mah 1989), as we did regularly in this study.

Second, the biochemistry and enzymology of

CH4 production from H2 and CO2 are well

studied (Zinder 1993; Deppenmeier 2002;

Thauer 1998), making possible mechanistic

interpretations of experimental results. Finally,

a significant number of H2 thresholds is re-

ported for methanogens (Lovley 1985; Cord-

Ruwisch et al. 1988; Lovley and Goodwin 1988;

Conrad and Wetter 1990; Hoehler et al. 1998)

and for M. bryantii M.o.H. (Lovley 1985),

allowing us to compare our results with those

from previous studies.

In thermodynamics, the Gibbs free energy as-

sesses the feasibility of a reaction. A negative

Gibbs free energy for a reaction means that the

reaction can proceed in the proposed direction.

For methanogenesis with H2, the reaction and the

Gibbs free-energy equation are

0:25 HCO�3 þ H2ðaqÞ þ 0:25 Hþ ! 0:25 CH4ðaqÞ

þ 0:75 H2Oð1Þ ð1Þ

DG¼ DGo

þR�T � ln
fCH4ðaqÞg0:25 �fH2OðlÞg0:75

fHCO�3 g
0:25 �fH2ðaqÞg�fHþg

0:25

ð2Þ

where {..} indicates activities in liquid phase, T is

temperature (K), R is the ideal gas constant

(L-atm/mol-K), DG� is the standard Gibbs free

energy of the reaction (kJ/mol-H2), and DG is the

net free energy of the reaction for a given

experimental condition. We computed DG� =

–57.3 kJ/mol-H2 using the following DGf� values

in kJ/mol from (Stumm and Morgan 1996; Dolfing

and Janssen 1994; Rittmann and McCarty 2001);

H2(aq) = 17.57; HCO3
–

(aq) = –586.8; H+
(aq) = 0;

CH4(aq) = –34.39; H2O(l) = –237.18. The reaction

is thermodynamically feasible if DG < 0. The

minimum H2 activity that will make methano-

genesis feasible—in other words, the strict-ther-

modynamic threshold for methanogenesis—is

computed by making DG = 0 and solving above

equation for {H2(aq)}.

fH2ðaqÞgthreshold

¼
fCH4ðaqÞg0:25

fHCO�3 g
0:25 � fHþg0:25 � eðDG�=R�TÞ

ð3Þ

A H2 activity greater than the threshold makes

DG < 0 and, thus, methanogenesis from H2

thermodynamically feasible. According to Eq. 3,

the value of the strict-thermodynamic threshold

depends on the activities of methane, bicarbon-

ate, and H+. In our work, all experiments were

conducted in DSMZ Medium #119, in which pH

was fixed at 7.2 with the carbonate buffer and the

bicarbonate activity was 0.03, a value much higher

than the activities of all other reactants and

products; thus, the change in HCO3
– activity was

negligible for our experiments. Consequently,

only the methane activity controlled the strict-

thermodynamic threshold for H2.

In the context of microbial kinetics, a kinetic

threshold is the minimum substrate concentration

that balances microbial growth and decay

(Rittmann and McCarty 1980a, b; Lovley and

Goodwin 1988; Rittmann and McCarty 2001;

Brown et al. 2005). In particular, the kinetic
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threshold (Smin) is defined as the minimum substrate

concentration required by cells to synthesize new

biomass that replaces biomass loss, e.g., through

endogenous respiration, lysis of the cell membrane,

physical detachment, or predation (Rittmann and

McCarty 2001). Smin can be estimated from Monod

kinetics (Rittmann and McCarty 2001; Monod

1949) applied to a batch reactor:

dXa

dt
¼ lmax �

S

Ksþ S

� �
� b

� �
�Xa

¼ Y � qmax �
S

Ksþ S

� �
� b

� �
�Xa ð4Þ

where Xa is the active biomass (mass-cell/ vol-

ume), lmax is the maximum specific growth rate of

the population (1/time), S is the concentration

(mass/volume) of the growth-rate limiting sub-

strate, Ks is the Monod-half-maximum-rate con-

centration (mass-substrate/volume), Y is the true

yield or the mass of cells produced per unit mass of

substrate consumed (mass-cell/mass-substrate),

qmax is the maximum substrate consumption rate

per time (mass-substrate/mass-cell/time), and b is

the first-order decay rate (1/time). At steady-state,

the rate of change in active biomass (dXa/dt)

is zero, and we solve for Smin as

Smin ¼
b �Ks

ðlmax � bÞ ¼
b �Ks

ðY � qmax � bÞ ð5Þ

If the H2 concentration is less than Smin, steady-

state biomass cannot be maintained, and biomass

that is present decays away, or has a net negative

growth rate. Smin has been well studied in the past

(e.g., Rittmann and McCarty 1980a, b; Namkung

and Rittmann 1987), but its relation to observed

H2 thresholds has been hardly investigated

(Lovley and Goodwin 1988; Brown et al. 2005).

We performed a series of batch experiments to

determine if kinetic and thermodynamic H2

thresholds were reproducible and if the thermo-

dynamic threshold depended on the methane

activity, as indicated by Eq. 3. We computed the

kinetic threshold for M. bryantii M.o.H.

(c. 2400 nM) from our experimentally obtained val-

ues of Monod kinetic parameters (Karadagli and

Rittmann, 2005): lmax = 0.77 /day; Ks = 18000

nM; and b = 0.09/day. For each experiment, we

estimated the thermodynamic H2 threshold using

experimental activities for HCO3
–, H+, and CH4.

Our experimental results show that the kinetic

(Smin) threshold and another threshold exist and

are reproducible. Although the experimental ki-

netic threshold corresponds to the theoretical

Smin value, the second threshold does not follow

thermodynamics of methanogenesis as indicated

by Eq. 3. We repeatedly attained a H2 threshold

for M. bryantii M.o.H. (c. 0.4 nM) that gave

positive DG for methanogenesis from H2, which

means that H2 oxidation cannot be coupled with

methane formation at the H2 threshold. Instead,

H2 oxidation must be coupled to another

reaction.

Experimental methods

We obtained M. bryantii M.o.H. as a living-cul-

ture from Deutsche Sammlung von Mikroorgan-

ismen und ZellKulturen GmbH (DSMZ #863).

We grew M. bryantii cultures in DSMZ med-

ium#119 for M. bryantii and conducted threshold

experiments with microorganisms harvested from

exponential growth phase. We transferred the

source culture from DSMZ into 5 growth tubes

and observed growth in all tubes under a head-

space atmosphere of 80% CO2 + 20% H2. We

continually transferred the culture into new

growth tubes and maintained a living culture

throughout the experiments. We routinely con-

ducted microscopic examination of the culture to

ensure that only the unique M. bryantii M.o.H.

cells were present; no contaminating cells were

found in any instance.

We computed the bicarbonate concentration

from the medium composition and measured pH

(= 7.2). To compute DG, we converted concen-

trations to activities using activity coefficients

computed with Davies and the extended Debye-

Hückel equations (Stumm and Morgan, 1996) for

the ionic strength of the medium, I = 0.123. The

extended Debye-Hückel equation considers ion

size; therefore the activity coefficients for HCO3
–

(ion size 4 Å) and H+ (ion size 9 Å) were 0.77

and 0.81, respectively. In contrast, the Davies
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equation, which does not consider ion size, gave

0.76 for a general group of all mono-valent ions in

the system. We used 0.77 and 0.81 for HCO3
– and

H+, respectively. We estimated the activity cor-

rections for dissolved gases using the salting-out

equation—log(activity coefficient) = ks*I—where

ks is the salting-out coefficient, and its value is

usually 0.1 (Stumm and Morgan 1996). The

activity coefficient for all gases was 1.03.

We conducted threshold experiments in 28-ml

anaerobic tubes filled with 5 or 10 ml of liquid

media (Ljungdahl et al. 1986). The tubes were

kept horizontal in a shaker-incubator rotating at

200 rpm with inside temperature at 37�C. The

tubes were exposed to room temperature

(22–23�C) for 15–20 min during sampling. We

conducted a total of 21 independent experi-

ments, including duplicate and triplicate tubes

that yielded similar H2 thresholds. In all of the

experiments, we made comprehensive measure-

ments of H2, CH4, and biomass. To obtain

desired initial H2 concentrations, we aseptically

added 80% H2 + 20% CO2 gas mixture to the

desired total pressure, e.g., 0.1 to 0.8 atm, and

then adjusted the total pressure inside the tube

to 1 atm with 80% N2 + 20% CO2 or 100% N2

(Ljungdahl et al. 1986). We monitored con-

sumption of H2 and production of CH4 by taking

gas samples with gas-tight syringes. Duplicate

gas samples were removed from each tube, while

triplicate samples were taken at various points in

each experiment. The gas samples (0.1–1 ml)

were placed into dilution bottles of the following

sizes (240 ml, 140 ml, 9 ml) and analyzed

immediately. Prior to receiving gas samples,

dilution bottles were capped with blue rubber

stoppers and flushed with pure N2 until the

background H2 in the bottles was undetectable

(H2 < 0.05 ppm or 0.04 nM). Gas samples were

not diluted for H2 when H2 concentration in the

growth tubes were less than 10 nM, the maxi-

mum point of our H2-calibration curves. We

used commercial H2 standards from Air Prod-

ucts Inc. (20 ppm in N2, equivalent to an aque-

ous-phase concentration of 15 nM) and prepared

two ranges of calibration curves for H2 mea-

surements, (0.1–0.9) nM and (1–10) nM. Based

on standards, H2 had a linear response above

0.05 nM.

We analyzed the samples for CH4 and H2 with

gas chromatography (GC) and a reduction gas

analyzer (RGA), respectively. The GC was a

Hewlett-Packard 5890 series II, equipped with

Porapak Q column (80/100, 6¢ · 1/8¢¢SS) and

operated with temperatures of 70, 60, and 80�C

for injector, column, and detector, respectively.

For the GC, the carrier gas, fuel, and air were

research-grade N2 at flow rate of 35 ml/min, re-

search-grade H2 at 50 ml/min, and air at flow rate

of 470 ml/min, respectively. The RGA was a

RGA III from Trace Analytical, Inc. (Palo Alto,

California). We operated the RGA at column

temperature of 104�C and detector temperature

of 265�C. Each gas sample was injected into the

GC or RGA at least two and mostly three times,

and the average readings are reported.

The liquid-phase H2 and CH4 concentrations

were computed from the gas-phase measurements

using Henry’s Law by assuming equilibrium

between gas and liquid phases. We searched the

literature for Henry’s law constants for H2 and

CH4 and used 7.8*10–4 mol/l-atm for H2 and

1.4*10–3 mol/l-atm for CH4 at 25�C. We corrected

these values for 37�C using the van’t Hoff equa-

tion (Stumm and Morgan 1996), yielding 7.3*10–4

and 1.12*10–3 mol/l-atm for H2 and CH4, respec-

tively. Although the detection limit for RGA was

around 0.01 ppm (0.008 nM), interferences from

the carrier gas, which had 0.05 ppm H2, allowed

us to measure H2 reliably down to 0.1 ppm (cor-

responding to ~ 0.08 nM in the aqueous phase).

Thus, the detection limit for H2 was 0.05 ppm,

and the quantification limit was 0.1 ppm in the gas

phase. The reproducibility of H2 measurements

was 2–3%, while it was 4–5% for methane. We

prepared control tubes with no biomass added,

and the H2 concentration remained constant for

up to 100 days until this experiment was termi-

nated.

Biomass concentrations were measured with a

spectrophotometer using optical density units

(O.D.) at 600 nm wavelength and via a modified

version of Bradford protein assay (Mägli et al.

1995). The correlation between O.D. values and

protein measurements was linear as indicated

with: (mg protein/l) = 71.344*(O.D.) + 1.494

(R2 = 1.00). Reproducibility of O. D. values was

2–3%.
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Results

Table 1 summarizes the conditions for ten

experiments in which we comprehensively mea-

sured H2, CH4, and biomass, thereby providing

the complete relationships among H2 utilization,

CH4 production, and growth or decay of biomass.

In total, we ran 21 independent experiments that

showed the same patterns of H2 consumption and

threshold. Here, we present ten experimental

results that illustrate all features of our findings.

The rest of the threshold experiments are dupli-

cates or triplicates of the experiments in Table 1.

We used initial H2 concentrations ranging from

55 nM to 747,000 nM, and these gave final CH4

concentrations that ranged from 30 nM to

440,000 nM. In a few experiments, we aseptically

added methane to the tubes; in these cases, the

final methane concentration was much higher

than the stoichiometric molar ratio for H2:CH4 of

4:1 (Eq. 1). The strict-thermodynamic H2 thresh-

olds, computed by Eq. 3, ranged from 0.38 to

4.9 nM, with the higher values corresponding to

the higher final CH4 concentrations.

We obtained the same patterns in all experi-

ments, including biomass decay after the H2

concentration dropped below Smin, a reproducible

H2 threshold around 0.4 nM (with a range of 0.2–

1 nM), and cessation of CH4 generation before

the H2 threshold. Figs. 1–4 illustrate the detailed

results for four experiments that clearly highlight

the key trends observed in all experiments.

Figure 1 shows the results from the experiment

that had the initial H2 concentration of

431,000 nM. We aseptically added about

300,000 nM CH4 to this tube prior to the experi-

ment, and, with methane generated due con-

sumption of H2, the final CH4 concentration was

440,000 nM, which gave a strict-thermodynamic

threshold of 4.9 nM. The observed H2 threshold,

however, was around 0.4 nM, a value approxi-

mately 12 times lower than the computed

threshold. Although DG was negative up to the

cessation of methane generation (i.e., up to

3 days), DG became positive (+5 to +7 kJ/mol-

H2) by the time H2 oxidation stopped.

The kinetic threshold, Smin, occurred between

1.5 and 2 days, when the biomass growth rate

changed from positive to negative. As indicated

by Eq. 4, a substrate concentration less than Smin

makes biomass growth smaller than biomass de-

cay, and biomass concentration must decline over

time. The H2 concentration during this transition

period was in the range of 5,000–1,000 nM, which

brackets the estimated Smin of 2400 nM.

Figure 2 shows the results from an experiment

with an initial H2 concentration of 196,600 nM

and a final CH4 concentration of 120,000 nM. The

computed strict-thermodynamic threshold was

3.6 nM. Figure 2a shows that most of the H2 was

consumed over 2 days, and a threshold plateau of

H2 (0.35–0.7 nM) was observed from day 2 to day

8, when the experiment was terminated. The H2

threshold was 5–10 times smaller than the theo-

retical strict-thermodynamic threshold (3.6 nM).

Consequently, DG for methanogenesis was posi-

tive, up to +5 to +6 kJ/mol-H2 (Fig. 2b). CH4

production stopped before the time that DG

became positive. Smin occurred at 1.4 days, when

the biomass growth rate changed from positive to

Table 1 Summary of
experimental conditions
and results for all
experiments in this study

a Computed strict-
thermodynamic H2

threshold
b DG for methanogenesis
when H2 oxidation
stopped

Initial
OD600

Initial {H2}liq

(nM)
Initial
{CH4}liq

(nM)

Final
{CH4}liq

(nM)

Computed
H2 thresholda

(nM)

Observed H2

threshold
(nM)

DGb

(kJ/mol-H2)

0.2 747,000 50,000 330,000 4.4 0.35–0.5 +7
0.045 431,000 304,107 440,000 4.9 0.4 +6
0.3 375,000 247,393 390,000 4.8 0.35 +5
0.01 213,000 837 74,000 3.1 0.35–0.5 +4
0.065 197,000 53300 120,000 3.6 0.35–0.7 +4
0.007 32,400 987 11,000 1.9 0.4–0.6 ~+2
0.01 16,400 753 7,000 1.7 0.4–0.8 ~0
0.016 110 3 30 0.4 0.7–0.8 –3
0.008 55 5 39 0.4 0.6–1.0 –2
0.24 0.5 45 4800 1.5 0.4 ~0
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negative. At the peak of the biomass curve (i.e.,

Smin), the H2 concentration was approximately

2400 nM.

Figure 3 shows the results from the experiment

with a lower initial H2 concentration, 32,400 nM.

The final CH4 concentration of 11,000 nM was

generated by consumption of only the initial H2,

as we added no methane prior to the experiment.

Though the computed strict thermodynamic

threshold was 1.9 nM, H2 consumption continued

below this value, down to 0.6 nM at around

4 days. CH4 generation leveled off around the

time that DG was no longer negative. The H2

concentration declined to around 0.4 nM on day

28, giving a final DG of ~ +2 kJ/mol-H2 for

methanogenesis. Smin, again near 2400 nM,

occurred around 1.5 days (Fig. 3b).

Figure 4 presents the results from an experi-

ment in which we stripped out all H2 and CH4

before adding a very small initial H2 concentra-

tion, 55 nM. The final CH4 concentration was

39 nM, giving a computed strict thermodynamic

threshold of 0.4 nM. The observed threshold was

0.6–1.0 nM. Because the final H2 concentration

was above the computed theoretical threshold,

although in the same range as in the other

experiments, the final DG was slightly negative

(–2 kJ/mol H2). CH4 generation stopped at the

Fig. 1 Experimental results from H2 threshold experi-
ments with M. bryantii M.o.H. when the initial H2

concentration was 431,000 nM and the final CH4 concen-
tration was 440,000 nM: (a) Liquid phase H2 (downward
triangles) and CH4 (squares), y-axis is logarithmic, (b)
Free energy (+) and biomass concentration as O.D.
(triangles)

Fig. 2 Experimental results from H2 threshold experi-
ments with M. bryantii M.o.H. when the initial H2

concentration was 196,600 nM and the final CH4 concen-
tration was 120,000 nM: (a) Liquid phase H2 (downward
triangles) and CH4 (squares), y-axis is logarithmic, (b)
Free energy (+) and biomass concentration as O.D.
(triangles)
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time that H2 oxidation stopped. The initial H2

concentration was below the Smin concentration;

thus, biomass showed no clear-cut growth and

decay phases.

Figure 5 shows that starved M. bryantii cells

oxidized the small amount of initial H2, while not

producing methane, indicating that the cells

transferred electrons to an electron sink other

than CH4. In parallel with Fig. 4, sequential

additions of H2 at initial concentrations of 155

and 340 nM were consumed to the same thresh-

old of 0.2–0.4 nM. Starved M. bryantii cells did

not oxidize CH4 when its concentration was

52 nM or 488,000 nM (approximately ~50% of

the headspace gas mixture) during the first and

second injections of H2, respectively. Pressurized

control tubes having no M. bryantii, but the nor-

mal medium, showed no decrease in H2 concen-

tration, meaning that all observed H2 oxidation

was catalyzed by M. byrantii.

Figure 6 shows that biomass served as an

electron donor for the production of CH4 and H2

if the concentrations of H2 and CH4 were de-

creased suddenly for rapidly growing M. bryantii

M.o.H. by stripping out the gases by purging with

N2 gas. Rapidly growing cells (i.e., positive

growth before reaching Smin) were able to gen-

erate CH4 and H2 rapidly from biomass when the

thermodynamics for those reactions were made

favorable by removal of each reduced gas. Ulti-

mately, the produced H2 was oxidized, and its

Fig. 3 Experimental results from H2 threshold experi-
ments with M. bryantii M.o.H. when the initial H2

concentration was 32,400 nM and the final CH4 concen-
tration was 11,000 nM: (a) Liquid phase H2 (downward
triangles) and CH4 (squares), y-axis is logarithmic, (b)
Free energy (+) and biomass concentration as O.D.
(triangles)

Fig. 4 Experimental results from H2 threshold experi-
ments with M. bryantii M.o.H. when the initial H2

concentration was only 55 nM and the final CH4 concen-
tration was 43 nM: (a) Liquid phase H2 (downward
triangles) and CH4 (squares), y-axis is logarithmic, (b)
Free energy (+) and biomass concentration as O.D.
(triangles)
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concentration driven to the same ~0.4-nM level as

for when H2 was provided exogenously.

Table 1 summarizes the threshold values and

final DG values for all experiments, including

those not presented graphically. The combined

results from all experiments show consistent

patterns. First, Smin reliably occurred around

2400 nM, when the biomass net growth rate be-

came negative. Our kinetic threshold value is also

supported by a recent study of Brown et al.

(2005), who observed Smin = 1300 nM for meth-

anogens. Second, CH4 generation stopped before

DG for methanogenesis went from negative to

positive. Laws of thermodynamics disallow

methane generation when its DG > 0, and the

experimental results are consistent with this

thermodynamic requirement. Third, the H2 con-

centration at which H2 oxidation by M. bryantii

M.o.H. stopped was consistently near 0.4 nM

(range of 0.2–1 nM) and had a positive DG for

methanogenesis in most cases. Thus, the H2

thermodynamic threshold was not controlled by

DG of methanogenesis from H2 and HCO3
– (Ta-

ble 1), and the electrons from H2 oxidation had to

have gone to another electron sink.

To further evaluate the strength of the conclu-

sion that DG was positive at the thermodynamic

threshold, we computed the maximum possible

ranges of DG at the threshold based on the aver-

age 5% uncertainty in the H2 and CH4 activities.

The ranges of DG values were small: 6.68 ± 0.2,

5.48 ± 0.19, 2.80 ± 0.16, and –2.41 ± 0.28 kJ/mol-H2

for the results in Figs. 1, 2, 3, and 4, respectively.

Fig. 5 H2 (downward triangles) and CH4 (squares) con-
centrations during H2 addition-experiment to starved M.
bryantii M.o.H cells, when O.D. = 0.18. For the second
addition of H2, the CH4 concentration was increased from
an average of 52 nM to an average of 488,000 nM (~50%
in the head space) by aseptic addition of CH4. Y-axes are
logarithmic with different scales

Fig. 6 Effects of
removing H2 and CH4

from rapidly growing M.
bryantii M.o.H. by
purging the culture tube
with N2 (or N2 + CO2).
Biomass concentration
(a) continually decayed
with no exogenous H2

source. Endogenous
electron donor gave initial
CH4 (b) and H2 (c)
productions. Ultimately,
the H2 concentration
declined to ~0.4 nM
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Clearly, most of the DG values were positive at the

threshold. Furthermore, using 50% uncertainty in

the H2 and CH4 measurements still maintained

the positive DG ranges at the thresholds. Thus, the

conclusion that DG for methanogenesis was

repeatedly positive is robust.

Discussion

The H2 thresholds previously reported for meth-

anogens range from 6 nM to 77 nM (Yang and

McCarty 1998; Lovley 1985; Cord-Ruwisch et al.

1988; Lovley and Goodwin 1988; Lee and Zinder

1989; Lovley et al. 1994; Löffler et al. 1997 and

1999; Luijten et al. 2004; Kotsyurbenko et al.

2001; Lu et al. 2004). The reported H2 thresholds

for M. bryantii are 50 nM by Lovley (1985) with

strain M.o.H. and 16 nM by Conrad and Wetter

(1990) with strain Bab 1. H2 thresholds for a non-

formate-utilizing methanogen, Methanobacterium

thermoautotrophicum, are 85–95 nM by Lee and

Zinder (1988) and 71 nM by Conrad and Wetter

(1990).

In contrast to the previous studies, we report a

much lower thermodynamic threshold for

M. bryantii M.o.H. in DSMZ medium #119 for

M. bryantii M.o.H. The differences between our

threshold value and those from past studies may

come from various reasons, e.g., different medium

composition, mixing intensity, temperature, or

utilization of simple organic compounds instead

of or along with H2 by the microorganisms other

than M. bryantii M.o.H. However, a satisfactory

explanation for differences between any pair of

threshold values can only come from meticulous

comparison of those individual studies and, per-

haps, by conducting exactly the same experiments

by both research groups.

Although we cannot explain the higher

threshold valued obtained by other researchers,

we obtained our threshold values with M. byr-

antii M.o.H., a strict H2 oxidizer, repeatedly

(21 times) for a large range of experimental

conditions. Besides measuring H2, we also mea-

sured CH4 and biomass in the experiments,

thereby providing a comprehensive and consis-

tent picture of M. bryantii M.o.H. up to and

after the H2 thresholds.

Viewed in the light of our results, several pre-

vious studies reported a H2 threshold for non-

methanogenic microorganisms in the same range

as ours. Experiments with Paracoccus denitrifi-

cans, a facultative Knallgas bacterium that can

use H2 as the electron donor and O2 under aer-

obic and N2O, NO3
–, and NO2

– under anaerobic

conditions as the electron acceptors, gave H2

threshold concentrations around 0.6 nM for all

four acceptors (Häring and Conrad 1991). The

computed strict-thermodynamic threshold is

much smaller for H2 oxidation with NO3
–, in the

range of 10–35 nM. Experiments with iron-reduc-

ing Shewanella putrefaciens (H2 + Fe(III)) and

nitrogen-fixing aerobic Bradyrhizobium japoni-

cum (H2 + O2) gave similar threshold results,

around 0.3 nM (Klüber and Conrad 1993),

despite different strict-thermodynamic thresholds

orders of magnitude lower, e.g., 10–11 nM for iron

reduction. The observed H2 thresholds for

microbial reductions of nitrate, iron, and for

reductive dehalogenation were around

0.1–0.4 nM in batch experiments (Lu et al. 2004),

although standard free energies of these reactions

vary significantly, i.e., –75 kJ/ mol-H2 for sulfate

reduction and –151 kJ/mol-H2 for reductive

dehalogenation of tetrachloroethene to trichlo-

roethene. Similarly, H2 thresholds were around

0.3 nM for sulfate reduction and reductive

dehalogenation in sediment microcosm studies

(Mazur and Jones 2001). Thus, our observed H2

threshold value for M. bryantii M.o.H., around

0.4 nM, is consistent with what others observed

for microorganisms using totally different elec-

tron acceptors. The fact that several other studies

found a similar H2 threshold suggests that a

common control mechanism for H2 oxidation

might be central for a variety of aerobic and

anaerobic microorganisms that oxidize H2.

Our results are unique, however, because the

final DG values for methanogenesis from H2

included many positive values (Table 1). This

finding requires that H2 thresholds must be con-

trolled by a reaction separate from the normal

respiratory reaction. We explain our thresholds

by M. byrantii removing electrons from H2 and

transferring them to solid biomass components.

Since all microorganisms are made up of similar

solid components, our explanation could hold for
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the observed thresholds of the other microor-

ganisms, too.

Recent reviews of the biochemistry and enzy-

mology of methanogenesis report that the last

step of methane production is irreversible (Dep-

penmeier 2002; Thauer 1998; Peinemann et al.

1990). Figure 7 shows the biochemical pathway

for reduction of CO2 to CH4 by methanogens. All

the steps involved in reducing CO2 to the methyl

level are reversible reactions (Deppenmeier 2002;

Thauer 1998). On the other hand, the last step of

methanogenesis, the reduction of the methyl

group in methyl-coenzyme M complex to meth-

ane, is irreversible (Thauer 1998). Methyl-coen-

zyme M and coenzyme B react to form methane

and heterodisulfide, the step linked to ATP gen-

eration through proton motive force (Peinemann,

et al. 1990; and our Fig. 7). Formation of methane

is an irreversible ‘‘one-way’’ reaction that pre-

vents methanogens from oxidizing CH4 once it is

formed (Thauer 1998; and our Fig. 5). It should

be noted the methyl-Coenzyme-M from authentic

methanogens is different than methyl-Coenzyme-

M of methane-oxidizing bacteria by a new nickel

protein that is similar to Cofactor F430 (Krüger

et al. 2003); thus, authentic methanogens cannot

oxidize methane. As further proof, M. bryantii

M.o.H. did not oxidize CH4 when provided with

excess CH4 and minimal H2 in our experiments

(Figs. 1, 2, 3, 5), but it produced H2 from oxida-

tion of biomass (Fig. 6).

Similarly, the last steps of other dissimilatory

reactions also are irreversible: reduction of O2 to

H2O catalyzed by complex IV (Nicholls and

Ferguson 2002); reduction of NO2
– to N2O during

denitrification, and potentially reduction of N2O

to N2 (Zehnder 1988; Ye et al. 1994); reduction of

sulfite to sulfide, thiosulfate, or trithionate in

dissimilatory sulfate reduction (Zehnder 1988).

The irreversibility of iron (Fe(III)) and manga-

nese (Mn(IV)) reduction is not known (Straub

et al. 2001). However, similarities between elec-

tron-transport chains of aerobic and anaerobic

microorganisms suggest that the last step of iron

and manganese reduction is also irreversible

(Nicholls and Ferguson 2002). Irreversibility for

the last step of respiration suggests a reason why

microorganisms may divert electron flow away

from the normal terminal electron acceptor when

H2 is present at a very low concentration. They

may be able to obtain energy from H2 oxidation

or reduction, depending on the concentration of

H2, if all reactions involved in electron flow are

reversible.

For methanogenesis (and, perhaps, other ter-

minal electron accepting processes), the irrevers-

ible nature of the final end-product formation

suggests why the concentration of this end prod-

uct does not control the thermodynamics of H2

oxidation near the H2 threshold. Equilibrium

thermodynamics, as described by the Gibbs free-

energy relationship, are strictly accurate only for

a reversible reaction (Stumm and Morgan 1996),

but the final step is irreversible for normal respi-

ration.

We observed that starved M. bryantii cells

oxidized H2, although they neither produced nor

consumed CH4 (Fig. 5). Previous studies showed

that methanogens produce H2 under low H2

HCO3

-

MF + H2  (H2 is oxidized by hydrogenase) 

H2O

CHO—MF   (Formyl group+Methanofuran) 
H4MPT

HMF
         CHO— H3MPT
H+

H2O

        HC H2MPT+

H2 +F420 H�

�

2F420

F420  + H+

         CH2 = 

≡

H2MPT
H2 +F420 H2--F420

F420

CH3 — H3MPT 
  HS — CoM 

H4MPT       ADP  +  Pi   ATP 
CH3 —S-CoM 

                         HS—HTP                             HS-CoM 

            CoM-S-S-HTP   
H

∆

∆

2

  CH4

µNa+

µNa+

�

Fig. 7 Pathway for reduction of CO2 to CH4 in methano-
gens (adopted from Blaut et al. 1992). The steps from CO2

to CH3-S-CoM are reversible, but the last step is
irreversible. In the last step, the methyl-Coenzyme M
complex reacts with Coenzyme B (HS-HTP) to form CH4

and heterodisulfide (CoM-S-S-HTP). ATP is generated via
the proton motive force (PMF) during reduction of the
heterodisulfide to coenzyme B and coenzyme M with
electrons from oxidation of H2
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concentration (Valentine et al. 2000), and we also

observed H2 generation from M. bryantii without

CH4 production or consumption (Fig. 6). Thus,

H2 oxidation is a bidirectional reaction that oc-

curs at several enzymatic centers in methanogens

(Fig. 7). Consequently, equilibrium thermody-

namics can be used to describe H2 oxidation as

long as electrons from H2 oxidation are trans-

ferred to an electron acceptor that is linked by a

reversible reaction. Because the thermodynamic

threshold fell into a narrow range for our exper-

iments and is similar to thresholds observed with

other types of microorganisms, we hypothesize

that the electron sink at the H2 oxidation is a

solid-phase cell component, which has an invari-

ant activity of one in all cases.

Physiologically, the solid-phase component can

be comprised of numerous proteins that are part

of biomass. It need not be a particular compound

or a storage material, as long as it is a solid. The

validity of the solid-phase electron sink is sup-

ported by the results in Fig. 5, in which starved

M. bryantii cells oxidized H2 without producing

methane, and in Fig. 6, in which rapidly growing

M. bryantii generated H2 and CH4 when we

stripped H2 from the medium to make both

reaction thermodynamically feasible.

An interesting observation about our H2

threshold (~0.4 nM) is that it is close to the liquid-

phase H2 concentration in equilibrium with

ambient atmospheric H2 on Earth (also ~0.4 nM)

(Manahan 1994). Perhaps the Earth’s ambient H2

concentration is controlled by a mechanism

common to a large variety of microorganisms.

Thus, the hypothesis of a solid-phase electron

sink, coupled with the observations that many

microbial types have a similar H2 threshold, is

consistent with a common mechanism that keeps

the Earth’s H2 concentration near 0.4 nM.

Conclusions

We comprehensively evaluated H2 thresholds for

the obligate H2-oxidizing methanogen Methano-

bacterium bryantii M.o.H. in light of microbial

thermodynamic and kinetic principles. The ther-

modynamic H2 threshold for M. bryantii M.o.H.

was not controlled by DG for methane production

from H2. Instead, we repeatedly (21 times) at-

tained a H2 threshold near 0.4 nM, giving positive

DG values for methanogenesis from H2 + HCO3
–,

+5 to +7 kJ/mol-H2, in most cases. Thus, the

thermodynamics of methane production could

not have controlled the H2 threshold. Instead, we

postulate that the H2 threshold was controlled by

a second reaction in which the electrons from H2

oxidation are transferred to an electron sink that

we hypothesize is a solid-phase component of the

cells. We also show that a kinetic threshold (Smin),

which is controlled by the rates of H2 consump-

tion and biomass growth, occurs at a H2 concen-

tration of about 2400 nM, at which biomass

growth shifts from positive to negative.
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Häring V, Conrad R (1991) Kinetics of H2 oxidation in
respiring and denitrifying Paracoccus denitrificans.
FEMS Microbiol Lett 78:259–264

Hoehler TM, Alperin MJ, Albert DB, Martens CS (1998)
Thermodynamic control on hydrogen concentrations
in anoxic sediments. Geochim Cosmochim Acta
62:1745–1756

Jackson BE, McInerney MJ (2001) Anaerobic microbial
metabolism can proceed close to thermodynamic
limits. Nature 415:454–456

Karadagli F, Rittmann BE (2005) Kinetic characterization
of Methanobacterium bryantii M.o.H. Environ Sci
Technol 39:4900–4905

Kassenga G, Pardue JH, Moe WM et al (2004) Hydrogen
thresholds as indicators of dehalorespiration in con-
structed treatment wetlands. Environ Sci and Technol
38:1024–1030
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