Journal of Industrial Microbiology & Biotechnology (1997) 19, 246-251
0 1997 Society for Industrial Microbiology 1367-5435/97/$12.00

The role of hydrogen mass transfer for the growth kinetics of
Methanobacterium thermoautotrophicum in batch and
chemostat cultures

G Jud, K Schneider and R Bachofen

Institute for Plant Biology, Zollikerstrasse 107, CH-8008 Zurich, Switzerland

Hydrogen concentration was determined in batch and chemostat cultures of Methanobacterium thermoautotro-
phicum , both in the headspace and in the medium using mass spectrometry. The calculated dissolved hydrogen
concentration in the medium as derived from the headspace hydrogen concentration when equilibrium conditions
between gas and liquid phase were assumed, was ten times higher than the experimentally determined hydrogen
concentration. Variation of the partial pressure of hydrogen resulted in different values for substrate affinity for
hydrogen (K ) and yield (Y) of the cells. Upon hydrogen limitation, K s decreased while the yield coefficient for hydro-
gen increased, indicating a change in the affinity of the cells towards hydrogen.
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Abbreviations suggests that the¢alue has been systematically overesti-
(i) mated and that experimental difficulties do not allow exact

vvm determination ofn situ hydrogen concentrations in growing

volume per volume per minute

rm ;t;:]rtejtrespeed, revolutions per (it cultures. Similar conclusions were reached by Boehal
_ - [3]. Compared to the large amount of free energy available
:iLa _ hma?fzagﬁpaifiga (:S(:J(i)fgt(:’ftgt affinit %TH) from the complete oxidation of organic substrates (eg
s constant Y 2822 kJ mole! for glucose) by aerobic heterotrophs [4],
v — arowth vield for hvdrogen (gM) methanogenic bacteria gain only between 7.5 kJ and 33 kJ
H2 _ 9 y ydrog " (= AG®") per mole of hydrogen depending on the hydrogen
Qh, = hydrogen uptake rate (mM/(L*h)) tration 1241, Th th of meth . it
- liquid-phase hydrogen (MM) concentration [24]. Thus growth of methanogenic cultures
St concentration on hydrogen and carbon dioxide as sole energy and carbon
S*., = liquid-phase hydrogen (mM) sources respectively, need by far larger quantities of gas to

produce equal amounts of biomass. Therefore growth of
methanogens is usually limited by the supply of hydrogen
and controlled by the mass transfer of hydrogen. When the
concentration of hydrogen dissolved in the medium of
Introduction growing cultures is calculated from the head space concen-
ration, the values are far higher than the ones measured
n natural habitats [6,20,23] This implies that hydrogen-

concentration in equilibrium with
the bulk gas phase

Hydrogen is an important electron donor for methanogenic%

bacteria. Its low solubility in agueous systems often make%lependent methanogenic bacteria will only grow at very
hydrogen the growth-limiting factor in cultures as well as low rates under natural conditions

in natural systems [14]. Hydrogen uptake and interspecies In the present study hydrogen concentrations were

hydrogen transfer has been studied mostly in batch CUIwre&etermined in the gas phase as well as well as in the liquid
maintained in closed vessels. Mass balances have beerﬁase and the latter compared to the calculated liquid phase
obtained for such systems, but it is difficult to get infor- P P quid p

. ; . : oncentration which is expected from gas-liquid equilibi-
mation on the actual ch(_amlqal environment concerning .egum usingMethanobacterium thermoautotrophicudaring
the hydrogen concentration in the vicinity of the cells. It is

thus not surprising that values of the apparent substrat%mwth on hydrogen and carbon dioxide.

affinity constant for hydrogen, Kin the wide range of

0.05-80 umol L™t have been reported for methanogens
[15,16,21]. Many of these values exceed by far the actuaMaterials and methods
hydrogen concentration observed in natural habitats (0.03~

. . : . Organism, growth medium and growth conditions
6 uM), as reviewed by Keltjens and van der Drift [13]. This Methanobacterium thermoautotrophicumstrain Hverag-

erdi (DSM 359) was previously isolated in our laboratory
: ; . . 5]. Stock cultures were kept at80°C. The medium was
C dence: Dr G Jud, Institute for Plant Biology, Zollikerst 107} _ .
Cﬁrfgeéggnzﬁﬂﬁ,es@zer;nd”s e Tor Hant Elology, £oTKerstasse X based on Schheitet al [21] containing: NHCI (60 mM);
Received 15 November 1996 ; accepted 21 July 1997 MgClL,-6H,0O (1.5 mM); NTA (nitrilo-triacetate, 1.2 mM);




Hydrogen mass transfer in Methanobacterium thermoautotrophicum
G Jud et al

NaCl (10 mM): KHPO, (10 mM); CoCL-6H,O (4uM):  pma iS the maximum growth rate and x the biomass con- ¥/

Na,M00O,-2H,0 (4 uM); NiCl,-6H,0 (4 uM); FeCL-4H,0 centration in the bioreactop.,,, Wwas determined to be 0.35
(0.1 or 0.2 mM, see legends to figures). The cells were ) (im chemostat cultures by washout experiments [18]
grown in a 2-L bioreactor equipped with a conventionaland was used for all calculations.

blade stirrer and controls for temperature, pH and redox Rearrangement of Eqn (3) gives:

potential (Mini, MBR Wetzikon, Switzerland). In all

experiments the temperature was held &@Gnd the pH Sty * Mmax * X

at 6.9. The culture volume was 1.8 L, leaving a headspace Ky = QYo StHy) (4)
2 2

of 0.2 L. The bioreactor was supplied continuously with
Na,S (stock concentration 640 mM), leading to a final con- i . )
centration of 0.5 mM sulfide. The gassing rate and the comThe gas supplied to the bioreactor was a mixture of hydro-
position of gas supplied to the bioreactor were controlledden, carbon dioxide and argon. To prevent growth limi-
electronically and varied depending on the experimenttation by carbon dioxide, the proportion of hydrogen to car-
These data are given separately for each experiment. THON dioxide was changed to 3:1 instead of 4:1 as suggested
bioreactor was sterilizeth situ for 20 min at 121C. The by the stoichiometry of methane formation (unpublished
sterile stock media were kept under nitrogen. results). The mixtures were made up co_ntlnuously from
The concentration of hydrogen solubilized in the culturePure gases (Carbagas,rifin, Switzerland) with flowmeters
medium of Methanobacterium thermoautotrophicumt and a gas flow controller (MKS, Michen, Germany).
60°C is very low, thus the soluble hydrogen lost from the Traces of oxygen were removed in a Hungate oven [11].
fermenter through the medium under chemostat conditions
can be neglected. The difference in the amount of hydrogeAnalytical techniques
at the gas inlet compared to the gas outlet of the fermenteputlet gases were analyzed in a quadrupole mass spec-
in the steady-state of a chemostat culture is therefore abotitometer (PGA100, Leybold, Ko, Germany). Argon in the
equal to the amount of hydrogen transported from the gagas mixture (1-5%) served as internal standard for cali-
phase into the liquid phase and eventually into the cellsbration to determine the mass flow of the outlet gases. The
The amount of hydrogen taken up per time unit can thuglas composition was determined by mass spectroscopy at
be used to determine the mass transfer coefficignflk  the gas outlet of the reactor after passing over a cool surface
In contrast to physical methods which are carried out in gcooled by a Peltier element) with a capillary inlet. Gases
system lacking cells, this biological method is to be pre-dissolved in the growth medium were sampled with a
ferred since effects of the cells on the mass transfer, eg bfome-made membrane probe which was coupled to the

a change in viscosity of the medium, which would alter thequadrupole mass spectrometer. A hydrophobic 0.25-mm
k.a value, are corrected directly. Teflon FEP membrane suited best for the hydrogen

The k a value for hydrogen was thus determined in themeasurements. Membrane probes have been used before to
steady-state of chemostat conditions using the formula analyse on-line microbial products [2,19].
Valves alternately allowed the gas flow from the differ-
= (% — ent sampling sites to the mass spectrometer. The signal was
Quy = ki + Sty =) ) linear over a range of hydrogen concentrations fronuR0
to 580uM in the medium, obtained by dilution of cali-
bration gas (Carba, Zich) by electronic mass flow meters
(MKS, Munich, relative accuracy 2%). The biomass con-
_ Qmy 2) centration was measured online from the backscattering sig-
nal of an AS 82 probe (Aguasant, Bubendorf, Switzerland)
and correlated to the absorption of the culture at 660 nm.
dThere was a linear correlation between backscattering and
dry cell weight concentration in the range from 0 to 159
L™* dry weight. The sulfide concentration was determined
colorimetrically [9].

which gives, after rearrangement:

where K is the mass transfer coefficient, a is the gas-liqui
interface area per unit liquid volume, g% is the hydrogen
liquid-phase concentration which in equilibrium with the
bulk gas phase and (g% — s4,) is the overall concen-
tration driving force for hydrogen. The Henry constant for
hydrogen at 68C is 0.0129 [8]. Results

The half saturation constant for hydrogen, kvas
determined during steady-state chemostat conditions, wheteffect of the hydrogen mass transfer on growth
the gas-to-liquid H mass transfer rate of hydrogen was parameters in batch cultures

equal to the rate of Hconsumption by the microorganisms: Figure la shows a basic patch experiment from which
defined changes to vary the availability of hydrogen to the

cells were made. All experiments presented were carried
—_— . (3) out at 60C and pH 6.9. Further experimental conditions
Kty + Sy are given in the legends to the figures. After a lag phase,
growth was exponential for 12 h under the conditions given
Y n,) is the yield coefficient forMethanobacterium ther- in Figure la. Then it switched to a linear increase of the
moautotrophicumfor hydrogen, &, is the real concen- biomass indicating limitation of bacterial growth. As the
tration of hydrogen in the liquid phase of the bioreactor,biomass concentration increased theddnsumption of the

1 S("'2)
Q(Hz) = m " Mmax
2
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Figure 1 Time course of growth oMethanobacterium thermoautotrophicimbatch cultures at different mass transfer rates for hydrogen. Conditions
(a): T=60°C; rpm = 800; pH= 6.9; H,;, = 0.294 (vwm); CQ,, = 0.094 (vwm); ka = 1363 (h*); F&** = 0.1 (mM). Conditions (b): T, rpm, pH, Pe
as in (a); H,, = 0.0941 (vwvm); Cg;, = 0.0235 (vvm); ka = 220 ().

cells increased accordingly until the,ldonsumption rate  cells was drastically reduced and the concentration of H
was equal to the maximal Hnass transfer rate under the in the medium increased to levels seen at the beginning of
experimental conditions. Then the hhass transfer rate was  the experiment at much lower cell densities.
governing the Hconsumption rate leading to linear growth
kinetics. Under the experimental conditions the mass trans=ffect of hydrogen mass transfer on growth
fer of hydrogen and thus £, was small, similar, to the parameters in chemostat cultures
conditions present in a simpzle system with inefficient mix- ~ Chemostat cultures were analyzed at similar biomass con-
ing or a low gas flow rate, eg in closed bottles. centrations as in batch cultures under conditions when the

In the experiment represented in Figure 1b the gas flow  culture was limited either by a component in the medium
rate of hydrogen was reduced to 1/3. The effect of massr by the hydrogen provided in the gas phase.

transfer limitation became visible even more dramatically. In the experiment represented in Figures 3a and b the
Linear growth started earlier and continued over 24 h, an@¢oncentration of ammonia was lowered from 60 to 20 mM,
no stationary phase was reached within this time. becoming the limiting component which controlled growth

In a bioreactor the mass transfer rate is determined bwfter the exponential phase. A steady-state was reached
the shape of the stirrer, its rotation velocity and by the gas  after 26 h. The concentration of hydrogen at the outlet as
flow rate. well as the hydrogen dissolved in the medium decreased

Increasing the latter two parameters will result in during the first part of the experiment due to a rapid
increased availability of hydrogen for the cells and thus theéncrease in cell mass during batch growth. After 25 h a sig-
culture will grow to higher cell densities (Figure 2a). After  nificant increase in the concentration of hydrogen in both
16 h, the culture arrived at a biomass concentration ofhe gas and the liquid phase was observed until the steady-
approximately 4.5 gt dry weight, whereas at the con-  state was reached. Figure 3b shows the hydrogen concen-
ditions in Figure la only about 3.2 gtdry weight was tration calculated to be dissolved from the headspace con-
obtained after the same cultivation time. Due to the lack of ~ centration at equilibrium conditions with no consumption
bioavailable iron in the medium, growth ceased after 16 has compared to the dissolved hydrogen which actually has
and the culture switched to the stationary phase. Limitations  been measured with the membrane probe in the medium.
were tested by the ‘pulse and shift’ technique [10]. A var-The large difference between the two concentrations rep-
iety of macro- and microelements not present in the original resents the concentration gradient built up by the high
medium were analysed for growth limitation. A metabolic uptake rate for hydrogen by the organisms.
stimulation was observed only after iron addition. Growth in the chemostat culture at restoreddiH

When the concentration of iron in the medium wascentrations of 60 mM (Figure 4a) became controlled by the
doubled but the supply of hydrogen (rotation of the stirrer ~ mass transfer of hydrogen when the gas flow rate was
and the hydrogen gas flow rate) and thus the kalue were  reduced by 50%. Although the biomass concentration at the
kept the same, the transition of exponential to linear growth beginning of the experiment was the same as in Figure 3a,
occurred again after about 14 h of cultivation time (Figurethe steady state was only reached after 36 h, ie 10 h later
2b). However, growth limitation by a component of the than in the culture in which ammonium was the limiting
medium started only after 24 h and the culture reached theomponent for growth. Due to a two-fold decrease in the
stationary state with a biomass of nearly twice the one , ddssing rate the concentration of soluble hydrogen
reached in Figure 2a. At this point, uptake of by the  dropped early in the exponential growth phase and stayed
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Figure 2 Time course of growth oMethanobacterium thermoautotrophicumbatch culture at increased mass transfer rates for hydrogen and varying
Fe?*-concentration. Conditions (a): T, pH, Feas in Figure 1; rpme 1600; H,;, = 0.833 (vwm); CQ;, = 0.300 (vwm); ka = 1470 (h*). Conditions
(b): T, rpm, pH, H.n, CO,;, k@ as in (a); F& = 0.2 (mM).
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Figure 3 Time course of the transition from batch to chemostat cultureMethanobacterium thermoautotrophicuamder conditions limited by
ammonium ions. Conditions (a): T, rpm, pH as in Figure 1g;,H 0.67 (vwm); ka = 1540 (h*); D = 0.30 (h*); NH," in inflow = 20 mM. (b)
Differences in the gradient between calculated and experimentally determined concentrationdusingl an ammonia-limited chemostat culture of
Methanobacterium thermoautotrophicum.
very low until the end of the experiment. Figure 4b again As the yield coefficient of hydrogen was not constasnt,

compares the calculated and the measured concentratiotie question was raised whether the saturation constant K

of dissolved hydrogen in the medium of the bioreactor as  could also be sensitive to different concentrations of hydro-

in Figure 3b before. gen in a chemostat culture. Figure 5b clearly shows that the
The yield coefficient and the saturation constant for  appargntakied with varying H pressure. It decreased

hydrogen were calculated under chemostat conditions anthearly with lowered hydrogen concentrations. This dem-

varying gas flow rates for hydrogen. The total flow rate of  onstrates that the affinity of the cells for hydrogen increased

the gas mixtures was kept constant by replacing hydrogewith decreasing concentrations of available hydrogen.

with nitrogen. As seen in Figure 5a, the biomass yield coef-

ficient of hydrogen increased at low hydrogen partial PresSp.c . ission

ure in the medium. A variable stoichiometry indicating

uncoupling of growth from methane production has been  The experiments presented with varied concentrations of

described previously [7,12,21], however, no physiologicalmolecular hydrogen in the medium and thus different

explanation has been given so far [25]. bioavailability of the electron source suggest that the H
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Figure 4 Time course of the transition from batch growth to a chemostat cultuMetifianobacterium thermoautotrophicuwmder conditions limited
by hydrogen. Conditions (a): T, rpm, pH, D as in Figure 3;H 0.33 (vwm); CQ,, = 0.13 (vwm); ka=940 (I%). (b) Differences in the gradient between
calculated and experimentally determined concentrations,afuring a hydrogen-limited chemostat cultureMdéthanobacterium thermoautotrophicum.
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Figure 5 (a) Dependence of biomass, hydrogen yield coefficient and soluble hydrogen on hydrogen gassing rates in chemostat [eltinae® lod.c-

terium thermoautotrophicunEach data point is the mean of five determinations; standard deviation is given by error bars. Conditions: T, pH, rpm, D
as in Figure 4; H;, = variable, as indicated; CQ, = 0.167 (vvm); total gas flow rate (sum of,HCO, and N,) = 0.542 (vvm). (b) Dependence of
half-saturation constantd{, upon hydrogen gassing rates in chemostat culturédethanobacterium thermoautotrophiculach data point is the mean

of five determinations; standard deviation is given by error bars. Values for Y are taken from Figure 5a. Conditions: as in Figure 5a.

concentration determined in the headspace of the bioreactor ~ Under conditions with poor or little agitation such as closed
bears no simple relation to the conditions in the vicinity of bottles with magnetic stirrers, the actual concentration of

the cells. It is concluded that the overall mass transfer rate hydrogen in the liquid phase can be up to 70 times lower
from the gas phase of the bioreactor into the bulk liquidthan the one calculated from the headspace concentration

phase is the growth-limiting process. in systems where growth was followed under hydrogen
The concentration of hydrogen as measured experimerj16,17]. In contrast in mixed cultures or natural habitats
tally in the steady-state of cultures under conditions of limi-  whegeisHoroduced within the liquid system and trans-

tation of the mass transfer of hydrogen was ten times loweferred from the oversaturated liquid to the gas phase, H

than the values calculated from the hydrogen partial press-  concentration in the liquid is many times higher than in the
ure in the head space. This phenomenon is well describeghs phase [16,17]

for oxygen-limited systems. However, it has often been When growth becomes limited in a chemostast culture
neglected in anaerobic systems where for thermodynamiby a component in the medium, the hydrogen concentration
reasons it is even more pronounced than in oxic systems. in the medium as well as at the gas outlet increases during
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the transition to the steady state. This contrasts to culture$ Conrad R, TJ Phelps and JG Zeikus. 1985. Gas metabolism evidence in 251
limited by the mass transfer of hydrogen where the differ- ~SuPport of the juxtaposition of hydrogen-producing and methanogenic

bacteria in sewage sludge and lake sediments. Appl Environ Microbiol
ence between the measured and the calculated concen-cg. 5o5 601 )
tration of hydrogen stays constantly large after the station-7 Fardeau M-L and J-P Bekh. 1986. Energetics of the growth of
ary phase is reached. Only under conditions when medium Methanococcus thermolithotrophicuérch Microbiol 144: 381-385.
compounds are growth-limiting, is the shift from growth g g?lls E”éycfpe?\:allgg;l@-E_'SEVier SCie”tiEC Publ, AmdStEFdamv 909 PI?-

. . - : ilboa-Garber N. . Direct spectrophotometric determination o

to sole .mamtenance metabmlsm eXpe“menta”y seen in the inorganic sulfide in biological materials and in other complex mixtures.
respective energy requirement. Anal Biochem 43: 129-133.

It has been suggested previously that when culture conto Goldberg | and Z Er-el. 1981. The chemostat —an efficient technique
ditions change in general, cells may alter their affinity for medium optimization. Proc Biochem 16: 2-8. _
towards substrates [22]. Our results clearly indicate thatl Hungate RE 1969. A roll tube method for cultivation of strict ana-

. . . - erobes. In: Methods in Microbiology, Vol 3B (Norris JR and DW Rib-
Methanobacterlum thermoautotrophicwshanges its affin- bons, eds), pp 117-132, Academic Press, New York.
ity towards hydrogen by at least a factor of two when thei12 jud G, K Schneider and R Bachofen. 1990. Mass transfer of hydrogen
gas concentration drops from 120 to aboutydd in the in a culture ofMethanobacterium thermoautotrophicistnain Hverag-
medium. Thus different culture conditions result in differ- erdi. In: Microbiology and Biochemistry.of Strict Anaerobes Involved
ent apparent Kvalues in Interspecies Hydrogen Transfer (JP Belg M Bruschi and JL Gar-
pp C . . cia, eds), pp 399-401, Plenum Press, New York.

The increase of biomass in a batch culture is usually rep:3 keltiens JT and C van der Drift. 1986. Electron transfer reactions in
resented in a semi-logarithmic plot. In such diagrams a methanogens. FEMS Microbiol Rev 39: 259-303.
short phase of linear growth before the culture reaches th#& Lovely DR and MJ Klug. 1986. Model for the distribution of sulfate
Stationary conditions is often overlooked. The presence of reduction and methanogenesis in freshwater sediments. Geochim

. . . Cosmochim Acta 50: 11-18.

a linear phase n ngth c_uryes of _Cu!tur_es which depenqS Lovely DR, R Greening and JG Ferry. 1984. Rapidly growing rumen
on a gaseous compound indicate limitation of growth by methanogenic organism that synthesizes coenzyme M and has a high
the transfer of this compound from the headspace to the affinity for formate. Appl Environ Microbiol 48: 81-87.
cells. Hydrogen limitation in cultures of methanogens is16 Pausfs A_'AGefa'gz M Perrier and SR GbUIiOt- 199f°- 'Ifiq_‘lid_'to‘ga? mass
. : . transfer in anaerobic processes: inevitable transfer limitations of meth-
thu_s eaSIIy dete‘:teq without k_nowmg the actual concen- ane and hydrogen in the biomethanation process. Appl Environ
tration of hydrogen in the medium. Microbiol 56: 1636-1644.
17 Pauss A, R Samson SR Guiot and C Beauchemin. 1990. Continuous
measurement of dissolved,Hn anaerobic digestion using a new
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