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Abstract In this study, the impact of the hydrogen partial
pressure on lactate degradation was investigated in a coculture
of Desulfovibrio sp. G11 and Methanobrevibacter arboriphilus
DHI1. To impose a change of the hydrogen partial pressure,
formate was added to the reactor. Hydrogen results from the
bioconversion of formate besides lactate in the liquid phase. In
the presence of a hydrogen-consuming methanogen, this ap-
proach allows for a better estimation of low dissolved hydrogen
concentrations than under conditions where hydrogen is sup-
plied externally from the gas phase, resulting in a more accurate
determination of kinetic parameters. A change of the hydrogen
partial pressure from 1,200 to 250 ppm resulted in a threefold
increase of the biomass-specific lactate consumption rate. The
50 % inhibition constant of hydrogen on lactate degradation
was determined as 0.692+0.064 uM dissolved hydrogen (831
+77 ppm hydrogen in the gas phase). Moreover, for the first
time, the maximum biomass-specific lactate consumption rate
of Desulfovibrio sp. G11 (0.083+0.006 mol-Lac/mol-Xg;;/h)
and the affinity constant for hydrogen uptake of
Methanobrevibacter arboriphilus DH1 (0.601+0.022 uM dis-
solved hydrogen) were determined. Contrary to the widely
established view that the biomass-specific growth rate of a
methanogenic coculture is determined by the hydrogen-
utilizing partner; here, it was found that the hydrogen-
producing bacterium determined the biomass-specific growth
rate of the coculture grown on lactate and formate.
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Introduction

Anaerobic methanogenic digestion processes proceed close to
thermodynamic equilibrium (Kleerebezem and Stams 2000;
McCarty and Bae 2011; Rodriguez et al. 2006; Schink 1997).
One example is syntrophic lactate conversion, in which lactate
is converted to acetate, methane, and carbon dioxide. During
lactate degradation, 1 mol of lactate can be converted into
1 mol of acetate, 1 mol of bicarbonate, and 2 mol of hydrogen.
At high hydrogen partial pressures, lactate degradation be-
comes thermodynamically unfavorable. However, hydrogen
and bicarbonate can be consumed by hydrogenotrophic
methanogens, which renders lactate degradation thermody-
namically feasible. The syntrophic interactions of the cocul-
ture used in this study are shown in Fig. 1.

Experimental evidence for the impact of the hydrogen
partial pressure on syntrophic lactate conversion is limited.
In particular, no hydrogen inhibition constant has been report-
ed for lactate degradation mediated by Desulfovibrio sp. G11.
Pankhania et al. (1988) reported 50 % inhibition of lactate
degradation at a hydrogen partial pressure of 2 % (Kimz, Lacox)
in a pure culture of Desulfovibrio vulgaris strain Marburg
(37 °C, pH 7.2). Willquist et al. (2012) suggested, based on
thermodynamic considerations, a higher theoretical Kiy 1 acox
of 10 %.

External supply of hydrogen to the reactor headspace suf-
fers from mass transfer limitation towards the liquid phase,
especially in view of the low solubility of hydrogen in water.
The hydrogen concentration in the reactor liquid may thus be
significantly overestimated when hydrogen is simultaneously
consumed, resulting in an overestimated Kiyo acox- FOr a
more accurate determination of kinetic parameters, mass
transfer limitation should be quantified adequately. In the
present study, the bioconversion of formate, besides lactate,
served as an additional supply of hydrogen in the liquid phase.
This allows to impose a change of the hydrogen concentration
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Lac / Form

Fig. 1 Syntrophic interactions in
a coculture of Desulfovibrio sp.
G11 and Methanobrevibacter
arboriphilus DH1 on lactate and
formate. AG”!, Gibbs energy
change of the involved reactions
under standard conditions and
pH 7.0. Lac, lactate; Form,
formate; Ac, acetate

Desulfovibrio sp. G11

in the liquid. Moreover, troublesome estimation of the hydro-
gen concentration in the liquid is avoided as hydrogen did not
need to be transferred from the gas to the liquid.

Dolfing et al. (2008) reported syntrophic formate degrada-
tion in a coculture of Desulfovibrio sp. G11 and the non-
formate utilizing Methanobrevibacter arboriphilus AZ.
During syntrophic formate degradation, Desulfovibrio sp.
G11 converts 1 mol of formate to 1 mol of hydrogen and
1 mol of bicarbonate, followed by product removal mediated
by hydrogenotrophic methanogens.

Here, the impact of the hydrogen partial pressure on
syntrophic lactate conversion was studied in a coculture of
Desulfovibrio sp. G11 and the non-formate utilizing
Methanobrevibacter arboriphilus DH1 (Zeikus and Henning
1975). The proposed method of formate addition was
successfully applied in this study to determine several
kinetic parameters including Kipz pacox, the maximum
biomass-specific lactate consumption rate of Desulfovibrio
sp. G11 (GLac.max), and the affinity constant for hydrogen
uptake of Methanobrevibacter arboriphilus DH1 (Kg 12).
These parameters have not been reported so far.

Material and methods
Precultivation

Pure cultures of Desulfovibrio sp. strain G11 (DSM 7057) and
Methanobrevibacter arboriphilus-type strain DH1 (DSM
1125) were obtained from the Laboratory of Microbiology,
Wageningen University, The Netherlands, and cultivated in
2 L Schott bottles under sterile anaerobic conditions. The
composition of the culture medium and the cultivation condi-
tions for Desulfovibrio sp. G11 are described elsewhere
(Junicke et al. 2014). Methanobrevibacter arboriphilus DH1
was cultivated under the same conditions as previously de-
scribed for Methanospirillum hungatei-type strain JF1 (DSM
864) (Junicke et al. 2014).

The coculture was constructed from pure cultures of
Desulfovibrio sp. strain G11 and Methanobrevibacter
arboriphilus DH1, both taken from the late exponential phase.
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Lac +2 H,0 —>» Ac+HCO; +H"+2H,
AG” =-7.7 kJ/mol
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Ac H, / HCOy
CH,

H, + 0.25 HCO5 + 0.25 H*
—> 0.75H,0 +0.25 CH,

AG" = -33.9 kJ/mol

Methanobrevibacter arboriphilus DH1

The optical density was measured at 660 nm (DR 2800, Hach-
Lange, Tiel, The Netherlands) ranging from 0.150 and 0.250
for both pure cultures. The coculture medium was prepared
according to Plugge (2005). Additionally, 20 mM sodium
lactate and 4.0 mM cysteine hydrochloride were added after
autoclaving of the basic medium from sterile stock solutions.
The coculture was kept under 80 % N,/20 % CO, atmosphere,
while constantly shaking at 150 rpm. A pH between 7.0 and
7.2, and a temperature of 37 °C were maintained.

Experimental setup

A double-jacket bioreactor (Applikon, Schiedam, The
Netherlands) with a working volume of 2 L was used to
perform the batch experiment. The bioreactor was filled with
basic medium and autoclaved at 121 °C for 30 min. The basic
medium was composed of 2.0 mM NH,Cl, 1.0 mM KH,PO4,
0.49 mM MgCl,, 0.68 mM CacCl,, 0.10 mM cysteine hydro-
chloride, 0.010 g/L yeast extract, 2.2 uM resazurin, and
1.0 mL/L of the acidic and alkaline trace element stock solu-
tion, respectively. The acidic and alkaline stock solutions were
prepared according to Plugge (2005). After autoclaving, the
basic medium was supplemented with the following additives
from sterile anaerobic stock solutions: 20 mM sodium lactate,
20 mM sodium formate, 0.20 mM Na,S, and 0.83 mL/L of the
vitamin stock solution. The vitamin stock solution was pre-
pared according to Plugge (2005), except for 0.61 g/L pyri-
doxine hydrochloride instead of 0.50 g/L pyridoxamine.
Moreover, the acid and base solutions used for pH control
were autoclaved at 121 °C for 30 min. To maintain sterile
conditions, a PTFE membrane filter with a pore size of 0.2 um
(Millex-FGs, filter unit, Millipore) and an oft-gas filter system
consisting of a 50-mL syringe (BD Plastipak™™, BD
Drogheda, Ireland) filled with cotton were placed at the gas
inlet and at the gas outlet of the reactor, respectively. A sterile
sampling system (Applikon) was used and the purity of the
coculture was verified by microscopic investigation in course
of the experiment.

To maintain anaerobic conditions, the reactor liquid was
continuously sparged with nitrogen gas (0.050 Ly/min).
Traces of oxygen were eliminated by sparging through a
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200-mM dithionite solution. A H,S trapping zinc acetate
solution was installed after the off-gas measuring equipment.

A temperature of 37 °C was maintained and the pH was
kept at 7.1£0.1 by dosing 0.5 M NaOH and 0.5 M HCI. The
off-gas temperature was kept at 4 °C using off-gas cooler and
cryostat. The temperature, acid/base pumps, stirring speed
(400 rpm), pH, and the inflow of the nitrogen gas were
controlled via the Biostat B plus biocontroller (Sartorius
Systems, Bohemia, NY) and data were recorded by the
MFCS/win software program.

The coculture of Methanobrevibacter arboriphilus DHI
and Desulfovibrio sp. G11 served as inoculum. Prior
to inoculation, the coculture was transferred several
times to establish a fixed ratio between the two species.
To avoid a lag phase at the start of the batch experi-
ment, a volume of 600 mL of the coculture was taken
from its exponential phase (ODggy=0.133). The total biomass
concentration amounted to 1.691 mM at the start of the
batch experiment.

Analytical measurements

The partial pressures of hydrogen, methane, and carbon diox-
ide in the reactor off-gas were measured continuously via the
online Agilent 490 micro gas chromatograph (molsieve chan-
nel for H,; PPQ channel for CH4 and CO,; thermal conduc-
tivity detector; Argon 5.0 as carrier gas). Liquid samples were
taken from the reactor for analysis by high-performance liquid
chromatography (HPLC with Animex HPX-87H column
from Bio-Rad) after filtration through a 0.45-mm pore size
filter (Millex-HV filter, Durapore PVDF membrane).

Carbon and electron balances

At each given liquid sampling point, the carbon and electron
balance were determined. The total carbon amount (C-mol)
was obtained from the amount of all measured compounds
multiplied by the number of carbon atoms per compound. The
total electron amount (e-mol) was obtained from the amount
of all measured compounds multiplied by the respective de-
gree of reduction (e-mol/mol-compound). The carbon gap in
percent was obtained as the difference between the actual total
amount of carbon and the initial total amount of carbon,
divided by the initial total amount of carbon. The electron
gap was determined accordingly.

Stoichiometric yields

The stoichiometric yields of the metabolic reactions consid-
ered in this study were estimated according to the Gibbs
energy dissipation method proposed by Kleerebezem and
Van Loosdrecht (2010). Whereas formate and lactate served
as carbon and energy sources for Desulfovibrio sp. Gl1,

carbon dioxide and hydrogen served as carbon and energy
source for Methanobrevibacter arboriphilus DH1.

Mass balances

Net gas production rates were derived from continuous off-gas
measurements and expressed in millimole per hour. The gas
outflow rate was calculated from the nitrogen gas inflow rate,
corrected for the mole fractions of all the gases produced.
Multiplication of the gas outflow rate and the mole fraction
of the respective gas yields the net production rate of the
desired gas. Cumulative gas amounts were obtained by inte-
gration of the net production rates.

The amounts of lactate, formate, and acetate; the biomass
amount of Desulfovibrio sp. G11; and the biomass amount of
Methanobrevibacter arboriphilus DH1 were derived from the
gas rates and the estimated stoichiometric yields. Here, it was
used that

RHQ,produced = RHZ,consumed + RHZ,measured

where Ry produced 1 the hydrogen production rate,
Rz consumed 15 the hydrogen consumption rate, and
Ry2 measured 1S the measured hydrogen net production rate.
The hydrogen consumption rate is equal to the methane pro-
duction rate (Rcpg) divided by the stoichiometric yield of
methane on hydrogen for hydrogenotrophic methanogenesis
(Yenamz,nym). For the derivation of the lactate and formate
amounts from off-gas data, the measured ratio of produced
hydrogen and carbon dioxide was used to attribute the
amounts of hydrogen produced to either lactate or formate.

Gas-liquid mass transfer

The gas—liquid transfer of hydrogen, methane, and carbon
dioxide was calculated using standard mass transfer theory
according to

MTR = kpa(c—c")

where MTR is the mass transfer rate (mM/h), k; a the mass
transfer coefficient (1/h), ¢ the actual gas concentration in the
liquid phase, and c* the gas solubility in the liquid. Gas
solubility was derived from the partial pressure of either
hydrogen, methane, or carbon dioxide in the off-gas and the
respective Henry coefficient at 37 °C. The & a was estimated
from k;a measurements for oxygen at 37 °C and 400 rpm
stirring speed, subsequently corrected for the different diffu-
sion coefficients (Cussler 1997; de Kok et al. 2013).

Under pseudo steady-state conditions, MTR equals the net
production rate of the respective gas, which allows to derive ¢/
¢, the saturation of each gas in the liquid. All gas concentra-
tions in the liquid were corrected for the effect of oversatura-
tion by multiplication with the derived saturation factor.
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Biomass-specific conversion rates

The biomass-specific conversion rates resulted from the off-
gas-derived rates divided by the biomass amount of the indi-
vidual species. At any moment in time, the biomass amount of
each species was calculated from the individual biomass
amount at the beginning of the experiment and the biomass
increase based on off-gas-derived rates and estimated yields.
Initial biomass concentrations were calculated from the initial
total biomass concentration and the theoretical biomass frac-
tions according to estimated biomass yields. The total biomass
concentration at the start of the experiment was obtained from
optical density measurement at 660 nm (ODgg, triplicates)
and a correlation between the biomass concentration and the
ODggo of the coculture. To determine the correlation factor,
volatile suspended solids (VSS) and the optical density of the
coculture were measured in triplicate. The measurement of
VSS is described elsewhere (Junicke et al. 2014). The
resulting VSS/ODgg correlation factor amounted to 0.522+
0.007 g-VSS/L per absorption unit.

Determination of Kipa, Lacox

The inhibition constant K; of a certain reaction is defined as
the inhibitory concentration c¢; at which the reaction is
inhibited by 50 %. The non-competitive inhibition constant
of hydrogen on lactate degradation (Kip2 racox) Was deter-
mined using the mean hydrogen concentrations in the liquid
and the biomass-specific lactate consumption rates (g ,c) of
phases 1 and 3, respectively, according to

- Cs Ki
qs = 6187maxcs +KSK1 +¢

where ¢g is the biomass-specific substrate conversion rate,
Gs.max the maximum biomass-specific substrate conversion
rate, Kg the affinity constant for substrate uptake, and cg the
substrate concentration. Due to the presence of excess lactate,
the hyperbolic term including the affinity constant was
neglected.

Determination of K y1»

The K p» of Methanobrevibacter arboriphilus DHI was first
approximated by applying the Michaelis-Menten equation to
two different Rcpy and the respective two hydrogen partial
pressures. Due to the proximity of the chosen Ry values, the
biomass increase of Methanobrevibacter arboriphilus DH1 is
negligible in this period of time. The maximum biomass-
specific methane production rate (¢cpa.max) Was obtained by
dividing the model-based gcpamax in this regime by the
hyperbolic K 1> term considering the actual hydrogen partial
pressure. The Michaelis-Menten equation was then fitted to
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the data series in a least-squares sense using the Levenberg-
Marquardt algorithm and Ky, as a free parameter.

Thermodynamic calculations

It was evaluated whether the partial reactions shown in Table 1
are energetically favorable under the prevailing experimental
conditions using the estimated stoichiometric yields. The ac-
tual Gibbs energy change, AG', was calculated by means of
the measured data according to

AG' = AG™ + RTZ Yin a

AG®" denotes the Gibbs energy change at pH 7.0 and
310.15 K. ¥; is the stoichiometric coefficient of compound i
and q; is the respective activity. The activity was assumed to
be equal to the concentration of the ith component. R is the gas
constant amounting to 8.314 J/K/mol and T'is the temperature
expressed in Kelvin.

The reaction stoichiometry of the NADH-dependent hy-
drogen formation is as follows:

NADH + H"—-NAD" + H,

The NADH/NAD" ratio was calculated at thermodynamic
equilibrium (AG'=0), using the hydrogen partial pressure
during the first two phases of the batch experiment (1,204+
31 ppm corrected for 1.8-fold oversaturation of hydrogen in
the liquid), AG°'=+18.1 kJ/mol NADH, pH 7.0, and
298.15 K.

Results

In a batch experiment, a coculture of Desulfovibrio sp. G11
and Methanobrevibacter arboriphilus DHI1 was grown on
20 mM lactate and 20 mM formate. Desulfovibrio sp. G11
degrades both lactate and formate, whereas
Methanobrevibacter arboriphilus DHI is a hydrogenotrophic
methanogen which can utilize hydrogen and carbon dioxide
for methane production and growth. The metabolic reactions
considered in this study were estimated according to the Gibbs
energy dissipation method (Kleerebezem and Van Loosdrecht
2010) and are shown in Table 1.

Figure 2 shows the net production rates of hydrogen,
methane, and carbon dioxide obtained from continuous off-
gas measurements. The amounts of lactate, acetate, and for-
mate in the liquid phase of the reactor were measured by
HPLC (Fig. 3a, symbols) and derived from gas production
rates using reaction stoichiometry (Fig. 3a, lines). Individual
biomass amounts were derived from gas production rates
using reaction stoichiometry (Fig. 3b). Carbon and electron
balances showed a gap of less than 1 %, indicating that
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Table1 Metabolic reactions involved in the degradation of lactate and
formate. Reactions 1 and 2 are mediated by Desulfovibrio sp. G11.
Reaction 3 is mediated by Methanobrevibacter arboriphilus DH1. Lac,
lactate; Form, formate; Ac, acetate; Xys,, biomass of Methanobrevibacter
arboriphilus DH1; Xg1;, biomass of Desulfovibrio sp. G11

No Metabolic reaction

1 Lac+ 1.834 H,O + 0.028NH; —0.953Ac¢ +0.953HCO;+1.891H,
+0.934H"+0.142X 1,

2 Form+ 0.943 H,O +0.018 H" + 0.005NH,
—0.977HCO5+0.952 H,+0.023Xg

3 H,+ 0.258HCO;+ 0.255H+ 0.003NHS —0.241CH, + 0.765H,0
+0.016Xpa

compounds in the balance were identified and accurately
measured. The model-derived amounts of lactate, formate,
and acetate describe the measured HPLC data within an error
range of less than 3 %.

Based on the net hydrogen production, the experiment can
be subdivided into three major phases (see Fig. 2). A steep
increase of the hydrogen partial pressure was observed during
the initial 20 h. At the same time, gas stripping of residual
carbon dioxide from the inoculum occurred. The first phase
(20-80 h) is marked by a relatively high and constant hydro-
gen partial pressure (1,204+31 ppm) resulting from both
lactate and formate degradation. However, methane produc-
tion remained low during this phase demonstrating that
Desulfovibrio sp. G11 was the main actor. The second phase
(80—160 h) shows a strong increase in Rcyy4 concomitant with
a steep decrease of the hydrogen net production rate. This
observation, together with the increased consumption rate of
lactate and formate, indicates the occurrence of both,
syntrophic lactate and syntrophic formate conversion. At the
end of the second phase, formate was depleted. During the
third phase (160-220 h), solely syntrophic lactate degradation
occurred as reflected in a CH4/CO, ratio equal to one. The
hydrogen net production rate was constant and the hydrogen
partial pressure amounted to 106+12 ppm. Lactate depletion
marks the end of the experiment.

Phase 1 of the batch experiment

In the first phase, the hydrogen partial pressure was constant at
1,204+31 ppm. Carbon dioxide and methane partial pressure
were low. The rates of lactate and formate consumption (Ry ..
and Rp.,) remained nearly constant and amounted to 0.078+
0.007 mmol-Lac/h and 0.112+0.011 mmol-Form/h.
According to the yield-based calculation, a higher biomass
increase of Desulfovibrio sp. G11 (26.8 %) was obtained
compared to Methanobrevibacter arboriphilus DH1
(14.1 %). Figure 4a shows g, and the biomass-specific
formate consumption rate (¢gom) in course of time. During
the first phase, both biomass-specific consumption rates were

constant and amounted to 0.023+0.001 mol-Lac/mol-Xg;;/h
and 0.033+0.002 mol-Form/mol-Xg;,/h.

Figure 5 shows the interspecies hydrogen transfer efficien-
cy expressed as the amount of hydrogen consumed by
Methanobrevibacter arboriphilus DHI1 of the total hydrogen
produced. It is seen that the interspecies hydrogen transfer
efficiency increased in course of the experiment reaching its
maximum during the third phase in which solely syntrophic
lactate degradation occurred. During the first phase, only 36 %
of the total hydrogen produced was consumed by the
methanogen. Hydrogen leakage amounted to 64 % of the
produced amount, demonstrating that Desulfovibrio sp. G11
was the main actor during the first phase.

Phase 2 of the batch experiment

In the second phase, the hydrogen partial pressure decreased
from 1,204+31 to 106+12 ppm. At the same time, a strong
increase of the methane and carbon dioxide partial pressure
were observed in the off-gas. Both, methane (3,312 ppm) and
carbon dioxide (7,040 ppm) peaked after 157 h followed by a
decrease to partial pressures of 1,579 ppm (methane, 160 h)
and 1,899 ppm (carbon dioxide, 175 h). Due to the stripping
effect, a delay of about 20 h in the decrease of the carbon
dioxide partial pressure was observed. At the end of the
second phase (160 h), formate was depleted.

Figure 6 shows the dependence of ¢ .. and grom On the
hydrogen partial pressure. A clear increase of gy . and grom
was observed with decreasing hydrogen partial pressures
ranging from 1,200 to 250 ppm. At the end of the second
phase, Rcpy was limited by the decreasing hydrogen partial
pressure. Figure 7 shows the dependence of the biomass-

Net production rates [mmol/h]
Partial pressure [10° ppm]

Time [h]

Fig. 2 Net production rates of carbon dioxide, hydrogen, and methane
during the batch experiment on 20 mM lactate and 20 mM formate using
a coculture of Desulfovibrio sp. G11 and Methanobrevibacter
arboriphilus DH1. The obtained data set was subdivided into three
phases: (1) lactate and formate conversion by Desulfovibrio sp. G11,
(2) increase of methane production, and (3) syntrophic lactate
conversion after formate depletion
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Fig. 3 Amount of lactate (Lac), formate (Form), and acetate (4c) in
course of time, for the batch experiment shown in Fig. 2, as obtained from
the HPLC measurement (a, symbols) and derived from off-gas
measurements using reaction stoichiometry (a, /ines). Biomass amounts
of Desulfovibrio sp. G11 (Xg;;) and Methanobrevibacter arboriphilus
DHI1 (X)) were derived from off-gas measurements using reaction
stoichiometry (b)

specific methane production rate (gcps) on the dissolved
hydrogen concentration in the hydrogen-limiting regime.
The Ksu, of 0.601+£0.022 uM dissolved hydrogen (single
standard deviation) was obtained by fitting the Michaelis-
Menten equation to these data. This corresponds to a hydro-
gen partial pressure of 721£26 ppm in the gas phase.
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Fig. 4 Biomass-specific lactate and formate consumption rates (gLac
and gForm) as a function of time (a), for the batch experiment shown in
Fig. 2. The biomass-specific growth rate of Desulfovibrio sp. G11 (uG11)
and Methanobrevibacter arboriphilus DH1 (uMa) are shown in the
bottom panel (b)
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Fig. 5 Interspecies hydrogen transfer efficiency expressed as the

percentage of hydrogen consumed by Methanobrevibacter

arboriphilus DHI1 of the total hydrogen produced, for the batch

experiment shown in Fig. 2

The estimated biomass amount of Methanobrevibacter
arboriphilus DH1 doubled in course of the second phase, while
the biomass amount of Desulfovibrio sp. G11 increased by
66.5 % (Fig. 3b). The biomass-specific growth rate of
Desulfovibrio sp. G11 (ug11) and the biomass-specific growth
rate of Methanobrevibacter arboriphilus DHI1 (pi,) are shown
in Fig. 4b. The model-derived apparent /iy, max (aximum /iy, )
amounts to 0.021+0.001 1/h. Considering the obtained K 1,
the actual fiyg, max €quals 0.055+0.005 1/h under hydrogen non-
limiting conditions. During the second phase, 83 % of the total
hydrogen produced was consumed by the methanogen, i.e., only
17 % hydrogen leakage was observed (Fig. 5).

Phase 3 of the batch experiment

During the third phase of the batch experiment, solely
syntrophic lactate degradation occurred which is reflected in
the CH4/CO, ratio equal to one. This phase is marked by a
constant hydrogen partial pressure of 106+12 ppm and a
constant increase of the methane and carbon dioxide partial
pressures. The Ry ,. and Rcypyy increased by 64.1 and 65.5 %,
respectively. The biomass amount of Desulfovibrio sp. G11
increased by 64.1 %, whereas the biomass amount of
Methanobrevibacter arboriphilus DH1 increased by 59.7 %
(Fig. 3b). At the end of the third phase, lactate was depleted.

The interspecies hydrogen transfer efficiency was above
99 % during the last phase of the batch experiment meaning
that almost all the hydrogen produced was consumed by the
methanogen (Fig. 5). Both biomass-specific growth rates
remained constant during the third phase at 0.0098+0.0003 1/h
(Desulfovibrio sp. G11) and 0.0092+0.0003 1/h
(Methanobrevibacter arboriphilus DH1), respectively (Fig. 4b).

As shown in Fig. 4a, g1 ,. was constant during the third phase
of the batch experiment amounting to 0.069+0.003 mol-Lac/
mol-Xgi1/h. The gr,. of the third phase was equal to the
apparent gy e max as determined during precultivation (0.066+
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Fig. 6 Biomass-specific lactate consumption rate (gLac) and biomass-
specific formate consumption rate (qForm) as a function of the
hydrogen partial pressure during the second phase of the batch
experiment shown in Fig. 2

0.007 mol-Lac/mol-Xg;1/h). The approximately three times
lower g, of the first phase indicates an inhibition of lactate
degradation during that phase. A 50 % inhibition constant of
hydrogen on lactate degradation was determined, yielding a
Kit Lacox 0f 0.692+0.064 pM dissolved hydrogen (831+
77 ppm in the gas phase). Considering the obtained Kipo 1 acoxs
the actual g1 e max 15 0.083+0.006 mol-Lac/mol-Xg;,/h.

Discussion
System description
The high information density of online off-gas compo-

sition measurements combined with liquid measurements
allowed for a detailed analysis of metabolic fluxes and the

08 |
= qCHg4,max
=
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Dissolved H, concentration [uM]

Fig. 7 Dependence of gcus on the dissolved hydrogen concentration.
The Kgp of 0.601+£0.022 puM dissolved hydrogen (single standard
deviation) was obtained by fitting the Michaelis-Menten equation to
these data. This corresponds to a hydrogen partial pressure of 721+
26 ppm in the gas phase. The upper and lower bound of the 95 %
confidence interval represent Kgy, values of 641 and 561 uM,
respectively

thermodynamic system state in the investigated methanogenic
consortium. The yield-based model applied in this study de-
scribed the system accurately. Stoichiometric yields derived
by means of the Gibbs energy dissipation method agreed well
with reported values. The estimated total biomass yield on
lactate (0.198+0.006 mol-X/mol-Lac) is in accordance with
the measured total biomass yield on lactate (0.188+
0.010 mol-X/mol-Lac). The estimated biomass yield of
Methanobrevibacter arboriphilus DH1 on methane amounted
to 0.068+0.002 mol-Xy,/mol-CHy, which is very close to the
values reported for its closest relatives Methanobrevibacter
cuticularis RFM1 (0.063 mol-Xy;,/mol-CHy, 96.9 % gene
similarity) and Methanobrevibacter curvatus RFM2
(0.052 mol-Xy,/mol-CHy, 95.3 % gene similarity)
(Leadbetter and Breznak 1996). The estimated biomass yield
of Desulfovibrio sp. G11 on lactate amounted to 0.142+
0.004 mol-Xg;/mol-Lac. Literature values for the growth
yield of Desulfovibrio sp. G11 in a coculture with
Methanobrevibacter arboriphilus DH1 on lactate have not
been reported. Traore et al. (1983) obtained a growth yield
of D. vulgaris strain Hildenborough (0.215+0.037 mol-X/
mol-Lac, 91 % gene similarity) in a coculture with
Methanosarcina barkeri on lactate. A biomass yield on lactate
0f 0.171£0.004 mol-X/mol-Lac was reported for D. vulgaris
strain Hildenborough in a coculture with a different
methanogen, Methanococcus maripaludis S2 (Walker et al.
2009). The model-derived biomass yield of Desulfovibrio sp.
G11 on formate amounted to 0.023+0.001 mol-Xg;,/mol-
Form and the estimated total biomass yield of the coculture
on formate was 0.038+0.002 mol-X/mol-Form. Dolfing et al.
(2008) reported a total biomass yield on formate of 0.021+
0.005 mol-X/mol-Form for the coculture of Desulfovibrio sp.
G11 and Methanobrevibacter arboriphilus strain AZ, which is
in the same order of magnitude.

The qracmax of Desulfovibrio sp. G11 determined in this
study is the first reported value so far and amounts to 0.083+
0.006 mol-Lac/mol-Xg11/h. The model-derived g ac max Was
identical to the g acmax Obtained during precultivation. The
qcnamax of Methanobrevibacter arboriphilus DH1 is 0.818+
0.099 mol-CH4/mol-Xp,h and lies within the previously
reported range of 0.574-1.015 mol-CH4/mol-Xy;,/h when
using the estimated biomass yield per methane (Zeikus and
Henning 1975).

Dependence of Ry ,. on the hydrogen partial pressure

During the initial 80 h of the batch experiment, a low Rcpy
was observed. Hydrogen consumption by hydrogenotrophic
methanogens is likewise low and practically negligible. In this
case, the measured net rate of hydrogen production corre-
sponds to the total hydrogen production rate.

In the absence of limitation, the rate of lactate and formate
degradation would normally increase over time, resulting in
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an increasing hydrogen production rate due to biomass
growth. During the first phase of the batch experiment, how-
ever, the hydrogen net production rate remained constant. The
hydrogen partial pressure amounted to 1,204+31 ppm.
Moreover, in the first phase, gy ,. was only one third of gy 4
in the third phase where the hydrogen partial pressure is more
than 11 times lower. These results imply a limitation of lactate
and formate conversion due to elevated hydrogen partial
pressures during the first phase of the batch experiment.
Dolfing et al. (2008) reported a similar inhibitory effect of
the hydrogen partial pressure during formate conversion in a
pure culture of Desulfovibrio sp. G11, resulting in complete
inhibition at about 1,000 ppm hydrogen in the gas phase. The
observed inhibitory effect of the hydrogen partial pressure on
lactate and formate degradation in this study cannot be ex-
plained by means of the thermodynamics of the partial reac-
tions (Table 1) since all reactions were strongly energetically
favorable under the prevailing conditions (Fig. 8).

A possible explanation is found by considering the inter-
mediate steps of lactate and formate degradation. As described
previously by Pankhania et al. (1988), the first step of lactate
conversion, namely the oxidation of lactate to pyruvate and
hydrogen, is an endergonic reaction under standard conditions
(AG®'=+43 kJ/mol lactate), whereas subsequent pyruvate
oxidation to acetate, carbon dioxide, and hydrogen is exer-
gonic (AG®'=-52 kJ/mol pyruvate). Considering the reactor
conditions during the first two phases of the batch experiment
(1,204 ppm H, before 1.8-fold oversaturation correction,
23 mM lactate, pH 7.0, and 310.15 K), lactate oxidation
would become thermodynamically favorable only when as-
suming nanomolar pyruvate concentrations. Given the impor-
tant role of pyruvate as intermediate in bacterial metabolism,
such low concentrations appear very unlikely (Pankhania et al.
1988). Therefore, in line with previous studies (Fitz and
Cypionka 1991; Pankhania et al. 1988; Sieber et al. 2012),
our findings support the theory that lactate oxidation to pyru-
vate and hydrogen is an energy-driven process. As a conse-
quence, lactate oxidation to pyruvate could become more
costly in a reduced system state marked by increased hydro-
gen partial pressures.

Formate conversion to hydrogen and carbon dioxide is an
endergonic reaction under standard conditions (AG®'=+
1.3 kJ/mol formate); however, under reactor conditions, this
reaction was thermodynamically favorable throughout the
experiment (Fig. 8). A limitation to formate conversion might
however be the regeneration of the electron carrier pool,
offering to explain why both formate and lactate conversion
were equally affected at increased hydrogen partial pressures.

Several studies demonstrated that lactate and formate oxida-
tion are coupled to ferredoxin, NAD", and other electron car-
riers. For different microbial strains, it was shown that ferredox-
in is involved in the oxidation of formate to bicarbonate, and in
the oxidation of pyruvate to acetyl-CoA (Brill et al. 1964;
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Fig. 8 Gibbs energy change of the three partial reactions shown in
Table 1 in course of the batch experiment shown in Fig. 2. Reaction 1,
lactate conversion; Reaction 2, formate conversion; and Reaction 3,
hydrogenotrophic methanogenesis. For the calculations of the Gibbs
energy change, a temperature of 37 °C and a pH of 7.0 were used

Pieulle et al. 1995; Sieber et al. 2012; Uyeda and Rabinowitz
1971). Weghoffet al. (2014) reported on a bifurcation process in
Acetobacterium woodii that involves both NAD" and ferredoxin
during endergonic lactate oxidation to pyruvate. Although dif-
ferent metabolic pathways have been suggested for
Desulfovibrio species (Li et al. 2011; Meyer et al. 2013;
Noguera et al. 1998; Sieber et al. 2012; Walker et al. 2009),
experimental evidence for the metabolic pathways and the
electron carriers involved in the different steps of lactate and
formate conversion of Desulfovibrio sp. G11 is still lacking. For
this reason, the proposed regulatory mechanism of the hydrogen
partial pressure was analyzed using NADH-dependent hydro-
gen formation as an example. At the experimental conditions
found during the first two phases of the batch experiment, a
NADH/NAD" ratio of at least three is required for NADH-
dependent hydrogen formation to be thermodynamically feasi-
ble. Reported in vivo NADH/NAD ratios ra