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Abstract The objective of this study was to improve
the biological water–gas shift reaction for producing
hydrogen (H2) by conversion of carbon monoxide (CO)
using an anaerobic thermophilic pure strain, Carboxydo-
thermus hydrogenoformans. Specific hydrogen production
rates and yields were investigated at initial biomass
densities varying from 5 to 20 mg volatile suspended
solid (VSS) L−1. Results showed that the gas–liquid mass
transfer limits the CO conversion rate at high biomass
concentrations. At 100-rpm agitation and at CO partial
pressure of 1 atm, the optimal substrate/biomass ratio must
exceed 5 mol CO g−1 biomass VSS in order to avoid gas–
liquid substrate transfer limitation. An average H2 yield of
94±3% and a specific hydrogen production rate of ca.
3 mol g−1 VSS day−1 were obtained at initial biomass
densities between 5 and 8 mg VSS−1. In addition, CO
bioconversion kinetics was assessed at CO partial pressure
from 0.16 to 2 atm, corresponding to a dissolved CO
concentration at 70°C from 0.09 to 1.1 mM. Specific
bioactivity was maximal at 3.5 mol CO g−1 VSS day−1 for
a dissolved CO concentration of 0.55 mM in the culture.
This optimal concentration is higher than with most other
hydrogenogenic carboxydotrophic species.
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Introduction

Sustainable hydrogen can be extracted from primary or
secondary biomasses (industrial and municipal organic
wastes, agriculture residues, biosolids, energy crops, algae)
at a relatively elevated yield using a combination of
hydrolytic, anaerobic fermentation and microbial electro-
synthesis bioprocesses (Wang et al. 2011). However, a
significant portion of biomass is difficult and/or slowly
biodegradable by microorganisms due to its refractory and
polymeric nature. When the organic residue is relatively dry
(e.g., woodchips, beetle-infested wood, etc.) or non-
biodegradable (bark, plastic, rubber, etc.), it might be more
appropriate to use thermochemical conversion techniques
such as gasification, which results in a synthesis gas
(syngas) mainly composed of carbon monoxide (CO),
carbon dioxide (CO2), and hydrogen (H2). Then syngas
can be upgraded into H2 using catalytic or biologically
mediated water–gas shift (WGS) reaction to convert the
carbon monoxide contained in syngas into hydrogen (CO+
H2O→CO2+H2). An increasing number of carboxydotro-
phic microorganisms have been found to perform the
biological WGS reaction, using CO as a preferred energy
source (Wolfrum and Watt 2002). In brief, the oxidation of
CO to CO2 (CO+H2O→CO2+2H

++2e−) is catalyzed by a
monofunctional Ni-containing CO dehydrogenase
(CODH); electrons released are captured by an energy
converting hydrogenase that reduces protons to molecular
hydrogen; this is coupled to the membrane translocation of
protons which can drive ATP synthesis. While this energy
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conservation is thus independent of the acetyl-coenzyme A
(CoA) pathway, the thermophilic, carboxydotrophic, hydro-
genogenic microorganisms possess bifunctional acetyl-CoA
synthase (ACS)/CODH complexes for carbon fixation. The
acetyl-CoA is formed by binding a CoA, a CO, and a methyl
group, the latter resulting from the reduction of CO2 by
reducing equivalents derived from the oxidation of CO
(Uffen 1981; Bonam et al. 1989; Davidova et al. 1994;
Svetlitchnyi et al. 2001; Lindahl 2002; Ragsdale 2004;
Russell and Martin 2004; Henstra et al. 2007b; Oelgeschäger
and Rother 2008; Sokolova et al. 2009). Carboxydothermus
hydrogenoformans, one of those CO-oxidizing strains, is a
strictly anaerobic, Gram-positive, extremely thermophilic
bacterium that can grow in the dark on CO as the sole
carbon and energy source (Gerhardt et al. 1991; Svetlichnyi
et al. 1991, 1994; Henstra and Stams 2004). The cell culture
density is limiting the CO conversion rate only when the cell
concentration is low just after inoculation (Henstra 2006).
However, because of the low aqueous solubility of CO, gas–
liquid mass transfer turns out to be the limiting step of CO
conversion once the growth of biomass has been sufficient,
as the volumetric bioactivity potential of the C. hydro-
genoformans culture becomes limited by the dissolved CO
available in the liquid (Cowger et al. 1992; Kapic et al. 2006;
Riggs and Heindel 2006; Jones 2007; Ungerman and
Heindel 2007). Hence, for a thermophilic bioprocess to
perform at a continuous maximal volumetric activity rate,
it is essential for the cell concentration of the microorgan-
ism to be optimized to avoid the CO gas–liquid mass
transfer limitation.

However, CO is both a substrate (electron donor and/or
carbon source) and an inhibitor, and at elevated concen-
trations, can inhibit growth and catabolic activity due to its
high affinity for metal-containing enzymes and hemes
(Ragsdale 2004). The CO toxicity is not only the result of
hydrogenase inhibition that may occur even at CO partial
pressure (pCO) as low as 0.05 atm (≈45 μM CO in solution,
Soboh et al. 2002); CO inhibits also the acetyl-CoA
synthesis, usually at higher concentrations. But typically a
residual activity remains at the highest CO concentrations
employed (Maynard et al. 2001; Amos 2004). Complete
inhibition of direct conversion of CO into CH4 and CO2 by
Methanobacterium thermoautotrophicum occurred at a pCO
of 0.6 atm (Daniels et al. 1977), whereas Methanosarcina
barkeri could be slowly adapted to growth at 100% CO
(O’Brien et al. 1984). Hurst and Lewis (2010) assessed the
effects of CO (pCO ranging from 0.35 to 2.0 atm) on cell
growth, acetic acid, and ethanol production using Clostrid-
ium carboxidivorans P7T. They found inter alia that the
conversion of CO to acetic acid decreased beyond a pCO of
0.7 atm. The maximal WGS activity of Rubrivivax
gelatinosus CBS occurred at a dissolved CO concentration

of 90–100 μM. Concentrations greater than 150 μM
resulted in decreased reaction rate and eventual shutdown
of the biological WGS pathway (Amos 2004). With
Archaeoglobus fulgidus, CO levels up to 0.4 atm did not
affect the culture activity, with or without co-substrate
(lactate), while CO levels from 0.4 to 0.8 atm resulted in a
noticeable decrease, which was more marked in the absence
of lactate (Henstra et al. 2007a). X-ray crystallographic
studies have shown that CO binds to the nickel ion at the
active site of the [NiFe] hydrogenase from Desulfovi-
brio vulgaris Miyazaki F and inhibits its catalytic function
(Pandelia et al. 2010). The CODH enzyme complex
purified from C. hydrogenoformans showed maximal
CO-oxidizing:H2-evolving activity with 5% CO in the
headspace, whereas higher CO concentrations inhibited
the energy converting [NiFe] hydrogenase present in the
enzyme complex (Soboh et al. 2002).

However, to our knowledge, the kinetics of the CO
reaction by intact cells of the C. hydrogenoformans strain as
a function of the CO partial pressure has never been
reported in the literature. At the same time, improvement in
the gas–liquid mass transfer may exacerbate the inhibition
by increasing the availability of dissolved CO. To address
those issues, the impact of the initial cell density as well as
the initial CO partial pressure on the specific CO
consumption and hydrogen production rates and biomass
specific growth rate was investigated using C. hydro-
genoformans pure cultures.

Material and methods

Culture

C. hydrogenoformans DSM6008 was obtained from the
German Collection of Microorganisms and Cell Cultures,
DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH). The strain was cultivated in shake
culture at 100 rpm under strictly anaerobic conditions at 70°C
in a basal mineral medium buffered with bicarbonate–
phosphate. The medium was made in two steps. A solution
containing (in milligrams per liter of demineralized water KCl
330, MgCl2·6H2O 102, CaCl2·2H2O 15, NH4Cl 330,
KH2PO4 136) was autoclaved, and then completed with (in
milliliters per liter of solution) 5% NaHCO3 stock solution
(8), 2.5% Na2S·9H2O stock solution (10), 0.5% yeast extract
solution (10), trace metals solution (10), and vitamin solution
(1). The trace metals and vitamin stock solutions were
prepared as described by Stams et al. (1993). All stock
solutions were autoclaved, except the vitamin solution, which
was sterilized by filtration through 0.22-μm filter mem-
branes. The initial pH was adjusted between 6.8 and 7.0.
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Growth and activity assays

The growth and activity tests were performed in triplicate
in 60-mL serum glass bottles. Briefly, once inoculated
with the centrifugation pellet of a given volume of
culture and filled with the bicarbonate–phosphate-buff-
ered mineral medium for a final volume of 30 mL,
bottles were capped, sealed, and flushed with CO as sole
carbon source and placed in a rotary shaker (New
Brunswick, Edison, NJ, USA) in a dark, thermostatically
controlled environment (70±1°C) and gyrated at
100 rpm. The growth tests were carried out under
1 atm of 100% CO. As reported previously (Svetlichnyi
et al. 1991; Henstra and Stams 2004; Henstra 2006), the
growth curve of the C. hydrogenoformans culture system-
atically exhibited a lag phase in the presence of CO that
consists of two parts: one in which no CO is consumed,
and one in which CO is consumed without cell multipli-
cation. Consequently, the initial biomass concentration
was measured 1 h after the bottle headspace was
replenished with fresh 100% CO after the first CO phase,
this being considered as time zero. Growth was estimated
by difference between the biomass concentration values
measured at this time zero and at the end of the test.
Biomass concentration was quantified by optical density
(OD) at 600 nm (Beckman DU-640 Spectrophotometer,
Corona CA, USA). The OD data were subsequently
converted to volatile suspended solid (VSS) biomass
using a conversion factor previously determined as
follows. The biomass concentration of C. hydrogenoformans
culture dilutions ranging between 0.001 and 0.025 unit OD
was assessed using chemical oxygen demand (COD)
measurements which were then converted to VSS using a
factor of 1.37 g COD g−1 VSS based on the elemental
formula of microbial biomass as CH1.79O0.5N0.2S0.005 (Roels
1983). The correlation of the VSS data to their corresponding
OD values (n=14; R2=0.80) yielded a conversion factor of
1,666 mg VSS per unit OD.

For kinetics tests, each of a series of 60-mL serum
bottles received 30 mL of culture suspension containing
approximately 3.5 mg VSS L−1. The headspace (30 mL) of
all bottles was filled with different mixtures of CO and
argon at a total pressure of 2 atm. The gas mixtures
consisted of CO at initial pCO ranging between 0 and 2 atm,
the balance consisting of argon. Both substrate (CO)
depletion and catabolite (H2, volatile fatty acids, and
alcohols) production were monitored. The specific CO
uptake or H2 production rates, expressed as mole CO g−1

VSS day−1 or mole H2 g−1 VSS day−1, respectively, were
obtained by reporting the rate of CO consumed or H2

produced (mole per day) to the VSS-based biomass as
estimated in the bottle. The hydrogen yield (YH2 ) was

expressed as a percentage of the H2 gas produced per CO
consumed (mole per mole).

Analytical methods

The suspended solids, VSS, and COD were determined
according to standard methods (Eaton et al. 2005). Volatile
fatty acids (i.e., acetic, propionic, and butyric acids) were
measured on an Agilent 6890 gas chromatograph (Wil-
mington, DE, USA) equipped with a flame ionization
detector on 0.2-μL samples diluted 1:1 (vol./vol.) with an
internal standard of isobutyric acid in 6% formic acid,
directly injected on a glass column of 1 m×2 mm
Carbopack C (60–80 mesh) coated with 0.3% Carbowax
20 M and 0.1% H3PO4. The column was held at 130°C for
4 min. Helium was the carrier gas fed at a rate of
20 mL min−1. The injector and the detector were both
maintained at 200°C. For the measurement of solvents
(methanol, ethanol, acetone, 2-propanol, tert-butanol, n-
propanol, sec-butanol, n-butanol), 100 μL of liquid was
transferred into a vial that had 20 mL of headspace and was
closed with a crimped Teflon-coated septum. The vial was
heated at 80°C for 2 min, and then 1,000 μL of headspace
gas was injected on a DB-ACL2 capillary column of
30 m×530 mm×2 μm using a Combipal autosampler (CTC
Analytics AG, Zwingen, Switzerland). The column was
held at 40°C for 10 min. Helium was the carrier gas at a
head pressure of 5 psi. The injector and the detector were
maintained at 200°C and 250°C, respectively. The gas
composition (H2, CO, CO2) was measured by injecting
300 μL of gas (model 1,750 gas-tight syringe, Hamilton,
Reno, NV, USA) taken from the bottle headspace after
equilibrium at 70°C into a HP 6890 gas chromatograph
(Hewlett Packard, Palo Alto, CA, USA) equipped with a
thermal conductive detector and a 11-m×3.2-mm 60/
80 mesh Chromosorb 102 packed column (Supelco,
Bellafonte, PA, USA). The column temperature was held
at 60°C for 7 min and increased to 225 C at a rate of
60°C/min. Argon was used as the carrier gas. The
injector and detector were maintained at 125°C and
150°C, respectively.

Results

Impact of microbial density on H2 yield and cell growth

Without mass transfer limitation, the observed rate of a
biochemical reaction should be close to the maximal
intrinsic reaction rate. In contrast, as CO is sparingly
soluble, especially at 70°C, gas–liquid mass transfer rate
can easily be limiting, depending on the pressure and
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mixing conditions. Hence, for given mixing and pres-
sure conditions, i.e., for a fixed mass transfer rate,
volumetric bioactivity potential rate must be less than
the gas–liquid mass transfer rate for the latter not to
curb the bioactivity kinetics. In principle, volumetric
bioactivity rate increases proportionally to the microbial
density. In other words, there is a biomass density level
below which the volumetric bioactivity would be
kinetics-driven rather than transport-limited. To deter-
mine at which biomass density level the bioactivity rate
is greater than the mass transfer rate, a series of tests
were conducted at microbial concentrations (Xo) varying
between ca. 5 and 25 mg VSS L−1, while keeping constant
CO pressure (1 atm) and agitation rate (100 rpm). Specific
rates of CO uptake, biomass specific growth, and specific
hydrogen production rates were investigated as a function
of the biomass densities.

The specific hydrogen production rate results were
plotted as a function of the initial biomass density shown
in Fig. 1. The graph shows clearly a twofold greater
specific activity rate at the lowest cell density range, at a
level of ca. 3 mol H2 g−1 VSS day−1 as opposed to 1.5–
1.7 mol H2 g−1 VSS day−1 at higher cell density. These
production rate levels corresponded to CO uptake values of
the same order, i.e., 2.8±0.6 and 1.5±0.2 mol CO g−1 VSS
day−1, respectively, as expected since the yield of CO
conversion into H2 is theoretically 1 mol mol−1. So this
readily leads us to conclude that biomass density above an
8–9-mg VSS L−1 range resulted in a volumetric activity rate
above the mass transfer rate for the test conditions fixed at
100 rpm agitation at 1 atm CO partial pressure. In other

words, the volumetric rate observed for those biomass
densities above 8–9 mg VSS L−1 must be read as the
volumetric gas–liquid mass transfer rate, constant and
equivalent to 45±7 mmol CO L−1 day−1, for those set
conditions. It is concluded as well that C. hydrogenofor-
mans has an intrinsic biological WGS reaction rate,
normally close to its maximal specific activity potential, at
ca. 3 mol H2 or CO g−1 VSS day−1. Similar trends were
also observed with the growth as a function of the cell
density. The empirical biomass growth rate (μo) was
assessed by the difference between the VSS content values
in the bottles at the beginning and the end of the tests (ΔX=
Xf−Xo), reported for the time span (Δt), and the median
biomass content (Xo+ΔX /2). In first approximation, the
growth-specific rates could be grouped at two levels: with
the highest values (1.03±0.28 day−1) at the low cell density
range and the lowest values (0.55±0.30 day−1) above a
microbial concentration of 9 mg VSS L−1.

There was no significant difference between the hydro-
gen and growth yields at any biomass concentration. The
H2 yield fluctuated between 83% and 98% (mole per mole),
which corresponded to an average yield of 93±4%. Other
co-products were also detected (essentially acetate and
ethanol), but in trace amounts and always less than 3% of
the substrate uptake. On one hand, the growth yield (YG)
can be estimated by mass balance from the H2 yield.
According to the acetyl-CoA pathway involved in the
carbon fixation for the culture to grow, half of the CO not
consumed for H2 production is assimilated. For two
carbons to be fixed during biomass synthesis, the microbe
uses one CO and one CO2 to build one acetyl-CoA from
HSCoA plus three additional CO to produce the three pairs
of reducing equivalents (2[H]) to reduce the assimilated
CO2 into a methyl group (Fig. 2). This means that the true
growth yield relates to half the balance between the number
of CO moles consumed and the number of H2 moles
produced. The true growth yield values obtained from
the balance between the CO consumed and the H2

produced (with 12-g biomass C mol−1 CO assimilated and
0.47 g C g−1 biomass VSS, Roels 1983) fluctuated
between 0.29 and 1.22 g VSS mol−1 CO, which corresponds
to an average growth yield of 0.68±0.26 g VSS mol−1 CO.
On the other hand, the observed biomass change (ΔX)
corresponding to the CO consumed gave growth yields
fluctuating between 0.26 and 0.91 g VSS mol−1 CO,
which corresponded to an average growth yield of 0.46±
0.20 g VSS mol−1 CO. Besides the experimental error,
there is one reason to explain the discrepancy between the
two approaches. The latter yield is based on the observed
growth (i.e., true growth minus biomass decay, i.e., cell
death and endogenous catabolism), while the former yield
does not account for biomass decay.

Fig. 1 Effect of initial microbial density (Xo) on the specific hydrogen
production rate (SHPR) of C. hydrogenoformans
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CO conversion kinetics and inhibition

To determine CO concentration optima, CO uptake activity
tests were performed under different initial pCO varying
from 0.16 to 1.94 atm. Those pCO values corresponded to
dissolved CO concentrations from 0.09 to 1.10 mM, using a
value of 1,766 atm Lmol−1 for the Henry constant at 70°C
(Lide 1999). Subsequent to the findings reported in the
previous section, the culture was diluted in anaerobic
phosphate buffer at an initial biomass density of 3.5 mg
VSS L−1 in order to avoid gas–liquid mass transfer
limitation, hence to make sure that measured rates are
kinetics-driven. The results are displayed in Fig. 3. Specific
activity increased with increasing dissolved CO concentra-
tion up to a maximum of 3.3–3.5 mol CO g−1 VSS day−1 at
a CO level of 0.55 mmol L−1 (i.e., ∼ca. 1 atm). Beyond that
optimal CO, the activity decreased sharply down to values
as low as 0.5 mol CO g−1 VSS day−1 (i.e., 15% of the
maximum activity rate).

The Han and Levenspiel (1988) model used to fit
kinetics curve through the data points is described by
Eq. 1, where k and kmax are the measured and maximal
specific rates of substrate (S) depletion, respectively,
dissolved CO being the substrate in this case; KM is the
half-saturation constant (the Michaelis constant); SI is the
critical concentration of the inhibitory substrate above
which reaction stops; n and m are empirical constants.

Equation 1 can be simplified as shown in Eq. 2 at high
substrate concentration [S � KM 1� S=SIð Þm] when inhibi-
tion occurs.

k ¼ kmax 1� S

SI

� �n S

S þ KM 1� S=SIð Þm ð1Þ

Fig. 3 Kinetics of CO consumption-specific activity of C. hydrogenofor-
mans as a function of the dissolved CO concentration. Experimental data
(white circle) and Eq. 1 fit curve (line) with kmax=8.2 mol CO g−1 VSS
day−1, KM=2.1 mM, SI=1.37 mM, n=1.4, and m=4.7. Hatching: 95%
confidence band

Fig. 2 Schematic representation
of the reductive acetyl-CoA
pathway involved in the carbon
fixation for biomass synthesis.
Oxidation of CO with H2O to
CO2 and 2[H] provides reducing
equivalents for the reduction of
CO2 to formate (HCOOH), of
methylenetetrahydrofolate (CH–
THF) to methenyltetrahydrofo-
late (CH2–THF), and of CH2–
THF to methyltetrahydrofolate
(CH3–THF). ACS/CODH cata-
lyzes the formation of acetyl-
CoA from a bound methyl
group, CO and coenzyme A
(CoA) (Henstra et al. 2007b)
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k ¼ kmax 1� S

SI

� �n

ð2Þ

For the constants estimation, we followed the two-
step procedure outlined by Han and Levenspiel, except
that we used nonlinear regression to fit the data to the
equations. The curve fit was based on the Levenberg–
Marquardt algorithm and calculated using an iterative
procedure to find the best fit with the lowest sum of the
squared errors between the original data and the
calculated fit (Prism v. 4.0, GraphPad Software Inc.,
San Diego, CA, USA). First, nonlinear regression was
applied to fit Eq. 2 to the data range corresponding to the
highest substrate concentrations (from 0.58 to 1.1 mM), to
estimate kmax, SI, and n. We found kmax=7 mol CO g−1

VSS day−1, SI=1.37 mM, and n=1.4, with a coefficient of
determination (R2) of 0.88. However, the 95% confidence
interval (CI95) for kmax was relatively large, from −0.4 to
14.5. Therefore, we used the second step to both refine the
kmax estimate and assess the value of other constants, KM

and m. To do so, nonlinear regression was applied to the
entire range of data to fit Eq. 1 with the SI and n constants
constrained to the values found above, i.e., 1.37 mM and
1.4, respectively. We found kmax=8.2 mol CO g−1 VSS
day−1 (CI95, 6.3 to 10.1), KM=2.1 mM (CI95, 0.8 to 3.4),
and m=4.7 (CI95, 1.8 to 7.6). The similarity between the
two kmax values found separately is indicative of the
correctness of this stepwise approach. The best fit curve is
plotted along with the experimental data points shown in
Fig. 3; the absolute sum of squared errors between the
calculated and experimental data equals 2.3 and R2, 0.86.
The fit seems reasonable with most of the experimental data
points falling inside the 95% confidence band (Fig. 3).

Discussion

The yield values for both H2 and growth assessed in this
study are generally consistent with literature data specific
for C. hydrogenoformans (Table 1). The Han and Leven-

spiel model is well suited to such typical substrate
inhibition kinetics, as reviewed previously (Fountoulakis
et al. 2008). As expected, the value found for kmax was
high (8.2 mol CO g−1 VSS day−1), as compared to the one
observed in this study (3.5 mol CO g−1 VSS day−1) or the
ones reported in the literature (Table 1, 0.6–3.9 mol CO
g−1 VSS day−1). This reflects that the kinetic activity
potential of the strain could be high if CO were not at all
an inhibitor, but only an activator. This is confirmed by the
kmax and KM values (10.6 mol CO g−1 VSS day−1 and
1.45 mM, respectively) found by fitting the Monod model
[k ¼ kmaxS= KM þ Sð Þ] to the data range corresponding to
CO concentrations lower than 0.55 mM (R2=0.89).
According to Han and Levenspiel, the relative magnitude
of the constants m and n relates to the inhibition pattern.
When both m and n constants are greater than zero, this
represents generalized uncompetitive inhibition. This is
consistent with the conclusion of Maynard et al. (2001)
that the CO inhibition of ACS purified from Clostridium
thermoaceticum was uncompetitive.

The kinetics of C. hydrogenoformans compares favor-
ably with those of other bacteria able to perform the WGS
reaction. The maximal WGS activity of R. gelatinosus CBS
occurred at a dissolved CO concentration of ca. 0.1 mM
(Amos 2004). Whole cells of Proteus vulgaris started to be
inhibited at a CO concentration of 0.055 mM, while
hydrogenases purified from Desulfovibrio desulfuricans
began to be inhibited at an even lower concentration of
0.003 M (Purec et al. 1962). The intact cells may offer
more resistance to CO toxicity than their purified enzymes.
Indeed, a CODH enzyme complex purified from C.
hydrogenoformans showed maximal CO-oxidizing:H2-
evolving activity at a CO level in the headspace as low as
5% (0.03 mM at 70°C) as well (Soboh et al. 2002).
However, the analysis of the genome of C. hydrogenofor-
mans revealed the remarkable presence of at least five
highly differentiated CODH complexes (Wu et al. 2005).
This likely explains in part why this species was able to
grow more rapidly on CO and to exhibit more resistance to
the CO toxicity than other hydrogenogenic carboxydotro-
phic species.

Xo, mg VSS L−1 Specific activity,
mol CO g−1 VSS day−1

YH2 (%)
(mol/mol)

YG, g (d. wt)
mol−1 CO

Reference

135–277 1.2–0.6 98.9 0.57–1.17a Svetlichnyi et al. (1991)

197 3.9 82.3 1.18b Henstra (2006)

15–30 3.6–1.7 72.7–80 0.52–1.06a Gerhardt et al. (1991)

3.5 3.5 83–98 0.29–1.22 This study

Table 1 Yield and kinetics data
of C.: comparison with literature

a Data range, based on either 4.89
10−13 (Loferer-Krössbacher et al.
1998) or 10−12 g (d. wt)/cell
(Davis et al. 1973)
b Calculated with data from graphs
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