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Abstract The effect of trace metal ions (Co”, Cu2+,

Fe’", Mn>", Mo®", Ni**, Zn**, SeO,~ and WO,") on
growth and ethanol production by an ethanologenic ace-
togen, Clostridium ragsdalei was investigated in CO:CO,-
grown cells. A standard acetogen medium (ATCC medium
no. 1754) was manipulated by varying the concentrations
of trace metals in the media. Increasing the individual
concentrations of Ni*", Zn*", SeO,  and WO, from 0.84,
6.96, 1.06, and 0.68 pM in the standard trace metals
solution to 8.4, 34.8, 5.3, and 6.8 pM, respectively,
increased ethanol production from 35.73 mM under stan-
dard metals concentration to 176.5, 187.8, 54.4, and
72.3 mM, respectively. Nickel was necessary for growth of
C. ragsdalei. Growth rate (u) of C. ragsdalei improved
from 0.34 to 0.49 (day™'), and carbon monoxide dehy-
drogenase (CODH) and hydrogenase (Hjase)-specific
activities improved from 38.45 and 0.35 to 48.5 and
1.66 U/mg protein, respectively, at optimum concentration
of Ni*™. At optimum concentrations of WO, and SeO, ",
formate dehydrogenase (FDH) activity improved from 32.3
to 42.6 and 45.4 U/mg protein, respectively. Ethanol pro-
duction and the activity of FDH reduced from 35 mM and
32.3 U/mg protein to 1.14 mM and 8.79 U/mg protein,
respectively, upon elimination of WO, from the medium.
Although increased concentration of Zn>" enhanced
growth and ethanol production, the activities of CODH,
FDH, H,ase and alcohol dehydrogenase (ADH) were not
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affected by varying the Zn>" concentration. Omitting Fe*™
from the medium decreased ethanol production from 35.7
to 6.30 mM and decreased activities of CODH, FDH,
Hrase and ADH from 38.5, 32.3, 0.35, and 0.68 U/mg
protein to 9.07, 7.01, 0.10, and 0.24 U/mg protein,
respectively. Ethanol production improved from 35 to
54 mM when Cu®* was removed from the medium. The
optimization of trace metals concentration in the fermen-
tation medium improved enzyme activities (CODH, FDH,
and Hjase), growth and ethanol production by C. ragsdalei.

Keywords Bioethanol - Gasification - Synthesis gas -
Acetogens - C. ragsdalei - Metalloenzymes - Trace metals

Introduction

The environmental concerns over the use of petroleum-
based fuels and their limited supplies have generated a
great interest in producing ethanol as an alternative fuel.
The use of bioethanol (ethanol from biomass) reduces the
dependence on imported oil, supports agriculture, and
limits greenhouse gas emissions. In the United States,
bioethanol is primarily produced from the fermentation of
corn starch, which is presently facing critical issues such as
potential diversion of food and fodder-grade feedstocks
towards biofuel production, its indirect effects on land-use
change, and its limited supply [24]. Hence, to make the
bioethanol production processes sustainable, rigorous cri-
teria must be considered and best practices in terms of
choice of feedstocks and its direct and indirect environ-
mental and socio-economic effects should be utilized [11].
Bioethanol produced from lignocellulosic biomass grown
on agriculturally marginal lands (e.g., switchgrass) and
waste biomass (e.g., agricultural and forestry wastes) could
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compete with present supplies [21] and provide significant
environmental and economic benefits over corn starch-
based ethanol [11].

Lignocellulosic biomass can be converted to ethanol by
direct fermentation of sugars obtained by acidic/enzymatic
hydrolysis of the biomass (cellulosic ethanol) [19]. Although
this process has tremendous potential, and over the past several
years great advances have been made in this area [17], there are
several disadvantages associated with this technology, such as
the difficulties in handling and converting diverse sources of
biomass to ethanol, and the lignin component of biomass is left
unutilized. A promising approach for conversion of biomass to
ethanol is the stepwise process of gasification and microbial
fermentation [30]. In gasification, all biomass components
including lignin are gasified to synthesis gas (syngas: a mixture
of primarily CO, CO,, and H,) [30]. Syngas is fermented to
several commodity chemicals, including ethanol by a group of
obligatory anaerobic bacteria known as acetogens [30]. As a
feed-stock flexible process, syngas fermentation can utilize a
wide variety of biomass sources that are combustible and non-
food based, such as municipal solid waste, tires, and residual
agricultural biomass [30].

Acetogens utilize the acetyl-CoA/Wood-Ljungdahl
pathway for production of acetyl-CoA, a precursor of cel-
lular biomass, acetate, and ethanol. Key enzymes of this
pathway include formate dehydrogenase (FDH), bifunc-
tional carbon monoxide dehydrogenase/acetyl CoA syn-
thase (CODH/ACS), and hydrogenase (H,ase), all of which
are metalloenzymes [9]. In addition, solvent-producing
clostridia also have iron- and zinc-containing alcohol
dehydrogenase (ADH) [15, 26] that plays a key role by
catalyzing the reduction of acetyl CoA to ethanol [6].

Considering the key role of metalloenzymes in the metab-
olism of acetogens, a study was undertaken to investigate the
effect of trace metals (Co>", Cu**, Fe**, Mn**, Mo®", Ni2,
Zn2+, SeO4 ", and WO, ") on growth, production of ethanol,
production of acetate and enzyme activities (CODH, FDH,
Hsase, and ADH) by a recently isolated ethanologenic aceto-
gen, Clostridium ragsdalei using syngas components.
C. ragsdalei was isolated from duck pond sediment, and pro-
duces ethanol and acetate from syngas components [12] (US
Pat. No. US 2008/0057554 A1l). It was hypothesized that the
optimization of trace metal concentrations in the culture
medium might enhance the activity of metalloenzymes, thus
improving growth and ethanol production by C. ragsdalei.

Materials and methods
Bacterial strain, media, and growth conditions

The bacterium used in this study was Clostridium ragsdalei
(ATCC PTA 7826), which was isolated in our laboratory
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from duck pond sediment in Brandt Park, Norman, OK,
USA. The standard acetogen medium (ATCC medium no.
1754) for cultivation of C. ragsdalei was prepared using
strict anaerobic techniques [2] under an atmosphere of
N,:CO, (80:20). The medium (per liter) contained: mineral
solution, 25 ml [29]; trace metal solution, 10 ml [29];
vitamin solution, 10 ml [29]; 2-(N-morpholino)ethanesul-
fonic acid (MES), 20 g; yeast extract (Difco, Becton
Dickinson, Sparks, M.D.), 0.5 g; 0.1% resazurin, 0.1 ml
and cysteine-sulfide reducing agent, 2.5 ml [29]. The pH of
the medium was adjusted to 6.1 using NaOH. The trace
metal solution (per liter) contained MnSO4-H,O (1.0 g),
Fe(NH4)»(S04),-6H,O (0.8 g), CoCl,-6H,O (0.2 g),
ZnS0O4-7H,O (0.2 g), CuCl,-2H,0 (0.02 g), NiCl,-6H,O
(0.02 g), Na,Mo0O,4-2H,0 (0.02 g), Na,SeO, (0.02 g), and
Na,WO, (0.02 g). The concentrations of individual trace
metals in the media are presented in Table 1. Metals
present in the yeast extract were removed as metal ion
phosphates using a procedure derived from dephosphoryl-
ating media components [20].

Clostridium ragsdalei was grown in anaerobic culture
tubes (Bellco Glass, Inc., Vineland, NJ, USA) containing
5 ml of medium and a gas mixture of CO:N,:CO, (70:24:6
pressurized to 230 kPa gauge) in the head space. Since CO
is sparingly soluble in water, the tubes were incubated on
their sides at 36°C on a rotary shaker (100-120 rpm) to
maximize gas-liquid mixing.

Fermentation experiment

Batch fermentation experiments were conducted to exam-
ine the effect of trace metals (Co>", Cu®**, Fe**, Mn’",
Mo®", Ni**, Zn**, SeO,~, and WO,") on growth and
ethanol production by C. ragsdalei. The concentration of
trace metals in standard trace metals solution (Table 1) is
denoted as 1X throughout the study. The concentrations of
each trace metal was either increased ten-fold (10X) with
respect to standard metal concentration (1X) (Table 1) or
eliminated (0X) from the media. Once effective metals for
growth and ethanol production were identified, different

Table 1 Concentration of trace

metals in standard growth Trace metal (M)
medium, ATCC 1754 (1X) Co 8.40
Cu 1.17
Fe 20.40
Mn 59.17
Mo 0.83
Ni 0.84
Se 1.06
w 0.68
Zn 6.96
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concentrations (1X, 5X, 10X, and 20X) of each metal were
titrated to find their optimal concentrations for enhanced
ethanol production. Fermentation experiments were per-
formed in triplicate in 160-ml Wheaton serum vials con-
taining 10 ml of medium. C. ragsdalei cells were
transferred three times in the media with each trace metal
concentrations to minimize the metal ion carry over via
inoculum into the experimental media. A 1% inoculum was
used in all experiments. The bottles were fed with CO
(440-kPa gauge) and incubated at 36°C on a rotary shaker.
Once the cells were grown, the headspace gases were
exchanged with CO (440-kPa gauge) every 24 h for
10 days. At the end of the experiments, final pH and
growth were recorded and the samples were analyzed for
acetate and ethanol.

A time course experiment was conducted on the opti-
mized concentrations metals and to study their effects on
growth and fermentation products formed over a period of
10 days. The time course experiment was conducted in
500-ml Wheaton serum bottles with 50 ml of medium.
Experiments were conducted according to the procedure
described above, except that samples (1.5 ml) were col-
lected every 24 h for 10 days. The samples were analyzed
for pH, growth, and fermentation products.

Analytical methods

Growth was monitored by measuring optical density (OD)
at 600 nm with a Beckman Coulter DU 640 spectropho-
tometer (Bausch and Lomb, Rochester, NY). Growth rate
(u) was derived from OD data as described elsewhere [4].
The fermentation products (i.e., acetate and ethanol) were
analyzed quantitatively using a Shimadzu GC-8A gas
chromatograph (Shimadzu, Maryland, USA) equipped with
a flame ionization detector (FID) and helium was used as
the carrier gas. The column and the injector/detector tem-
peratures were maintained at 155 and 200°C, respectively.
The glass column (2.6 m) was packed with Carbopack
BDA (80/120 mesh) and 4% Carbowax 20 M resin
(Supelco Inc., Bellefonte, PA). Data were analyzed with a
Shimadzu C-R8A integrator.

Enzyme assays

Enzyme activities (FDH, CODH, H,ase, and ADH) were
determined spectrophotometrically as the substrate-depen-
dent reduction of methyl viologen (MV) in 2-ml cuvettes as
described previously [18]. The cultures in the enzyme
assays were grown in 500-ml Wheaton serum bottles with
50 ml of media as stated above. The exponential phase
cultures were used for enzyme assays. Protein concentra-
tions were estimated using bicinchoninic acid method [28]
with bovine serum albumin as a standard.

Results

Screening of trace metals for their effect on ethanol
production

The effect of different trace metals on growth rate and
production of ethanol and acetate by C. ragsdalei is pre-
sented in Table 2. C. ragsdalei produced 35 mM of ethanol
and 9 mM of acetate under the standard medium (1X)
condition. At higher concentrations (10X) of Ni**, Zn>T,
SeO,~ and WO, ethanol production increased to 176,
190, 75, and 55 mM, respectively. Ethanol production
decreased to 27.01, 6.30, 22.02, and 1.55 mM when C02+,
Fe?", Mo®>" and WO,~ were eliminated (0X) from the
media, indicating that these metals were required for
ethanol production. An increase in ethanol production to
54 mM was noticed when Cu®" was removed (0X) from
the media. Ethanol production did not change considerably
at higher concentration (10X) of Cu2+, C02+, Fe”, and
Mn2+, and also when Mn”, Zn2+, and SeO,  were
omitted (0X) from the media. A decrease in ethanol pro-
duction to 23.64 mM was observed at higher concentration
(10X) of Mo*™.

Acetate production increased to 15 and 18.6 mM at
increased concentrations (10X) of Ni* and Zn**, respec-
tively. An increase in acetate production to 15.34 and
18.64 mM was also observed when Fe?" and WO, were
eliminated (0X) from the media. There were no appreciable
changes in acetate production at greater concentration
(10X) of Co*", Cu**, Fe’", Mn**, Mo®", SeO,~, and
WO, ", and also when Co**, Cu**, Mn**, Mo®*, Zn’*,
and SeO,  were omitted (0X) from the media.

The growth rate of C. ragsdalei improved at increased
concentrations (10X) of Ni**, Zn>*, and WO,>~. Nickel
was necessary for growth of C. ragsdalei. The growth rate
of C. ragsdalei for remaining metals (Co>*, Cu®", Fe**,
Mn”, M06+, and SeQ, ) was similar to that with standard
metals (1X) in growth medium. The final pH of the media
was similar under the various metal concentrations.
Effect of optimized concentrations of Ni**, Zn*",
WO,~, and SeO, on growth rate, ethanol production,
and acetate production

The optimal concentrations of Ni”, Zn*t, SeO, ", and
WO, for ethanol production were 8.5, 35, 5, and 7 uM
and the concentrations of ethanol produced at these con-
centrations were 180, 200, 60, and 90 mM, respectively
(Fig. 1). Ethanol production at the standard metal con-
centrations (1X) was 35 mM. The optimum concentrations
of Ni**, Zn>", SeO,~, and WO, increased cell growth,
which became more pronounced by the addition of Ni*"
and Zn*". Acetate production at optimum concentrations
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Table 2 Effect of trace metals

on growth rate (), final pH Trace metals Growth rate (day_l) pHs Ethanol (mM) Acetate (mM)
(PHy), production of ethanol, 1X? 0.34 + 0.006 59 35.73 + 2.05 8.87 + 0.31
and production of acetate by .
C. ragsdalei after 10 days of Ni
growth 0X No growth 6.1 No growth No growth
10X 0.49 £ 0.002 5.8 176.52 + 5.62 14.96 £+ 2.78
Zn
0X 0.34 £ 0.018 5.9 3348 £ 1.42 11.20 £ 3.24
10X 0.48 £ 0.002 5.6 187.80 + 8.56 18.56 £ 2.36
Se
0X 0.30 £ 0.012 5.9 3832 £ 2.12 9.56 + 1.34
10X 0.30 £ 0.012 5.9 54.35 £ 3.23 8.64 £+ 0.96
W
0X 0.30 £ 0.015 5.9 1.14 £ 0.04 18.56 £ 0.75
10X 0.44 £ 0.003 5.9 72.29 £+ 1.80 10.87 £ 0.82
Cu
0X 0.30 £ 0.002 5.9 54.09 + 2.62 11.83 £ 1.49
10X 0.30 £ 0.008 5.9 36.63 £+ 1.57 9.17 £ 1.27
Fe
0X 0.33 £ 0.004 5.9 6.30 £ 0.92 15.34 £ 0.30
10X 0.34 £ 0.007 5.9 3587 £ 1.72 8.50 £+ 1.15
Co
0X 0.31 £ 0.001 5.9 27.01 £+ 1.31 7.02 £ 0.85
10X 0.34 £ 0.001 5.9 37.34 £ 0.69 6.70 £ 1.03
Mo
0X 0.31 £ 0.004 5.9 22.02 £+ 0.90 7.38 £ 0.65
4 7¥ standard concentrations 10X 0.31 £ 0.001 5.9 23.64 + 1.42 8.06 £+ 0.34
of all the trace metals, Mn
0X elimination of trace metal, 0X 0.31 £ 0.001 5.9 33.11 & 1.46 8.75 £ 0.35
10X tenfold higher metal 10X 0.31 = 0.001 5.9 36.78 + 0.24 9.11 + 0.04

concentration than 1X

of Ni**, Zn®*, and SeO,~ was similar to that produced
under control conditions.

Time course experiment

Cultures of C. ragsdalei demonstrated improved growth
under optimized concentration of Ni** and Zn>* compared to
the control (1X) (Fig. 2) and remained in stationary phase of
growth for 7-8 days before cell lysis was observed. However,
cells lysed in the standard medium (1X) after 34 days of
growth, which was also observed for optimum concentrations
of WO, and SeO, (Fig. 3). When Ni*, Zn*, SeO,, and
WO, were used at their optimum concentrations, and Cu?t
was eliminated from the trace metals solution (CuNiZnSeW),
a significant increase in growth was observed, and cells
remained in the stationary phase until the end of the experi-
ment (10 days). An increase in ethanol production was
observed once the cultures entered into the exponential phase,
which continued to increase until the stationary phase
(Figs. 2, 3). An increase in acetate production was observed
during the exponential phase of growth in all metals
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concentrations tested, which started decreasing once
C. ragsdalei cells entered into the stationary phase of growth.
The transient reduction in acetate concentration was associ-
ated with an increase in ethanol concentration (Figs. 2, 3).

Effect of Ni*", Zn*", SeO,~, and WO,~ on enzyme
activities in Clostridium ragsdalei

The optimum concentration of Ni** stimulated the activi-
ties of CODH and H,ase; whereas, the activity of FDH was
enhanced at optimum concentrations of SeO,  and WO,
(Table 3). Inclusion of optimum concentrations of SeO,
and WO, together in the medium had the same effect on
FDH activity as the individual additions of SeO,  and
WO, (Table 3). Enzyme activity of CODH, FDH, H,ase,
and ADH were reduced when Fe*™ was removed from the
medium, whereas at increased concentration of Fe>"
(10X), there was no change in enzyme activities as com-
pared to those under the standard metal concentration (1X)
(Table 3). Although the optimum concentration of Zn**
increased the growth and ethanol production (Fig. 1),
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Fig. 1 Effect of different
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Fig. 2 Effect of optimal concentrations of nickel (Ni) and zinc (Zn) on final pH, growth rate (/day), production of ethanol, and production of
acetate by C. ragsdalei

enzyme activities were not affected by the concentration of biomass, acetate, and ethanol [9]. Hence, to improve the
Zn** (Table 3). growth and fermentation products, it iS necessary to
improve the carbon flow to acetyl-CoA, which requires
upstream manipulations in this pathway. In this study, the
Discussion activities of the key metalloenzymes of this pathway were
enhanced by optimizing the concentrations of trace metals
Acetogens utilize the acetyl-CoA/Wood-Ljungdahl path-  in the growth medium, which improved growth and ethanol
way for production of acetyl-CoA, a precursor of cell  production by C. ragsdalei.
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Fig. 3 Effect of optimal concentrations of selenate (Se), tungstate (W), and optimal concentrations of copper-nickel-zinc-selenite-tungstate
combined together (CuNiZnSeW) on final pH, growth rate (/day), production of ethanol, and production of acetate by C. ragsdalei

Table 3 Effect of trace metals

S . Growth conditions® FDH CODH Hase ADH
on activities (U/mg protein) of
carbon monoxide 1X 32.25 + 141 38.45 £ 1.68 035 + 0.01 0.68 + 0.01
dehydrogenase (CODH), .
formate dehydrogenase (FDH), Ni
hydrogenase (H,ase), and 0X No growth No growth No growth No growth
alcohol dehydrogenase (ADH) 10X 34.6 + 1.13 48.46 + 1.57 1.66 + 0.06 0.65 &+ 0.12
by C. ragsdalei
Se
0X 31.97 £ 0.92 38.01 &+ 0.49 0.32 £ 0.03 0.83 £ 0.06
5X 42.62 + 0.73 37.07 + 3.35 0.28 £ 0.01 0.61 £+ 0.03
W
0X 8.79 £ 0.16 36.24 + 0.29 0.33 +£0.03 0.77 £ 0.01
10X 45.44 + 0.21 33.57 + 0.79 0.41 £ 0.08 0.68 4+ 0.05
Specific activity = 1 pmol of Se (5X) + W (10X) 35.46 + 0.34 36.25 + 0.41 0.31 £ 0.02 0.71 £ 0.13
substrate reduced.min ™! mg’1 7n
:’f protein . 0X 31.96 + 121 35.64 + 2.50 0.32 + 0.03 0.65 =+ 0.03
/X standard concentrations 5X 34.02 £ 0.08 36.81 £ 239 0.4 + 0.04 0.75 + 0.03
of all the trace metals,
0X elimination of trace metals, Fe
5X fivefold higher concentration 0X 7.01 £ 0.62 9.07 £+ 0.04 0.10 £ 0.04 0.24 £+ 0.02
than 1X, J0X tenfold higher 10X 35.65 + 0.33 37.51 £ 0.50 0.39 £ 0.05 0.63 £ 0.01

concentration than 1X

The ethanol production and enzyme activities (CODH,
FDH, H,ase, and ADH) of C. ragsdalei were reduced when
Fe?" was removed (0X) from the medium. All the key
metalloenzymes of acetyl-CoA pathway (CODH, FDH,
and Hjase) are iron-sulfur proteins [5, 10, 32]. Hence, a
reduction in enzyme activities (CODH, FDH, H,ase, and
ADH) and ethanol production by C. ragsdalei upon elim-
ination of Fe*™ from the growth media was anticipated.
However, increasing Fe?" concentration (10X) had no
effect on the growth, production of ethanol, or production
of acetate, which indicates that Fet concentration in the
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growth medium became saturating at a concentration
exceeding 20.4 uM (1X) for the growth and metabolism of
C. ragsdalei.

FDH catalyzes the first reaction on the methyl branch of
the acetyl Co-A pathway, where it reduces CO, to formate
[9]. The metal co-factors of FDH in clostridia are reported
to be variable, where iron, tungsten, selenium, and/or
molybdenum have been shown to be the components of
FDH [16, 31, 32]. FDH in acetogens contain selenium and
tungsten [14, 31, 32]; whereas, in non-acetogenic clostridia
such C. formicoaceticum, molybdenum-containing FDH is
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present [16]. In acetate-producing acetogens, the presence
of tungsten and selenium in FDH has been suggested to
function as cofactors, promoting the FDH-mediated
reduction of CO, [32]. C. ragsdalei produced acetate and
ethanol as the fermentation products when grown on
CO:CO;. Whole-cell FDH activity of C. ragsdalei was
enhanced at the optimum concentration of tungstate and
selenite, and reduced upon elimination of tungstate and
iron, suggesting that FDH of C. ragsdalei may be a tung-
sten-selenium-iron protein.

At the optimum concentration of Ni”, an increase in
ethanol production by C. ragsdalei was observed that was
associated with increased CODH activity. CODH in ace-
togenic bacteria such as M. thermoacetica occurs as a
bifunctional CODH/ACS enzyme where CODH generates
CO from CO,, and the ACS combines the CO with CoA
and a methyl group to form acetyl-CoA [10]. Both CODH
and ACS contain iron-nickel-sulfur metal clusters (CODH:
Fe-[NiFe3S,] and ACS: [FesS4]-Cys-Gly-Cys-Ni-Cys-Gly-
Cys-Ni) at their active sites [10]. Therefore, CODH/ACS
and the associated metals (Fe and Ni) play a key role in the
metabolism of acetogens.

In addition to Fe?* and Ni*", Cu®" also regulates the
activity of ACS in acetogens, where Cu®" has a negative
effect on ACS activity [3, 10, 27]. The metal cluster of
ACS contains binuclear metal sites: a proximal metal site
(M,) and a distal metal site (Mg), both of which contain
Ni** under the condition where no Cu®" is present in the
growth medium. However, in the presence of Cu®", the
proximal metal site in the A-cluster can undergo a metal
substitution resulting in a binuclear site composition of
Cu-Ni and Ni-Ni [10, 27]. The Ni-Ni form of ACS is
active whereas Cu-Ni form of enzyme is inactive, which
eliminates ACS activity (measured by ability to generate
the NiFeC EPR signal) [27]. Although ACS activity in the
present study was not measured, an increase in ethanol
production was observed upon removing Cu®" from the
growth medium, which could be due to inhibition of ACS
activity by Cu®". Increasing the concentration of Cu®" had
no change on growth and product formation, suggesting
Cu*" concentration in standard trace metals solution (1X)
was enough to cause ACS inhibition, probably due to the
fact that the cells of acetogenic bacteria can concentrate
Cu®" over 85-fold and Ni*" at least tenfold from the
growth medium [27].

Hydrogenases catalyze the reversible oxidation of
molecular hydrogen, and are of two types in bacteria: NiFe
and Fe-only Hjase [5]. The NiFe-H,ase is typically involved
in oxidation of hydrogen; whereas Fe-only Hase catalyzes
the reduction of protons as terminal electron acceptors to
yield hydrogen [5]. Hydrogenase plays a key role in the
metabolism of acetogens, most of which can grow autotro-
phically, as well as heterotrophically [9]. During autotrophic

growth on H, and CO,, H,ase-mediated oxidation of H,
provides reducing equivalents for fixation of CO, into ace-
tate and cell biomass [9]. In contrast, Hase in acetogens
growing on carbohydrates dispose off the excess reducing
equivalents by reducing protons into H, [1]. In addition,
existence of multiple Hjases that account for different roles
under different growth conditions have also been reported in
acetogens [9]. Hrase of C. pasteurianum, a Fe-only H,ase
has been most extensively studied both biochemically and
spectroscopically [22]. Hjase purified from fructose grown
cells of Acetobacterium woodii also does not contain nickel,
and exhibits spectroscopic properties similar to that of Fe-
only Hjase of C. pasteurianum [22, 25]. To our knowledge,
all purification and spectroscopic studies of Hjase in acet-
ogens have been done from heterotrophically grown aceto-
gens, which has decreased the probability of isolating Fe—Ni
hydrogenase, and have ruled out the presence of nickel in the
enzyme. However, a genome sequence analysis of M. ther-
moacetica has revealed a gene cluster homologue of genes
that make up an operon required for maturation of the Ni—-Fe
Hsase [23]. In the present study, H,ase activity was stimu-
lated by increased concentrations of Ni**, and reduced by
the elimination of Fe’t from the media. Thus, H,ases
present in CO:CO,-grown C. ragsdalei may be Fe-only and/
or NiFe H,ases. Since, CO:CO, was used as growth sub-
strate in present study, low H,ase activities obtained were
probably due to inhibition of Hyase by CO [25].

In solventogenic clostridia, ADH catalyzes the reduction
of acetyl CoA to ethanol [6]. The biochemical and genetic
studies on ADH from different clostridia [6, 13] have
indicated the role of ADH in solvent production. Clostridial
ADHs have been shown to contain zinc [15] and iron [26].
A reduction in ADH activity of C. ragsdalei was observed
when iron was removed from the media, suggesting that
ADH of C. ragsdalei may be an iron-containing enzyme.
Furthermore, supplementing the growth medium of
C. ragsdalei with optimized levels of Zn** resulted in
increased ethanol production and improved cell growth;
however, no changes in enzyme activities (CODH, FDH,
H,ase, and ADH) were observed upon varying Zn>" con-
centration. These results indicate that both types of ADH
may be present in C. ragsdalei.

The effects of trace metals on growth, homoacetogene-
sis, and activities of enzymes of the acetyl-CoA pathway
(CODH, FDH, and H,ase) [8, 14] have been mostly studied
in heterotrophically grown acetogens. However, the effects
of trace metals on product formation under chemolitho-
trophic growth conditions have not been measured. The
activities of key enzymes of Wood-Ljungdahl pathway
(CODH, FDH, and Hjase) may vary under heterotrophic
and chemolithotrophic growth conditions [7, 18] with
higher enzyme activities obtained when cultures were
grown on CO:CO, and/or H,:CO, than when grown on
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sugars [7, 18]. In the present study, the effects of trace
metals on growth, enzyme activities, and ethanol produc-
tion by an acetogen (C. ragsdalei) grown on CO:CO, was
studied, which can provide further insights about medium
manipulation for increased ethanol production by solven-
togenic acetogens via syngas fermentation.

Conclusions

Bioethanol production from fermentation of lignocellulosic
biomass-derived syngas is a promising alternative for bio-
fuel production. This process offers advantages such as the
utilization of whole biomass, including lignin, irrespective
of the biomass source and the elimination of the extensive
pretreatment steps to obtain fermentable sugars. One of the
major limitations of syngas fermentation is the low ethanol
yield of biocatalysts. In the present study, ethanol produc-
tion by C. ragsdalei was improved four-fold by optimizing
the trace metal concentrations in the growth medium,
emphasizing the importance of medium optimization for
improving the ethanol fermentation from syngas. The
increase in ethanol production by C. ragsdalei was also
substantiated by increased cell growth and metalloenzyme
activities of the acetyl-CoA pathway. The presence of Cu®"
in the medium negatively affected the ethanol production by
C. ragsdalei. The optimum medium concentrations of Cu*",
Ni**, Zn**, SeO,~, and WO, for ethanol production were
0, 8.5, 35, 7, and 5 puM, respectively. Evaluation of other
media components (minerals and vitamins) is warranted for
further improvement of the growth and ethanol production
by C. ragsdalei from syngas.
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