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Clostridium ljungdahlii is a strictly anaerobic acetogene known for its ability to ferment a wide variety
of substrates to ethanol and acetate. This bacterium presents a complex anaerobic metabolism
including the acetogenic and solventogenic phases. In this study, the effect of various carbon sources
on triggering the metabolic shift toward solventogenesis was considered. The bacterium was grown on
fructose, glucose, acetate and ethanol in batch cultures. The fermentation results demonstrated that
fructose improved ethanol production (27.1 mM) over acetate (26.3 mM), but glucose was
predominantly metabolized to acetate. The bacterial cells were able to either utilize or produce ethanol
(25 mM) probably through different metabolic pathways. The presence of acetate as the carbon source
in the culture shifted the metabolic pathway of the cells toward solventogenic phase, but the amount
ethanol formation was not considerable (3.5 mM). It was also attempted to improve ethanol production
yield by varying the fructose concentration (1 toll g/L) in the batch culture. Under the conditions of
substrate depletion or high fructose concentrations, the cell growth declined and the metabolic pathway
of C. ljungdahlii was unable to switch from acetogenesis to solventogenesis. The fructose
concentration of 5 g/L was found as the suitable concentration to yield an ethanol to acetate molar ratio
of I:1.
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1. INTRODUCTION

Production of ethanol from

starch, cellulose or

As a promising alternative to the bio-chemical
conversion process, thermo-chemical conversion route
which is the indirect fermentation process for ethanol

hemicellulose through bio-chemical route is by far the
most mature process for industrial production of ethanol
[1]. In this conversion process, the starting plant
material is degraded to hexose and pentose for further
fermentation to ethanol. Two classes of microorganisms
are well known for this conversion with a high ethanol
production yield, very close to the theoretical value,
namely Saccharomyces cerevisiae (yeast) and members
of the genus Zymomonas such as Z mobilis (bacteria).
S. cerevisiae generates pyruvate through the Embden-
Meyerhof- Parnas pathway (glycolysis) and Z mobilis
uses the Entner-Doudoroff pathway to produce pyruvate
from carbohydrates which is further converted to
alcohol [2].

*Corresponding Author Email: chrahman@engusm.my (A. R.
Mohamed) and najafpour@nit.ac.ir (G. D. Najafpour)

production has pinned a lot of hope [3]. In this
approach, gasification or pyrolysis of starting material
which generates synthesis gas (syngas) is integrated
with the fermentation process to generate various
biofuels from syngas. Acetogenes which are strictly
anaerobic microorganisms are usually implemented to
perform this fermentation process. These obligate
anaerobic bacteria are able to grow chemolithotrophically
on syngas components i.e. CO and CO,/H, and ferment
them through the Wood-Ljungdahl pathway to volatile
fatty acids and alcohols under ambient temperature and
pressure [2, 4-6]. For this purpose, various Clostridia
and Moorella strains have been isolated [2].

Acetogenes present a complex metabolism which
involves both the acetogenic and solventogenic phases.
These bacteria produce acid during their exponential
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growth phase and then shift to alcohol production as the
growth rate slows down and the cells enter the
stationary phase [7-9]. This complex metabolic pathway
of acetogenes has attracted considerable attention
among researchers to determine the parameters affecting
the transition between acetogenic and solventogenic
phases. There is a hypothesis that a switch from
acidogenesis to solventogenesis in homoacetogenic
bacteria may be achieved in non-growth condition.
Gaddy and Clausen [10] demonstrated that C.
ljungdahlii produced ethanol in preference to acetate
under non-growth condition of pH: 4 to 4.5 and without
yeast extract, whilst optimum growth condition (pH: 5
to 7) promoted acetate production. Klasson et al. [11]
studied the feasibility of producing ethanol in favor of
acetate in the batch culture of C. [jungdahlii containing
various amounts of reducing agent (30, 50 and 100
ppm). They concluded that use of reducing agents
caused a slower growth of bacteria due to the reduced
ATP formation; however the product ratio was
promoted. They reported the highest ethanol to acetate
ratio of 1:1 with benzyl viologen at the concentration of
30 ppm. In another effort to trigger the non-growth
condition to improve ethanol production, Phillips et al.
[12] reduced the B-vitamin concentration and
eliminated yeast extract from the media, in continuous
cultivation of C. [jungdahlii. They observed that the cell
growth slightly reduced, however ethanol was the
predominant product. Maximum ethanol to acetate
molar ratio of 21:1 was achieved with cell recycling.
Some of the acetogenic members of the Clostridium
genus are also capable to grow chemoorganotrophically
on hexose sugars and ferment them to end products such
as acetate, butyrate and ethanol. For heterotrophic
growth of the bacterium, fructose and glucose are
fermented to pyruvate through the glycolytic pathway.
Then, the oxidative conversion of pyruvate generates
acetyl-CoA which is a versatile intermediate in the
metabolic pathway of acetogenes. The bacteria utilize
the generated acetyl-CoA for cell material and energy
production through the anabolic and catabolic pathways,
respectively. In the anabolic pathway, a minor portion
of acetyl-CoA is reductively carboxylated to generate
pyruvate in the presence of pyruvate: ferredoxin
oxidoreductase. Then, the pyruvate is converted to
phosphoenolpyruvate, which is an intermediate to form
the cell materials [13, 14]. The growth of C. [jungdahlii
on syngas was compared to fructose by Cotter et al.
[15]. A dense bacterial culture (1 g/L) was obtained
with fructose compared to syngas (0.562 g/L). Also, a
higher ethanol concentration (13 mM) was achieved
with fructose in comparison to syngas (3.8 mM). They
also reported that the cells pre-cultured on fructose and
syngas produced a bacterial culture with the
concentration of 0.850 and 0.562 g/L, during the syngas
fermentation. Such difference in culture performance
was probably due to the greater availability of

intracellular cofactors, enzymes and maintenance energy
in cells pre-adapted to fructose.

Previously, Tanner et al. [16] in the original study of
C. ljungdahlii, while isolating the organism from natural
sources, examined around 30 potential substrates for
possible growth of the bacterium. However, the focus of
that work was to establish the substrates capable of
supporting the growth of the bacterium and culture
density and product formation were not considered.
Notice of little availability of data in the literature
regarding the cultivation and fermentation of this
acetogene which is partially due to the difficulty in
cultivating this strictly anaerobic bacterium boosts the
importance of research in this area. In this study, the
batch cultivation of C. [jungdahlii was investigated
using various organic substrates. The effect of fructose,
glucose, ethanol and acetate as organic substrates on
growth and product distribution of the bacterium in the
acetogenic and solventogenic phases was assessed. The
effect of fructose concentration as the best studied
substrate to promote solventogenesis over acetogenesis
was also considered.

2. MATERIALS AND METHODS

2. 1. Microorganism and Growth Medium
Clostridium ljungdahlii (ATCC 55383) was grown
anaerobically in a medium containing mineral salts,
vitamins and trace metals from ATCC 1754 PETC
medium. The basal medium contained (per 1.0 L) 5.0 g
organic substrate, mineral salts, 1.0 g yeast extract, 10
mL trace elements solution, 10 mL vitamins solution
and 10 mL reducing agent. Fructose, glucose, ethanol
and acetate were used as organic substrates in separate
experiments. The PETC salts contained (per 1.0 L):
NH,CI (1.0 g), KCI (0.1 g), MgS0,.7H,0 (0.2 g), NaCl
(0.8 g), KH,PO, (0.1 g) and CaCl,.2H,0 (20.0 mg). The
trace elements solution contained (per 1.0 L):
nitrilotriacetic acid (2.0 g), MnSO,.H,O (1.0 g), Fe
(804)2 (NH4)26H20 (08 g), COC126H20 (02 g),
ZnS0,.7H,0 (0.2 mg), CuCL.2H,0 (20.0 mg),
NiCl,.6H,0O (20.0 mg), Na,MoO4. 2H,O (20.0 mg),
Na,SeO; (20.0 mg) and Na,WO, (20.0 mg).The
vitamins solution contained (per 1.0 L): biotin (2.0 mg),
folic acid (2.0 mg), pyridoxine hydrochloride (10.0 mg),
thiamine- HCI (5.0 mg), riboflavin (5.0 mg), nicotinic
acid (5.0 mg), calcium D-(+)-pantothenate (5.0 mg),
vitamin B12 (0.1 mg), p-Aminobenzoic acid (5.0 mg)
and thioctic acid (5.0 mg). Reducing agent solution
contained (per 100 mL): NaOH (0.9 g), L-Cysteine-HCI
(4.0 g) and Na,S.9H,0 (4.0 g).

2. 2. Batch Fermentation Experiments The medium
(excluding organic substrate and reducing agent) was
prepared, boiled and dispensed anaerobically under
nitrogen atmosphere into Wheaton serum bottles
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(Borosilicate glass, Fischer Scientific, UK). Each 163
mL serum bottle contained 50 mL of liquid medium.
The reducing agent, fructose, glucose, ethanol and
acetate solutions were prepared in separate serum
bottles. All bottles were autoclaved at 121°C for 15 min.
The sterile cooled medium in each serum bottle was
reduced by addition of reducing agent. The organic
substrates were also added to the media in separate
serum bottles. The pH of the media was adjusted to 5.9
using 1 M HCI or NaOH. Nitrogen was flushed into the
bottles before the inoculation to ensure the anoxic
condition. Each bottle was inoculated with 2.5 mL
aliquot of a growing culture and incubated at 37°C in a
shaking incubator at 150 rpm. Samples were taken from
the serum bottles using a sterile syringe for 120 h and
analyzed for optical density, substrate and product
concentrations.

2. 3. Cell Density and Product Analysis Optical
density of the samples was analyzed using a
spectrophotometer (Thermospectronic, USA) at 580 nm,
and the cell dry weight was determined using a pre-
developed calibration curve. DNS reagent was used to
determine the fructose and glucose concentration based
on the spectrophotometric method [17]. Ethanol and
acetate were used as organic substrates in separate
bacterial cultures. They were also produced along with
trace amount of acetone by the bacteria. Detection of
these compounds was performed wusing a gas
chromatograph (Agilent, 5890 series II), equipped with a
flame ionization detector (FID). The samples (500 pL)
were acidified with concentrated formic acid (15 pL) and
2-pentanone (15 pL) was added as internal standard. The
chromatography column was 80/120 mesh Carbopack B-
DA/4% Carbowax 20M (Supelco, USA). The oven
temperature was initially set at 50 °C for 2 min and then
ramped at a rate of 10°C/min to 175°C and hold at this
temperature for 1 min. Helium was used as the carrier gas
and the injector and detector temperatures were set at
150 and 225°C, respectively.

3. RESULTS AND DISCUSSION

3. 1. Effect of Organic Substrate  3.1.1. Cell growth
and substrate consumption Batch cultivation of C.
ljungdahlii was carried out using fructose, glucose,
ethanol and acetate as organic substrates. C. [jungdahlii
has the ability to either produce ethanol or consume it for
growth [16, 18]. The utilization and generation process of
ethanol proceed through different mechanisms via acetyl-
CoA and acetaldehyde [18]. It has been reported that no
growth was observed while growing C. ljungdahlii on
Na-acetate [19], however the result of this investigation
was not in agreement with findings of others. The
bacteria were able to either utilize or produce acetate. The
growth profiles of C. [jungdahlii using fructose, glucose,

ethanol and acetate and the corresponding substrate
consumptions are presented in Figure 1 (A)-(D),
respectively. The growth yields of C. [jungdahlii were
45.46, 41.82, 3.76 and 5.62 g cell per mol of fructose,
glucose, ecthanol and acetate, respectively. The
consumption of fructose and glucose by the bacteria was
very fast. A substrate conversion of 89 and 79% was
achieved at 24 h for fructose and glucose. The utilization
of ethanol as the substrate was slow and continued to 96 h
which corresponds to the low culture density in
comparison to fructose and glucose. A substrate
conversion of 56% was achieved while using ethanol as
the substrate. Acetate consumption initiated at the early
stage of the cultivation and ceased after 24 h with 62% of
substrate conversion.

3. 1. 2. Product Formation  The generated acetyl-
CoA follows the catabolic pathway to make ATP to
provide the required energy for cell maintenance. In the
catabolic pathway, acetyl-CoA is utilized as a precursor
for the biosynthesis of volatile fatty acids and alcohols.
During the batch growth of acetogenes, the bacteria
exhibit a biphasic fermentation pattern, including
acidogenic and solventogenic phases [9]. The bacteria
produce volatile fatty acids such as acetate and butyrate
at the initial stage of the exponential growth phase.
When acid production reached a certain threshold and
the culture pH decreased, the metabolic pathway of the
bacteria switched to solvent production, mainly ethanol
and butanol, shortly before entering the stationary
phase. Utilization of ethanol as the substrate can
proceed via acetaldehyde/ alcohol dehydrogenase in two
steps, where ethanol is first converted to acetaldehyde
and then to acetyl-CoA [18]. Acetate as the organic
substrate can be either directly converted to acetyl-CoA
by acetyl-CoA synthesas or reduced to acetaldehyde by
aldehyde oxidoreductase with reduced ferredoxin and
then to acetyl-CoA. However, the consumption of
acetate was faster than ethanol; thus, it was speculated
that acetate was directly converted to acetyl-CoA. The
generated acetyl-CoA in the junction of catabolic and
anabolic pathway is an ideal precursor for the synthesis
of the cell materials, as well as ethanol and acetate. In
the catabolic pathway, the acetyl-CoA (CH;COS-CoA)
is converted to acetate via formation of acetyl-
phosphate (CH;COO-P;*) as an intermediate in the
presence of phosphotransacetylase [13, 14]:

CH,COS-CoA+Pi—CH;COO0-P;*+HS-CoA (1)

Then, the acetyl-phosphate is transformed to acetate by
acetate kinase, while a molecule of ADP is
phosphorylated to ATP:

CH;COO-P;*+ADP—CH;COOH+ATP )

For production of ethanol, NADH is utilized by the
organism to form acetaldehyde (CH;CHO) in the
presence of acetaldehyde dehydrogenase:
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CH;COS-CoA + NADH + H — CH;CHO + NAD" 3)
+ HS-CoA

CH,;CHO + NADH + H' — CH;CH,0OH + NAD" “)

Finally, alcohol dehydrogenase catalyzes the conversion
of acetaldehyde to ethanol. The conversion of acetyl-
CoA to metabolic end products is a well researched
pathway for most acetogenes.

The ©batch growth of C. Ijungdahlii was
accompanied by acetate and ethanol and a trace amount
of acetone production according to the following
reactions:

Fructose+2 ADP+2P;—2ethanol+2ATP+2CO, %)

Fructose + 3ADP + 3Pi — 3acetate + 3ATP (6)

The distribution of products while using fructose as the
substrate is presented in Figure 1 (A). During the
exponential growth phase, acetate was produced then
the metabolic pathway shifted to solvent production
mainly ethanol and trace amount of acetone. A sharp
decrease in pH of the culture from 5.9 to 4.5 was
observed after 6 h which was due to the acid production.
After 24 h, the acetate concentration reached to 24.5
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mM and this concentration remained almost constant
throughout the batch experiment. Ethanol production
initiated during the exponential growth phase and
pronouncedly increased during the stationary phase of
the cell growth. Due to the acetyl-CoA pathway, the
production of ethanol gives rise to the ATP
consumption which would not support the cell growth
[11, 20]. Hence, ethanol production is promoted in non-
growth condition. Maximum ethanol concentration of
27.1 mM was achieved after 120 h.

Figure 1 (B) shows the acetate, ethanol and acetone
production trends of C. ljungdahlii grown on glucose.
Although the bacterial culture was able to maintain high
cell density in the non-growth phase, however ethanol
production was not considerable (less than 5.6 mM). A
small amount of acetone was also formed in the culture.
In contrast, a high concentration of acetate (44.8 mM)
was produced as the main end product. There was an
indication of switch from solventogenesis to acetogenesis
at 72 h, probably because of the ATP demand of the cells
which increased acetate production. These results
demonstrate that glucose was predominantly metabolized
to acetate by C. [jungdahlii and there was a little flow of
carbon from glucose to ethanol.
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Figurel. Culture density, substrate consumption and product evolution profile of C. ljungdahlii using (A) fructose, (B) glucose,
(C) ethanol and (D) acetate, A: acetate, m: ethanol, @: acetone, ¢: culture density, V¥ : substrate consumption. The experiments

were repeated three times and error bars show the standard deviation



189

M. Mohammadi etal. / IJE TRANSACTIONS B: Applications Vol. 27, No. 2, (February 2014) 185-194

Glucose Fructose
N %
ATP ) - CoA
et s Butyryl-Phosphate
ADPY N Vd o ki
Fructose-6-phosphate
5 ATP . R - Lk ATP.
:Q NAU RS Butyrate
§ = ADP NADH
Glyceraldehyde-3-phosphate
! NADH
Ethanol 4ADP)CNAD Butyraldehyde Crotonyl-CoA
1 I
| = NADH 4ATP < INADH NADH
:( Pyruvate
SNAD  NADH o ..
o dox 3-Hydroxyb 1-CoA
Acetaldehyde f‘UD 1o F ydroxybutyryl-Co
< ! Butanol .
N 2C0z_/) NAD
\ | > Fdws (
\
\ * CoA NADH
Biomass Acetyl-CoA AW Acetoacetyl-CoA
A
o NADH : Pi Acetate
I
Acetaldehyde | 5
g i NAD® | coa Acetyl Pho:gll)late ok Acetoacetate
Q | =Amp
i iCTP ARE xco;
Acetate

[Ethanol

Figure 2. The proposed metabolic pathway of C. ljungdahlii for heterotrophic growth and product formation. Glucose and fructose
are metabolized through the Embden-Meyerhof-Parnas (glycolysis) pathway. Utilization of ethanol and acetate can proceed via
acetyl- CoA. The enzymes involved in reactions are summarized as: ACACCT, acetyl-CoA:acetoacetyl-CoA transferase; ACAT,
acetyl-CoA acetyltransferase; ACS, acetyl-CoA synthase; ADC, acetoacetate decarboxylase; ADH, acetaldehyde/alcohol
dehydrogenase; AK, acetate kinase; BCDH, butyryl-CoA dehydrogenase; BHBD,B-hydroxybutyryl-CoA dehydrogenase; BK,
Butyrate kinase; Crt, crotonase; PFOR, pyruvate:ferredoxin-oxidoreductase; PTA, phosphotransacetylase; PTB,
phosphotransbutyrylase; SADH, secondary alcohol dehydrogenase

The effect of ethanol as the organic substrate on
product distribution of C. ljungdahlii was studied in the
batch culture and the result of this investigation are
projected in Figure 1 (C). After the initial utilization of
ethanol by the cells, the consumption ceased and a small
amount of acetate was formed in the culture. The
amount of acetate formed in the culture was so small
(2.7 mM) that could not effectively reduce the pH of the
culture. Since the bacterial cells were still within their
growth pH range (5 to 7), more ethanol as the substrate
was consumed after 72 h of cultivation. Then, ethanol
production by the bacterial cells initiated as the cells
entered the stationary growth phase and 25 mM ethanol
was formed in the culture at 120 h. The production of
ethanol could precede using acetyl-CoA and utilization
of reducing equivalent (NADH) to form acetaldehyde in
the presence of acetaldehyde dehydrogenase followed
by conversion of acetaldehyde to ethanol by alcohol

dehydrogenase (Figure 2). The generated acetate could
also be reduced to acetaldehyde by aldehyde
oxidoreductase with reduced ferredoxin and result in
ethanol formation [18].

The product distribution using acetate is shown in
Figure 1 (D). Acetate was utilized as the organic
substrate for the bacterial cell growth. However, acetate
utilization stopped after 24 h and ethanol production
started. Ethanol and a trace amount of acetone were the
only metabolites of the supplied acetate. The most
probable pathway for such observation is the conversion
of acetate to acetyl-CoA in the presence of acetate
kinase and phosphotransacetylase and then reduction of
acetyl-CoA to ethanol by alcohol dehydrogenase [21]

Acetate + 2NADH + ATP — ethanol + 2NAD" +

ADP + Pi %

Although the presence of acetate in the culture shifted
the metabolic pathway of the cells to ethanol production
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phase, but ethanol formation was not considerable
(around 3.5 mM). Monitoring the culture pH revealed
an increase in the pH from 5.9 to around 6.8 after 24 h
which was not a suitable pH for ethanol production. A
pH of 4.0 to 4.5 which creates non-growth condition has
been reported as the appropriate pH for ethanol
production using C. ljungdahlii [10].

Table 1 summarizes the kinetic parameters of the
substrate utilization, cell growth and product formation
of the bacterium using various organic substrates. The
highest yield of cells from substrate ( Yis= 45.46 g/mol)
and substrate conversion (88.69%) was achieved with
fructose. It also resulted in equimolar production of
ethanol and acetate (EtOH/Ac= 1.03 mol/ mol). The
experimental yield of product with glucose (Yps, exp=
2.29 mol/mol) was close to the theoretical value (2.6
mol/mol); however, acetate was the dominant end
product and only a small amount of ethanol was formed
in the culture (EtOH/Ac= 0.12 mol/mol). The growth of
the bacterium on ethanol was slow and weak ( Yys= 3.76
g/mol), but the yield of product from biomass (Ypx=
117.89 mmol/g) was relatively considerable. Although a
high ethanol to acetate ratio of (EtOH/Ac= 16.65
mol/mol) was achieved with this substrate, but the level
of ethanol production (25 mM) was almost low
compared to the ethanol utilization (60 mM) during the
batch experiment of 120 h. Acetate was quite
unsuccessful for product formation (Yps, ep= 0.07
mol/mol) and could partially support the growth of the
bacterium (Ygs= 5.62 g/mol). The results suggested
fructose as the suitable organic substrate for further
experiments.

3.2.Effect of Fructose Concentration Investigation
on the effect of various organic substrates on growth
and product formation of C. [jungdahlii showed that
fructose was able to create a dense culture and
successfully shifted the metabolic pathway of the
bacterium toward solventogenesis in non-growing cells.
It was attempted to improve the ethanol production
capability of the bacterium over acetate using various

concentrations of fructose. To this end, several
concentrations of fructose (1, 3, 5, 7, 9 and 11 g/L) in
the media were implemented and their effects on culture
density and product formation constantly monitored.

3. 2. 1. Cell Growth The profile of cell growth with
various substrate concentrations was described by the
Volterra model which is used to predict the population
growth in a batch system. This model accommodates
the birth and death of the cells and considers them as the
only parameters which change the population in a
closed system [22, 23]. Based on this theory, the
following model was developed:

x,e"
TG0 /x, P Ak )= ®)

where, X is the initial cell concentration (g/L), X, the
maximum cell density (g/L), u, the maximum specific
growth rate (1/h), t the fermentation period (h) and k the
cell decline or promotion constant (1/h).

Figure 3 shows the Volterra model applied to the
experimental data. The model fitted to the experimental
results with high regression coefficients (R?). Sigma
Plot 11 was used to calculate the coefficients of the
equation. The kinetic parameters and coefficients of this
model are tabulated in Table 2.

The constant k which is obtained from curve fitting
is a parameter associated with the decline or promotion
of the cell population. The value of k is positive if the
cell population is declining by toxic by-products or
depletion of the nutrient supply and the value is
negative if the cell population is promoted. A positive
value of k was achieved in all cases, except for fructose
concentration of 5 g/L. This indicates that in the range
of fructose concentrations used, except at 5 g/L, the
bacterial cells were declined after reaching a maximum
cell concentration. Only at fructose concentration of 5
g/L, the culture was able to maintain its viability for a
long period of time.

TABLE 1: Kinetic parameters based on Volterra model for growth of C. ljungdahlii

Fructose concentration, (g/L) xo(g/L) Xm (g/L) Hm (1/h) k(1/h) R

1 0.0163 0.5034 0.2930 0.0081 0.9418
3 0.0181 0.7499 0.2903 0.0094 0.9733
5 0.0272 1.0655 0.3234 -0.0004 0.9986
7 0.0217 1.0942 0.3542 0.0032 0.9786
9 0.0262 1.1114 0.3304 0.0013 0.9914
11 0.0256 1.1455 0.3234 0.0011 0.9888

Xo, initial cell dry weight concentration; x,, maximum cell dry weight concentration; u,, maximum specific growth rate; k, promotion or

inhibition constant; R, regression coefficient
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TABLE 2: Substrate consumption, cell growth and product formation of C. ljungdahlii using various organic substrates

Substrate (g}/r)r(l/(s)l) (n:::f/’x;:fl) (m‘(?i//s;r;‘(;l) n% (mx‘r/::;/g) q (mmol/g/h) (]frtlf))lzr/lﬁlc) coil\lfle)ls‘g:rtle%
Fructose 45.46 2.17 2.60 83.46 47.69 0.39 1.03 88.69
Glucose 41.82 229 2.60 88.08 54.86 0.46 0.12 78.94
Ethanol 3.76 0.44 1.00 4431 117.89 0.98 16.65 55.57
Acetate 5.62 0.07 1.00 7.42 13.52 0.11 n.d. 61.70

Ys, biomass yield; Yps, exp, experimental yield of products (ethanol and acetate); Yps, m, theoretical yield of products; 7, efficiency of substrate
conversion to product (17 =Y, exp/ ¥oss, 1); Yorx, yield of product from biomass; g, specific production rate; EtOH/Ac, ratio of ethanol to acetate; n.d.:

not defined

At low fructose concentrations (1 and 3 g/L) the
bacterial cell concentrations exponentially increased for
the first 24 h and then substantially decreased due to the
fructose exhaustion. The cells started lysing and the
number of viable cells decreased after 24 h, probably
due to the low concentration of substrate. At high
fructose concentrations (7, 9 and 11 g/L), although the
bacterial cell growth was promoted and the culture
reached to the maximum density at 18 h, however a
brief period of decline (around 30 h) was experienced
by the cells before entering the stationary phase. Even at
high substrate levels, the metabolic activity of the cells
declined, perhaps because the level of nutrients in the
culture was insufficient to sustain the viability of the
cells. Although the fructose utilization was only 72 and
85% with 11 and 9 g/L fructose, respectively, compared
to 91% with 5 g/L, however, the low availability of
nutrients seemed to affect the cell growth. Generally,
nutrient limitations in the culture can cause some
limitations in cell metabolism such as its maintenance,
intracellular enzyme production and cofactor formation.
Although such condition triggers the non-growing state
which is an advantage for acetogenes to shift the
metabolic pathway from the acetogenesis to
solventogenesis, however, if the culture suffers from
significant loss in cell viability and low metabolic
activity, the cells may not be able to generate the correct
enzymes or utilize the electron carriers to uptake the
carbon substrate or metabolic intermediates [24]. Thus,
it is necessary to keep the culture viable and active as
any upset in cell viability will eventually affect the
overall productivity.

3. 2. 2. Product Formation The acetate evolution
profile in the culture using various fructose concentrations
is presented in Figure 4. The acetate formation was
parallel to the exponential growth of the bacterium. This
trend was followed by an almost stagnant period that
acetate formation ceased. The highest and lowest acetate
production of 37 and 11.4 mM were devoted to the
fructose concentrations of 11 and 1 g/L, respectively.
Figure 5 illustrates the ethanol production trend of
the bacterium for various concentrations of fructose. At
low substrate concentrations, little amount of ethanol

was formed in the culture. The low metabolic activity of
the cells was probably unable to shift the metabolic
pathway of the bacterium from acetogenic to
solventogenic phase and the overall productivity of the
cells was affected by the declining cells.
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Figure 3. The Volterra model applied to the experimental data
at various fructose concentrations, A: F1, m: F3, ¢: F5, V. F7,
x: F9, e: F11, ---: Equation (8)
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Figure 4. Acetate formation profile for various fructose
concentrations, A: F1, m: F3, : F5, ¥:F7, x: F9, e: F11
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TABLE 3. Substrate consumption, cell growth and product formation of C. l[jungdahlii using various concentrations of fructose
Fructose Yxis Ypis5 exp Yors, th o Yo /x q EtOH/Ac Substrate
concentration (g/L) (g/mol) (mol/mol) (mol/mol) n% (mmol/g) (mmol/g/h) (mol/mol) conversion %
1 43.43 2.37 2.60 91.15 54.63 0.45 0.06 91.17

3 24.83 1.365 2.60 52.51 54.98 0.46 0.06 92.07

5 45.46 2.17 2.60 83.46 47.69 0.39 1.03 88.69

7 23.86 1.05 2.60 40.38 44.06 0.37 0.41 90.57

9 23.95 0.71 2.60 27.31 29.59 0.25 0.05 84.84

11 24.18 0.79 2.60 30.38 32.76 0.27 0.03 72.02

Ys, biomass yield; Ysex, experimental yield of products (ethanol and acetate); Ys, w, theoretical yield of products; n, efficiency of substrate
conversion to product (17 =Yps, exy/ ¥/, 1n); Yp/x, yield of product from biomass; g, specific production rate; EtOH/Ac, ratio of ethanol to acetate.
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Figure 5. Ethanol production trend for various fructose
concentrations, A: F1, m: F3, : F5, ¥:F7, x: F9, e: F11
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Figure 6. Product distribution for various fructose
concentrations, A: F1, m: F3, ¢: F5, ¥: F7, x: F9, e: F11,
_ :Regression

At fructose concentration of 5 g/L, the ethanol
production considerably improved from 12.5 mM at the
onset of non-growing phase to 27.1 mM at the end of
the fermentation period. A relatively high concentration
of ethanol was formed with 7 g/L of fructose at 24 h;
however, the ethanol production began to plateau after
the cells started to decline. Very little amount of ethanol
was formed at high fructose concentrations (9 and 11
g/L) due to the apparent failure of the bacterial cells to
switch from acetogenic to solventogenic phase, which is
a prerequisite for successful ethanol production.

Degeneration of bacterial culture is common in
Clostridial strains, where the bacteria fail to switch to
solventogenesis, at the late stage of the exponential
phase. One possible mechanism could be the occurrence
of acid crash which is an unwanted physiological state.
This phenomenon occasionally takes place in pH-
uncontrolled batch culture, where a considerable
amount of acid instead of solvent is formed and the
culture losses the ability to switch to the solventogenesis
[9, 25, 26]. In the case of our experiments, acid crash
might not be the actual cause for prevention of ethanol
production, as the accumulation of undissociated acid in
the culture was not too high; 34.5 and 33.16 mM at 24 h
for fructose concentration of 9 and 11 g/L, respectively.
However, they could possibly contribute to the premature
termination of ethanol production.

The substrate consumption, cell growth and product
formation of C. [jungdahlii using various concentrations
of fructose are summarized in Table 3. A plot of ethanol
production versus acetate formation for various fructose
concentrations is depicted in Figure 6. The results
suggest that use of concentrations higher or lower than 5
g/L was not effective to improve ethanol production in
favor of acetate. Under the conditions of substrate
depletion or high fructose concentrations, the cell
growth declined and the metabolic pathway of the
bacterium was unable to switch from acetogenesis to
solventogenesis. The ethanol production ability of C.
ljungdahlii (27.1 mM) was somewhat comparable to
other Clostridia species. Cotter et al. [24] reported that
9.43 mM ethanol was produced in non-growing culture
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of the bacterium C. autoethanogenum DSMZ10061
with 5 g/L of xylose as the carbon source. Liew et al.
[27] utilized gelatinised sago starch (50 g/L) as the
carbon source in the batch culture of C.
saccharobutylicum DSM 13864 which was hydrolyzed
to maltose and glucose during the fermentation. In this
process, 136.62 mM butanol, 3.47 mM ethanol and
105.34 mM acetone was achieved.

4. CONCLUSION

The growth and product distribution of C. [jungdahlii
was explored using various organic substrates. The
results of this survey showed that fructose was the most
suitable substrate to support the cell growth and
improve ethanol production. Although considerable cell
growth was achieved with glucose as the substrate,
however the metabolic pathway of the bacterium shifted
toward acetogenic phase in favor of solventogenic
phase. The bacteria were able either to consume or
produce ethanol probably through different metabolic
pathways. Use of acetate as organic substrate supported
the bacterial growth; however the culture failed to
produce ethanol. Considering the effect of fructose
concentration on product formation and distribution
revealed that the fructose concentration of 5 g/L was the
suitable concentration to improve ethanol production
over acetate. At fructose concentrations higher or lower
than this optimum value, the metabolic pathway of the
bacteria failed to switch from acetogenesis to
solventogenesis.

5. ACKNOWLEDGEMENT

The authors gratefully acknowledge the Universiti Sains
Malaysia and the Ministry of Higher Education
Malaysia for funding this project in the form of Long
Term Research Grant Scheme (203/PKT/6723001). The
authors also would like to acknowledge Iran National
Science Foundation (INSF) and the Research Committee
of Noushirvani University of Technology.

6. REFERENCES

1. Piccolo, C. and F. Bezzo, "A techno-economic comparison
between two technologies for bioethanol production from
lignocellulose ", Biomass Bioenergy, Vol. 33, (2009) 478-491.

2. Elshahed, M.S., "Microbiological aspects of biofuel production:
Current status and future directions”, Journal of Advanced
Research, Vol. 1,(2010) 103-111.

3. Sims, REH., W. Mabee, J.N. Saddler, and M. Taylor, "An
overview of second generation biofuel technologies”, Bioresour
Technology, Vol. 101, (2010) 1570-1580.

4. Sim, J.H., A-H. Kamaruddin, and W.S. Long, "Biocatalytic
conversion of CO to acetic acid by Clostridium aceticum--

20.

Medium optimization using response surface methodology
(RSM)", Biochemical Engineering Journal, Vol. 40, (2008)
337-347.

Kim, D. and L.S. Chang, "Electricity generation from synthesis
gas by microbial processes: CO fermentation and microbial fuel
cell technology"”, Bioresour Technology., Vol. 100, (2009)
4527-4530.

Najafpour, G., K.S.K. Ismail, H. Younesi, A.R. Mohamed, and
AH. Kamaruddin, "Hydrogen as clean fuel via continuous
fermentation by  anaerobic  photosynthetic  bacteria,
Rhodospirillum rubrum", African Journal of Biotechnology,
Vol. 3, (2004) 503-507.

Abubackar, H.N.,, M.C. Veiga, and C. Kennes, "Biological
conversion of carbon monoxide: rich syngas or waste gases to
bioethanol", Biofuels, Bioprod Biorefin, Vol. 5, (2011) 93-114.

Schuster, K.C., R. Goodacre, J.R. Gapes, and M. Young,
"Degeneration of solventogenic Clostridium strains monitored
by Fourier transform infrared spectroscopy of bacterial cells",
Journal of Industrial Microbiology & Biotechnology, Vol. 27,
(2001) 314-321.

Wang, S., Y. Zhang, H. Dong, S. Mao, Y. Zhu, R. Wang, G.
Luan, and Y. Li, "Formic Acid Triggers the" Acid Crash" of
Acetone-Butanol-Ethanol ~ Fermentation by  Clostridium
acetobutylicum", Applied and Environmental Microbiology,
Vol. 77, (2011) 1674.

Gaddy, J.L. and E.C. Clausen, "Clostridiumm ljungdahlii, an
anaerobic ethanol and acetate producing microorganism", Us
Patent No. 5,173,429, Vol. (1992.

Klasson, K., M. Ackerson, E. Clausen, and J. Gaddy,
"Bioreactor design for synthesis gas fermentations", Fuel, Vol.
70, (1991) 605-614.

Phillips, J., K. Klasson, E. Clausen, and J. Gaddy, "Biological
production of ethanol from coal synthesis gas", Applied
Biochemistry and Biotechnology, Vol. 39, (1993) 559-571.

Diekert, G. and G. Wohlfarth, "Metabolism of homoacetogens",
Antonie van Leeuwenhoek, Vol. 66, (1994) 209-221.

Mohammadi, M., G.D. Najafpour, H. Younesi, P. Lahijani, M.H.
Uzir, and A.R. Mohamed, "Bioconversion of synthesis gas to
second generation biofuels: A review", Renewable and
Sustainable  Energy  Reviews, Vol. (2011)  Doi:
10.1016/j.rser.2011.07.124.

Cotter, J.L., M.S. Chinn, and A.M. Grunden, "Influence of
process parameters on growth of Clostridium ljungdahlii and
Clostridium autoethanogenum on synthesis gas", Enzyme and
Microbial Technology, Vol. 44, (2009) 281-288.

Tanner, R.S., L.M. Miller, and D. Yang, "Clostridium
ljungdahlii sp. nov., an acetogenic species in clostridial rRNA
homology group 1", International Journal of Systematic and
Evolutionary Microbiology, Vol. 43, (1993) 232.

Monsigny, M.C., C. Petit, and A.C. Roche, "Colorimetric
determination of natural sugars by a resorcinol sulfuric acid
micromethod", Analytical Biochemistry, Vol. 175, (1988) 525—
530.

Kpke, M., C. Held, S. Hujer, H. Liesegang, A. Wiezer, A.
Wollherr, A. Ehrenreich, W. Liebl, G. Gottschalk, and P. Diirre,
"Clostridium ljungdahlii represents a microbial production
platform based on syngas"”, Proceedings of the National
Academy of Sciences, Vol. 107, (2010) 13087.

Huhnke, R.L., R.S. Lewis, and R.S. Tanner, "Isolation and
characterization of novel clostridial species", Us Patent Pub No.
2010/0203606 A1, Vol. (2010.

Lewis, R.S., R.S. Tanner, and R.L. Huhnke, "Indirect or direct
fermentation of biomass to fuel alcohol", Us Patent Pub No.
2007/0275447 Al, Vol. (2006).



21.

22.

23.

24.

M. Mohammadi et al. / IJE TRANSACTIONS B: Applications Vol. 27, No. 2, (February 2014) 185-194 194

Hols, P., A. Ramos, J. Hugenholtz, J. Delcour, W.M. De Vos, H.
Santos, and M. Kleerebezem, "Acetate utilization in Lactococcus
lactis deficient in lactate dehydrogenase: a rescue pathway for
maintaining redox balance", Journal of Bacteriology, Vol. 181,
(1999) 5521.

Younesi, H., G. Najafpour, and A.R. Mohamed, "Ethanol and
acetate production from synthesis gas via fermentation processes
using  anaerobic  bacterium, Clostridium  ljungdahlii”,
Biochemical Engineering Journal, Vol. 27, (2005) 110-119.

Najafpour, G., M. Tajallipour, M. Komeili, and M. Mohammadi,
"Kinetic model for an up-flow anaerobic packed bed bioreactor:
Dairy  wastewater  treatment", African  Journal of
Biotechnology, Vol. 8, (2009) 3590-3596.

Cotter, J.L., M.S. Chinn, and A.M. Grunden, "Ethanol and
acetate production by Clostridium ljungdahlii and Clostridium

autoethanogenum using resting cells", Bioprocess and
Biosystems Engineering, Vol. 32, (2009) 369-380.

25.

26.

217.

Ezeji, T., N. Qureshi, and H. Blaschek, "Acetone butanol ethanol
(ABE) production from concentrated substrate: reduction in
substrate inhibition by fed-batch technique and product
inhibition by gas stripping”, Applied Microbiology and
Biotechnology, Vol. 63, (2004) 653-658.

Maddox, 1., E. Steiner, S. Hirsch, S. Wessner, N. Gutierrez, J.
Gapes, and K. Schuster, "The Cause of' Acid Crash" and"
Acidogenic Fermentations" During the Batch Acetone-Butanol-

Ethanol(ABE-) Fermentation Process", Journal of Molecular
Microbiology and Biotechnology, Vol. 2, (2000) 95-100.

Liew, S.T., A. Arbakariya, M. Rosfarizan, and A.R. Raha,
"Production of Solvent (acetone-butanol-ethanol) in Continuous
Fermentation by Clostridium saccharobutylicum DSM 13864
Using Gelatinised Sago Starch as a Carbon Source ", Malaysian
Journal of Microbiology, Vol. 2, (2006) 42-50.

Effect of Organic Substrate on Promoting Solventogenesis in FEthanologenic
Acetogene Clostridium Ljungdahlii ATCC 55383

M. Mohammadi 2, A. R. Mohamed”, G. D. Najafpour®, H. Younesi ¢, M. H. Uzir b

*Faculty of Chemical Engineering, Noushirvani University of Technology, 47148 Babol, Iran
® School of Chemical Engineering, Engineering Campus, Universiti Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia

< Department of Environmental Science, Faculty of Natural Resources and Marine Science, Tarbiat Modares University, Nour, Iran

PAPER INFO

oS>

Paper history:

Received 15 April 2013

Received in revised form 13 June 2013
Accepted 20 June 2013

Keywords:

Acetate

Clostridium ljungdahlii
Ethanol

Organic Substrate

Solventogenesis

5 Jobl & Lol g 5| (grmg 09,5 jed (U5 o5l (5lam 0 DS & (gl 65k S JISY paay S
) ety 55 o 3w e L5 595§ lotzmey Kyl e (575 25l b 3 381, Sl
Splie it ST (g5, e e e 5 43 al 5 35500 Job |y (Pl a5 Sl 5 (el
Sl SIS 35555 lialarons 3 5 @l 53Tt 53 (55l Ay 3818 408,5 gyr U g 8 o
Sgnt 4 i JI Slyiangw (lsie 4y 59357958 5l eslanul a5 ol lid atwgnl pesd anl B bl 28 S plodl Jeils!
Sl 4 Btne 35505 o Jlo 5 s G55 Sy s VAIT) il & s (il 13 Jyn (sn YY) il
2213 33 o) YMaio o8 (o lon Y0) 0 il 1y T o 5 e 1y i o sl ool 38,5 syl

Splie prae Cu8S Lazme 50 (1S @ie plyre 4 Dbl S92y Ll e Gl Dlie (Splie Slo s G5k
3 Jge (e T10) 0955 4z g JB 2o cal o Jobl audsi al 0gmg b eols eid Seiggniglles 5B cons 40 1, Lo Jobw
Ll ps )0 S oy gt Gid 5o )8 1) B 5598 cdale o b Josbl o o3l b ot (536 cmizmen ()
Pl g 5 Cow 4 (Slie poas 5 28l RalS Jobo o) Litasge Vb laclale )3 b 5 g 390eS
4 S 51 adgs (o 033l 0l 13 45 T (e e SIS Glyie 4 2 0 5 0 5558 e 5SS ke

Se V4 ) sl

doi: 10.5829/idosi.ije.2014.27.02b.03




