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Abstract

This paper describes the effects of formate on fer-
mentative hydrogen production by Enterobacter
aerogenes by way of batch culture. When 20 mM
formate was added to pH 6.3 and pH 5.8 E. aerogenes
glucose cultures (formate culture) at the beginning of
cultivation, hydrogen evolution through both glu-
cose consumption and decomposition of the extrin-
sic formate occurred together, while hydrogen
evolution occurred only through glucose consump-
tion in the control cultures. The hydrogen evolution
rates in the formate cultures were faster than in the
control cultures, although cell growth and glucose
consumption rates in the formate cultures were
slower than the control cultures’. The decomposi-
tion rate of the extrinsic formate in the pH 5.8 for-
mate culture was faster than in the pH 6.3 fomiate
culture. The hydrogen yield from glucose in the pH
6.3 formate culture increased due to the increasing
amount of the nicotinamide adenine dinucleotide for
hydrogen production.

Key words: fermentative hydrogen production —
formate — hydrogen evolution rate — hydrogen
yield

Introduction

Enterobacter aerogenes is a facultative anaerobic
bacterium that performs fermentative hydrogen
production similar to Escherichia coli. In fermen-
tative hydrogen production, improvement in the
hydrogen yield and hydrogen evolution rate is de-
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sired. Hydrogen yield of E. aerogenes wild type is
about 1.0 around pH 6.0 in the 1% glucose culture
(Tanisho et al.,, 1989; Converti and Perego, 2002).
Recently it was reported that the hydrogen yield
and hydrogen evolution rate were improved by
mutants of E. aerogenes that are deficient in alco-
hol or acids production (Rachman et al.,, 1997,
1998; Nakashimada et al., 2002). The hydrogen
evolution mechanism of E. coli is based on the
decomposition of formate, which is a fermentative
product from glucose consumption. E. aerogenes
also produces formate from glucose and decom-
poses formate. Moreover, it was suggested that
hydrogen could be evolved by the reoxidation of
nicotinamide adenine dinucleotide (NADH), which
is formed during glycolysis (Tanisho et al., 1989;
Tanisho, 2001). This was proved by evolving
hydrogen in cell-free extract of E. aerogenes when
extrinsic NADH was reoxidized (Nakashimada et
al., 2002). We became interested in the mechanism
of hydrogen evolution and how formate added to a
glucose culture would influence hydrogen produc-
tion and metabolism.

One study on the formate hydrogenylase (FHL)
pathway of E. coli, which decomposes formate into
hydrogen and carbon dioxide, looked at the addition
of formate to the glucose culture and concluded that
the transport of formate to the inside of the E. coli
cell increases internal formate concentration and
induces synthesis of FHL (Rossmann et al., 1991).
There is also a report describing hydrogen evolution
by E. coli when an acid is added (Nandi et al., 2001).
In that study, when thiosulfate, an end product from
glucose consumption, was added to the glucose
culture, hydrogen yield improved. The suggested
reason was that the presence of thiosulfate sup-
pressed thiosulfate production during E. coli’s
metabolism of glucose, and the electrons from glu-
cose used for production of hydrogen increased. For
E. aerogenes, formate is an end product from its
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metabolism of glucose, and by adding formate to the
glucose culture, hydrogen yield may increase. Fur-
thermore, a study found that hydrogen evolution by
E. coli depends on culture pH: E. coli decomposes
formate at pH 6.2, but not at pH 7.8 (Doeile, 1975).
Hydrogen evolution by E. aerogenes also depends on
culture pH, which is optimally around pH 6.0
(Tanisho et al., 1989). Our research involved exper-
iments with glucose cultures at pH 6.3 and pH 5.8,
with and without extrinsic formate, in which we
analyzed yields of fermentative products from glu-
cose and estimated formate synthesis and decom-
position.

Materials and Methods

Organism and Culture Conditions. E. aerogenes st.
E. 82005 was used, a species that has been inoculated
periodically in our laboratory. A preculture was
performed for 16 hours at 27°C in a culture medium
consisting of 1.5% glucose, 0.5% peptone, 1.4%
Na,HPO,, 0.6% KH,PO,, 0.2% (NH4),SOs 0.1%
citrate 2H,0O, and 0.02% MgSO,7H,0, all measured
in weight percent. After centrifuging at 8000 rpm, 60
ml of the incubated culture was inoculated into 2000
ml of glucose peptone culture. The culture contained
1.0% glucose, 0.5% peptone, 0.1% Na,HPO,, 0.2%
KH,PO,, 0.2% (NH,),SO,, 0.1% citrate 2H,0, and
0.02% MgSO,47H,0 in ion-exchanged water. Sodium
formate was added to a concentration of 20 mM at
the beginning of cultivation (formate culture). After
replacing the gas phase of the reactor with nitrogen,
the cultivation took place under anaerobic condi-
tions at a temperature of 37°C in a 2.5-L stirred
reactor by way of batch culture. The churning speed
of the cultivation was at 120 rpm. A constant culture
pH was maintained by a pH controller using 1 N
NaOH and 1 N HCIl. Two to three fermentations
were repeated under the same conditions to obtain
an average value.

Time [h]

Fig. 1. Cell Concentrations at pH 6.3 (a) and
at pH 5.8 (b) over time; O, control culrure; @,
formate culture

6 7 8 9

Analysis. The hydrogen gas volume was mea-
sured by 1 N NaOH displacement in a liquid-gas
exchange method. The nitrogen gas volume pushed
out by carbon dioxide evolution under the initial
operation condition was corrected by analyzing the
carbon dioxide volume in the gas phase of the reac-
tor. Gas chromatography (Shimadzu GC-3BT) was
used to determine the gas volume and components.
The quantitative analysis of a fermentation product
and glucose was performed on a high-performance
liquid chromatograph (655A HITACHI) equipped
with a GL-C610H column (HITACHI Chemical).
The column was operated at 40°C with 0.1% phos-
phoric acid as the carrier liquid at a flow rate of 1.0
ml/min. Cell weight was determined by comparing
the optical density of cultures at 550 nm to a stan-
dard curve.

Results and Discussion

The cell concentrations in the formate cultures were
lower than in the control cultures at both pH 6.3 and
pH 5.8 (Figure 1), indicating that cell growth in the
formate cultures was slower than in the control
cultures. Cell growth is delayed by the presence of
weak acid depending on the culture pH (Goodwin
and Zeileus, 1987; Roe et al.,, 1998; Colin et al,,
2001). The most suitable pH for cell mass produc-
tivity of E. aerogenes is around pH 7.0, and as the
culture pH decreases below pH 7.0, the cell weight
measured after cultivation also decreases (Tanisho et
al., 1989). The delay of cell growth was reflected in
the formate cultures by decreased glucose con-
sumption (Figures 2, 3). Yet, despite decreased glu-
cose consumption in the formate cultures,
accumulated hydrogen volume was either larger
(Figure 2) or similar to the control cultures’ hydrogen
volumes (Figure 3). This is attributed to the extrinsic
formate decomposition in the formate cultures. In
the formate cultures, the formate concentration re-
mained either in a constant state at pH 6.3 (Figure 2,
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b) or decreased at pH 5.8 (Figure 3, b) with con-
sumption of glucose, while formate concentrations
in the control cultures increased through glucose
consumption (Figures 2, a; 3, a). This indicates that
the glucose consumption and the extrinsic formate
decomposition occurred together in the formate
cultures. So the accumulated hydrogen volume in
the formate culture would be the sum of the
hydrogen evolved from the glucose consumption
plus the hydrogen evolved from decomposition of
the extrinsic formate and represented by equation 1
shown below. Equation 2 represents the accumu-
lated hydrogen volume in the control culture.

Accumulated Hydrogen Volume in Formate
Culture = Hydrogen Volume Evolved from
Glucose Consumption + Hydrogen Volume
Evolved from Extrinsic Formate Decomposition

(1)

Accumulated Hydrogen Volume in Control
Culture = Hydrogen Volume Evolved from Glu-

cose Consumption
(2)

Fig. 2. Accumulated hydrogen
volume ((J), amount of glucose
consumed (m) and formate
concentration (O) in the pH 6.3

2 3 4 5 6 7 8 9
Time [h]

control culture (a) and the pH
6.3 formate culture (b) over
time.

Equations 1 and 2 explain why the formate cul-
tures, which had lower glucose consumption, still
accumulated greater hydrogen volume than did the
control culture at pH 6.3 (Figure 2) or hydrogen
volume as great as the control culture at pH 5.8
(Figure 3); that is, hydrogen volume evolved from
decomposition of the extrinsic formate.

The hydrogen evolution rates in the formate
cultures were faster than in the control cultures’,
although the glucose consumption rates in the for-
mate cultures, which reflected slower cell growth,
were slower than in the control cultures both at pH
6.3 (Figure 4) and at pH 5.8 (Figure 5). This is
attributed to the extrinsic formate decomposition in
the formate cultures.

Comparing the two control cultures, the
hydrogen evolution rate at pH 5.8 was faster than at
pH 6.3, while the glucose consumption rate was
almost the same (Figures 4, a; 5, a). This indicates
that the hydrogen yield from glucose at pH 5.8 was
higher than the yield at pH 6.3. Comparing the two
formate cultures, the difference in glucose con-
sumption rates was in clear contrast to the controls
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Fig. 3. Accumulated
hydrogen volume (A),
amount of glucose consumed
(m) and formate
concentration (O) in the pH
5.8 control culture (a) and the
pH 5.8 formate culture (b)
over time.
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Fig. 4. Hydrogen evolution rate (O),
glucose consumption rate (W), and
decomposition rate of the extrinsic
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(Figures 4, b; 5, b), suggesting that cell growth was
affected strongly by the additional formate. How-
ever, in spite of the difference in glucose con-
sumption rates, hydrogen evolution rates were
almost the same (Figures 4, b; 5, b) owing to the
extrinsic formate decomposition rate. The hydrogen
evolution rates are represented by equations 3 and
4, which are given by differentiating equations 1
and 2 with respect to time.

Hydrogen Evolution Rate in Formate Culture =
Hydrogen Evolution Rate from Glucose Con-
sumption + Decomposition Rate of Extrinsic
Formate

(3)

Hydrogen Evolution Rate in Control Culture =
Hydrogen Evolution Rate from Glucose Con-
sumption

(4)
The hydrogen yields in the formate culture were

0.84 at pH 6.3 and 0.82 at pH 5.8, respectively, after

22 hours of cultivation the point where all of the 1%

glucose was consumed (Table 1). When these yields

are regarded as a constant 1.0 from the beginning of
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formate (x) calculated by Equation (6) in
the pH 6.3 control culture (a) and the
pH 6.3 formate culture (b) over time.
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cultivation, the approximation of equation 5 is de-
rived as follows:

Hydrogen Evolution Rate from Glucose Consump-
tion in Formate Culture = Glucose Consumption
Rate in the Formate Culture

(5)

From equations 3 and 5, the extrinsic formate
decomposition rate is represented as equation 6
shown below.

Extrinsic Formate Decomposition Rate = Hydrogen
Evolution Rate in Formate Culture — Glucose
Consumption Rate in the Formate Culture

(6)

By this approximation, the decomposition rate of the
extrinsic formate in the pH 5.8 formate culture was
faster than in the pH 6.3 formate culture (Figures 4,
b; 5, b).

According to one study, synthesis of FHL in the
E. coli cells, which decomposes formate, is enhanced
in the presence of formate in the culture. The
extrinsic formate, maintained as formic acid in cul-
ture through chemical equilibrium, is transported

Fig. 5. Hydrogen evolution rate
(O), glucose consumption rate
(m) and decomposition rate of
the extrinsic formate (x|
calculated by Equation (6) in
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the pH 5.8 control culture (a)
and the pH 5.8 formate culture
(b) over time.
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Table 1. Estimated Results of Formate Synthesis, Decomposition, and Hydrogen Yield from Glucose®

Formate Formate Formate Hydrogen from Accumulated Hydrogen
Culture concentration — synthesis® decomposition® NADH reoxidation® hydrogen volume  yield®
pH 6.3 control 34 67 33 (0.49) 7 40 0.72
pH 6.3 formate 42 70 48 (0.69) 18 66 0.84
pH 5.8 control 24 58 34 (0.59) 15 49 0.89
pH 5.8 formate 25 52 47 (0.90) 18 65 0.82

#The data are the average of duplicate analyses (mmol/Lculture; hydrogen yield, mmol/mmol glucose). Cultivation conditions: 10 g/L
§lucose, 37°C, churning at 120 rpm. All the values were determined at 22 hours of cultivation.

Equation 7: (product in parentheses indicates the amount produced from glucose): Amount of Formate Synthesis = (Acetate) + (Ethanol) +
2(Butyrate).
°“Number in parentheses indicates ratio of formate decomposition to formate synthesis. Amount of formate decomposition was calculated
by the following equations 8 and 9: Formate Concentration in Formate Culture = 20 + Amount of Formate Synthesis — Amount of
Decomposition of Formate (8); Formate Concentration in Control Culture = Amount of Formate Synthesis — Amount of Decomposition
of Formate (9).
YHydrogen volume evolved through NADH reoxidation calculated by the following Equation 10: Accumulated Hydrogen Vol-
ume = Hydrogen Volume Evolved from NADH Reoxidation + Hydrogen Volume Evolved from Formate Decomposition.
°Equation 11: Hydrogen Yield from Glucose in the Formate Culture = (Accumulated Hydrogen Volume - 20)/Amount of Glucose

Consumed.

into the cell, where it dissociates back to formate
and a proton increasing internal formate concentra-
tion and signaling the induction of FHL synthesis
(Rossmann et al., 1991). This same study also sug-
gested that internal formate concentration is higher
and synthesis of FHL is enhanced more in the case of
a lower culture pH because more formic acid is
formed with a lower pH and transported into the
cell. In our research, using 20 mM formate at the
beginning of cultivation, the formic acid concentra-
tion was calculated by the Henderson-Hasselbalch
equation shown below as 0.06 mM at pH 6.3 and
0.18 mM at pH 5.8.

pH = pKa + log [ HCOO]/[ HCOOH] ( pKa = 3.75)

Because of the higher formic acid concentration in
the pH 5.8 formate culture, synthesis of FHL was
strongly induced, and as such the decomposition rate
of the extrinsic formate was faster than in the pH 6.3
formate culture. In the case of the hydrogen pro-
duction by immobilized cells of E. coli decomposing
1 M formate, formic acid condentration was calcu-

lated by the equation as 0.35 mM at pH 7.2 (Nandi
and Sengupya, 1996).

After 22 hours of cultivation, both the pH 6.3
and pH 5.8 formate cultures had larger accumu-
lated hydrogen volumes than the controls (Table 1).
To determine why this was the case, we examined
the fermentative products yields from glucose (Ta-
ble 2). The ethanol and lactate yields were also
lower than the controls&rsquor; in the pH 6.3
formate culture, and the ethanol yield was lower
than the controls&rsquor; in the pH 5.8 formate
culture, while the 2,3-butandiol and butyrate yields
were similar to the controls&rsquor; in both the
pH 6.3 and pH 5.8 formate cultures (Table 2). This
suggests that the extrinsic formate affects metabo-
lism of glucose (Kirkpatrick et al., 2001). Metabo-
lites that are produced when NADH reoxidation
decreases, such as ethanol, lactate, or 2,3-butandi-
ol, the amount of NADH used during hydrogen
production increases, leading to an improved
hydrogen vyield theoretically (Tanisho, 2001).
Actually the mutants of E. aerogenes, which are

Table 2. Yields of Products from Glucose at 22 Hours of Cultivation’s®

Yields of products from glucose (mmol/mmol glucose)

Balance (mmol/mmol)

Culture Lactate Acetate 2.3 Butandiol Ethanol Butvrate Pyruvate® NADH*®
pH 6.3 control 0.63 0.36 0.07 0.20 0.33 1.00 0.97
pH 6.3 formate 0.49 0.40 0.05 0.15 0.36 0.93 1.10
pH 5.8 control 1.06 0.24 0.04 0.20 0.31 1.11 1.34
pH 5.8 formate 1.11 0.21 0.03 0.09 0.32 1.05 1.30

2The data are the average of duplicate analyses. Cultivation conditions: 10 g/L glucose, 37°C, churning at 120 rpm.
beyalues were calculated by the following equations 12 and 13, respectively: (product in parentheses indicates the amount produced from

glucose)

Pyruvate balance = (Amount of Fermentative Products Except Formate Formed from Pyruvate)/(Amount of Pyruvate Produced from
Glucose During Glycolysis) = [(Lactate) + (Ethanol) + 2(2,3 Butandiol) + (Acetate) + 2(Butyrate)]/2(Amount of Glucose Consumed) (12)

NADH Balance = (Amount of Fermentative Products and Hydrogen Produced when NADH Reoxidizes)/Amount of NADH Produced
from Glucose During Glycolysis = [(Lactate) + 2(Ethanol) + (2,3 Butandiol) + 2(Butyrate) + (Hydrogen from NADH Reoxidation)]/2(Amount

of Glucose Consumed) (13).
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deficient in alcohol or acids production, improve
the hydrogen yield (Rachman et al.,, 1997, 1998;
Nakashimada et al., 2002). Analyzing the fermen-
tative products yields in the formate cultures al-
lowed the formate synthesis and decomposition
and the hydrogen yields from glucose to be esti-
mated (Table 1).

The estimation was performed as follows. For-
mate is synthesized through the following reaction:

CH3;COCOOH + HSCoA — HCOOH+
CH;COSCoA

The amount of formate synthesis is equal to the
amount of acetyl&ndash;coenzyme A. Since acetate,
ethanol, and butyrate are synthesized from glucose
through acetyl&ndash;coenzyme A, the amount of
formate synthesis is evaluated by the sum of acetate,
ethanol, and butyrate produced from glucose (Ta-
ble 1, equation 7). Butyrate was also produced by E.
aerogenes on the continuous hydrogen production
(Tanisho and Ishimata, 1994). The amount of for-
mate decomposition was calculated from the
amount of formate synthesis and formate concen-
tration by equations 8 and 9 shown in Table 1. Al-
though the amount of formate synthesis in the pH
5.8 formate culture was lower than in the pH 6.3
formate culture, the amount of formate decomposi-
tion was equal (Table 1). So the ratio of formate
decomposition to formate synthesis in the pH 5.8
formate culture was higher than in the pH 6.3 for-
mate culture (Table 1). This shows that formate
decomposition proceeded actively at pH 5.8, and this
is consistent with the faster decomposition rate of
extrinsic formate at pH 5.8 (Figures 4, b; 5, b).
Because the amount of formate decomposition
in the formate cultures exceeded 20 mmol/L cul-
ture (Table 1), all of the extrinsic formate was
decomposed. The accumulated hydrogen volume
both in the control cultures and the formate cul-
tures exceeded each of the amounts of formate
decomposition (Table 1). This indicates that
hydrogen evolution occurred not only by the for-
mate decomposition, but also by the NADH reoxi-
dation. The hydrogen volume evolved from NADH
reoxidation evaluated by the equation 10 increased
in the formate cultures (Table 1). However, the
amount of formate synthesis and the hydrogen yield
in the pH 5.8 formate culture were lower than the
control culture (Table 1), most likely due to the
extrinsic formate, end product, suppressing formate
production from glucose through a negative feed-
back control. We concluded that formate, an end
product, when added to the pH 6.3 glucose culture,
increased the hydrogen yield by increasing the

amount of the NADH in the cell utilized for
hydrogen production.
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