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duction in batch culture was analyzed at different pHs (5.5e7.5). The findings identify the
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conditions when formate alone or with glycerol had stimulatory effects on bacterial growth
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bacterial growth during exponential phase was evaluated. H2 production was absent in the
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hycE (Hyd-3) mutant during exponential growth phase upon glycerol or formate alone or

and H2 production. The impact of deleting the large subunits of each Hyd (1e4) enzymes on
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with glycerol fermentation. H2 evolution was also not observed at pH 7.5 upon glycerol only
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fermentation in the hybC (Hyd-2) mutant, whereas formate supplementation recovered the

Formate and glycerol fermentation

H2 formation. Low and delayed H2 production was observed at pH 7.5 upon glycerol only

H2 production

fermentation in a hyfG (Hyd-4) mutant; again formate recovered and stimulated H2 pro-

pH

duction. The results highlight the key role of Hyd-3 at both pH 6.5 and pH 7.5, as well as the
role of Hyd-2 and Hyd-4 at pH 7.5 for H2 production by E. coli during glycerol fermentation
with formate supplementation. This might have advantages for industrial applications to
enhance bio-hydrogen production.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction
Hydrogen (H2) is considered an ecologically clean, effective
and renewable energy source for the future; therefore,
nowadays, considerable research focuses on bio-hydrogen

production from cheap carbon sources, including various industrial wastes [1e3]. Glycerol is widely recognized as an
important industrial waste, which can be used as carbon
source by bacteria for H2 production and the production of
other valuable chemical compounds [4e6]. Moreover, both in
industry and in the environment, as well as in the human
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intestine, mixed carbon sources are available to microorganisms; hence, investigation of co-utilization of different carbon
sources by bacteria is important for many purposes, such as to
reveal the role of each carbon in bacterial physiology, and how
it enhances bio-hydrogen production.
As has been shown recently, one of the fermentation end
products during glycerol fermentation in the bacterium
Escherichia coli is formate, which is decomposed by the formate
hydrogen lyase (FHL) complex leading to H2 production [7e12].
FHL is formed by formate dehydrogenase H (FDH-H) and hydrogenase (Hyd) 3 or 4 [10,13,14]. It is known that E. coli has
four reversible [NiFe]-Hyd enzymes, which are responsible for
H2 oxidation and formation. The operational direction of Hyd
enzymes is variable; it depends on many factors, such as
carbon (glucose or glycerol) source, and medium pH. Recently,
it was shown that Hyd-1 and Hyd-2 operate in H2 oxidation
upon growth with glucose and H2 formation modes upon
glycerol fermentation [10,11,15,16]. Moreover, optimal activity
of Hyd-1, encoded by the hya operon, was observed under
anaerobic conditions, at acidic pH [17] and in the presence of
formate [18], whereas Hyd-2, encoded by the hyb operon, was
active under more reducing conditions [19] and at alkaline pH
[17]. Hyd-3, encoded by hyc, and Hyd-4, encoded by hyf, along
with FDH-H form FHL-1 and FHL-2 pathways upon glucose
fermentation at acidic and alkaline pHs, respectively [20e22].
A relationship between Hyd enzymes and the Hþ-translocating FoF1 ATPase has been shown, which is more specific
under glucose fermentation, at alkaline pH: the interaction of
Hyd-4 with the primary system the FoF1 ATPase would supply
Hþ and e for energy transfer to the secondary transport
system [10,21]. A similar interaction was proposed for Hyd-1
and Hyd-2 enzymes with the dependence of carbon source
and medium pH [11,23,24]. Recently it has been published that
the four Hyd enzymes of E. coli together have the potential to
form a H2 cycle across the membrane: Hyd enzyme activity
has a role in balancing the proton motive force (Dp) and in
regulation of [pH]in [25e27].
During glycerol or glucose fermentation formate is derived
primarily from pyruvate by pyruvate formate lyase (PFL)
[13,28]. The oxidation and reduction potential of the formate:H2 couple is highly reduced (420 mV), hence, formate is
considered an energy-rich compound [25], which can be an
additional energy source during energy-limited, fermentative
conditions [14,29]. E. coli produces formate up to a concentration of 20 mM and secretes it as a waste product. Investigation
of formate concentration in fermenting E. coli cultures showed
that formate is initially extruded out of the cells to prevent
acidification of the cytoplasm [13], and upon a drop of growth
pH, during glucose fermentation formate is re-imported into
the cell through the formate channel FocA. This channel
translocates the formic anion bi-directionally and, as was
recently shown, PFL directly interacts with FocA to regulate
formate translocation [28]. It was suggested that the hyc
operon is regulated solely in response to formate concentration at low pH via the FhlA protein [30]. In the cytoplasm
formate is metabolized by FHL leading to H2 and CO2 generation. Formate accumulation may result in the destruction of
Dp, therefore the control of formate metabolism is a crucial
checkpoint where the potentially toxic effects of formate
surplus must be balanced against the loss of an important

source of reducing power and optimization of energy production [31]. Only recently, the FHL complex has been isolated and
its activity determined in vitro [14]: it was demonstrated that
Hyd-3 has a unique ability among [NieFe]-Hyd enzymes to
catalyze production of H2 even at high partial pressures of H2.
This property of Hyd-3 should allow the accumulation of significant concentrations of H2. It has been established that Hyd3 but not Hyd-4 activity was increased in E. coli grown under
glucose fermentation in the presence of external formate
(30 mM) at alkaline pH; effects of different concentrations of
formate were studied [22,32]. Moreover, formate at high concentration (50 mM) was used to improve H2 production activity
by modifying the expression of the relevant genes [33].
Recently, it has been shown that during glycerol fermentation
formate can be imported into the E. coli cell through the second
formate channel e FocB [34]. Therefore, two formate channels
might be involved in the effects of formate on H2 production
under different conditions and at different pHs.
Interestingly, inactivation of uncharacterized genes in E.
coli has been shown recently to be beneficial for H2 production
from glycerol [35] but functions of those genes are unknown.
The studies of physiology of H2 metabolism in E. coli, as well
as the organization and transcriptional regulation of relevant
genes involved in the metabolism are in good progress; however, there are many aspects of this system that remain poorly
understood to allow us to understand the function of Hyd
enzymes and regulation of H2 metabolism during anaerobic
growth in batch culture with peptone medium under
fermentative conditions and at different pH. In particular, the
effect on H2 production of externally supplied formate alone or
mixed with glycerol must be better understood.
Therefore, the purpose of this study was to investigate the
influence of 10e50 mM formate and 10 g L1 glycerol on
growth, oxidation-reduction potential (ORP) kinetics and H2
production of E. coli wild type and DhyaB, DhybC, DhycE, DhyfG
mutants lacking the large, catalytic subunits of Hyd-1 to 4,
respectively, in batch culture at different pHs. The findings
point out the significant role of formate for Hyd-3 activity
upon glycerol fermentation. It was shown that in all cases
with H2 producing activities co-supplementation of formate
and glycerol had a stimulatory effect on H2 formation.

Materials and methods
Bacterial strains and their growth conditions
The E. coli wild type and different mutant strains used in this
study are listed in Table 1. Bacteria from overnight culture
were grown anaerobically in batch culture (glass vessels with
plastic press-caps) in the liquid growth medium with the
composition of 20 g L1 peptone, 2 g L1 K2HPO4, 5 g L1 NaCl,
10 g L1 glycerol and/or 10e50 mM formate at pH range of
5.5e7.5, and 37  C [9,12,16,21,22,34]. The pH was measured by
a pH-meter with selective pH-electrode (HJ1131B, Hanna Instruments, Portugal) and adjusted with 0.1 M NaOH or 0.1 N
HCl. The pH decrease was not more than 0.4 pH units and 0.25
pH units during the exponential growth phase of E. coli (until
7 h) upon glycerol or glycerol with formate fermentation at pH
7.5 and pH 6.5, respectively.
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Table 1 e Characteristics of the E. coli strains used in the study.
Strains
BW 25113
JW
JW
JW
JW
a

0955a
2962a
2917a
2472a

Genotype
laclq rrnBT14 DlacZW116 hsdR514
DaraBADAH33 Drha BADLD78
BW 25113 DhyaB
BW 25113 DhybC
BW 25113 DhycE
BW 25113 DhyfG

Absent subunit of protein
Wild type
Large
Large
Large
Large

subunit
subunit
subunit
subunit

Source and reference
Wood T. K [15]

of
of
of
of

Hyd-1
Hyd-2
Hyd-3
Hyd-4

Wood
Wood
Wood
Wood

T. K
T. K
T. K
T. K

[15]
[15]
[15]
[15]

Resistant to kanamycin.

Measurement of redox potential and determination of H2
ORP of bacterial culture was measured with the help of the
couple oxidation-reduction platinum (Pt; EPB-1, GSEEE; or
PT42BNC, HANNA Instruments, Portugal) and titaniumsilicate (TieSi); EO-02, GSEEE, Gomel, Belarus) electrodes. In
contrast to Pl, TieSi electrode readings are not affected by the
presence of H2 (or oxygen) in the medium, which allows
discrimination of H2 during anaerobic growth of bacteria
[21,22,36,37]. Measurement of H2 using the pair of oxidationreduction electrodes gives more accurate measurements
[12,21,36]. All controls (checking electrode readings in control
solutions) were done and the effects of different factors (pH,
formate or glycerol concentration change, organic content or
bacterial cells count variation) on electrode readings were
routinely determined, as described [21,22,36,37].
H2 production during the growth of E. coli was qualitatively
visualized by the appearance of gas bubbles in the test tubes
over the bacterial suspension by the Durham tube method
[21,38], H2 production was verified by the chemical assay
based on the bleaching of KMnO4 solution in H2SO4 with H2
[21,22,39].
The H2 yield (concentration) was calculated by the
decrease of ORP to low negative values in liquid as described
recently by Piskarev et al. [40] and expressed in mol H2 per L of
growth medium (mol L1). This has been presented in many
papers for H2 yield in batch cultures [16,36,37,41].

type and DhyaB, DhybC, DhycE, DhyfG Hyd mutants (Table 1)
with deletions of different key subunits of Hyd-1 to 4,
respectively. Addition of 10 mM formate reduced growth ~2
fold while 30 or 50 mM formate completely inhibited wild type
growth during glycerol fermentation at pH 5.5, whereas at pH
7.5 and pH 6.5 formate in the same concentrations stimulated
or had no effect on bacterial growth (Fig. 1). For this reason the
study was continued at pH 7.5 and pH 6.5. Note, 10 mM
formate was preferred as optimal concentration, so in further
experiments when indicated 10 mM formate was supplemented to the growth medium.
At pH 6.5, formate alone or with glycerol slightly stimulated wild type growth at the late stationary phase (growth
yield) ~1.1 and 1.30 ± 0.03 fold, respectively, compared with
glycerol only fermentation (Fig. 2a). The stimulating effect of
formate (~1.2 fold) was also observed in the hybC deleted (Hyd2) mutant. Whereas formate alone reduced growth of mutant
strains lacking large subunits of Hyd-1 and Hyd-4 ~1.1 by
1.30 ± 0.03 fold, respectively. But, formate in combination with
glycerol showed similar bacterial growth-stimulating effects
in hyaB, hybC and hyfG mutants compared with glycerol only
supplementation. Despite the fact that the hycE mutant had
1.60 ± 0.03 fold higher growth rate than wild type upon glycerol fermentation, formate alone or in combination with
glycerol had no effect on bacterial growth (Fig. 2a).
In contrast, at pH 7.5, formate alone suppressed or had no
effect on growth of wild type and all tested mutants (Fig. 3a).
Mixture of glycerol and formate had no stimulatory effects on

Others and data processing
Bacterial culture absorbance at 600 nm was measured by a
Spectro UVevis Auto spectrophotometer (Labomed, USA); the
dry cell weight of the bacterial biomass [21], and specific
growth rate were determined as described [11,34,36]. All assays were done at 37  C.
Data were averaged from triplicate independent measurements, for which the standard errors did not exceed 3% (if
not indicated).

0.45
0.4

DW, g L-1

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Results and discussion
Effect of formate on growth of E. coli wild type and Hyd
mutants during glycerol fermentation at different pHs
To understand the effect of formate on growth in batch culture, H2 production was studied after growth at different pHs
(5.5e7.5) during glycerol fermentation, E. coli BW 25113 wild

Fig. 1 e The influence of different concentrations of
formate on E. coli BW 25113 wild type growth in batch
culture at pHs 5.5e7.5. Dry cell weight (DW) was
determined after 24 h bacterial growth. Control was
bacterial growth in the medium with 10 g L¡1 glycerol (G).
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Fig. 2 e The influence of formate on E. coli BW 25113 wild
type and mutants growth during glycerol fermentation at
pH 6.5. Bacteria were grown under glycerol fermentation at
pH 6.5, a) Dry cell weight (DW) after 24 h bacterial growth;
b) specific growth rate (m) data are presented. Control was
bacterial growth in the medium without formate added.
10 mM formate (F) and 10 g L¡1 glycerol (G) was
supplemented when mentioned. For mutant strains see
Table 1 and for details, see Materials and methods.

growth compared to pH 6.5, except in the hyfG mutant, where
growth was stimulated ~1.2 fold as at pH 6.5.
Thus, the bacterial growth-stimulating effect of formate in
combination with glycerol fermentation was pH-dependent.
In contrast to pH 7.5, the bacterial growth-stimulating effect
was observed at pH 6.5 at the late stationary phase for wild
type and Hyd-1, Hyd-2 and Hyd-4; this effect was not determined for the Hyd-3-inactivated mutant. These effects can be
compared with optimal glycerol fermentation at pH 6.3 [7,8].
Moreover, Hyd-3 was shown to be more active at acidic pH and
upon formate supplementation. Hyd-3 activity via FHL may be
required to supply CO2 necessary for bacterial growth [8].
The situation was quite different with the investigation of
bacterial specific growth rate (m, h1): for wild type it was
1.00 ± 0.05 and higher compared with all mutants; formate
alone and in combination of glycerol had no significant effects
on m at both pH 6.5 and pH 7.5 (Figs. 2b and 3b). m for all mutants was suppressed, compared with wild type at both pHs: m
of hyaB and hycE mutants was similar 0.69 ± 0.03 h1 upon

Fig. 3 e The influence of formate on E. coli BW 25113 wild
type and mutants growth during glycerol fermentation at
pH 7.5. a) Dry cell weight (DW) after 24 h bacterial growth;
b) specific growth rate (m) data are presented. For other
details, see legend to Fig. 1.

glycerol fermentation at both pHs, whereas in hybC and hyfG
mutants it was reduced ~1.1 fold and ~1.4 fold, respectively, at
pH 6.5 compared to pH 7.5. In hyaB mutant, formate alone or
with glycerol had inhibitory effect on m for mutants with defects in Hyd-2 to Hyd-4 at both pHs: the obvious reduction of
specific growth rate was detected in hybC and hycE mutants
~1.4 fold and ~1.7 fold at pH 6.5 and ~1.6 and ~2 fold at pH 7.5,
respectively.
Thus, compared with wild type, m was reduced in all Hyd
1e4 inactivated mutants: this effect on m highlights the significant role of each Hyd enzyme during exponential growth
phase, and it is partly in accordance with the later statement
that the Hyd-2 and Hyd-3 activity, but not Hyd-1 or Hyd-4 is
required for optimal bacterial growth and the maintenance of
redox balance using glycerol as a sole carbon source [41] and
seems to contradict data as a result of different growth conditions and assays [42]. Moreover, it was shown that Hyd-2 is
important for growth of the bacterium when it grows with H2
as electron donor and fumarate as electron acceptor [43,44].
As was mentioned above, Hyd 1e4 enzymes of E. coli form a
H2 cycle across the membrane [25], which together with a Hþ
cycle is suggested to have an important role in modulating the
cell's energetics. Disturbance of the cycle due to lack of one
Hyd enzyme might have an effect on bacterial growth. The
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formate inhibitory effect during bacterial exponential growth
phase might be explained by that weak acid acting as an
uncoupling agent that might destroy Dp leading to the bacterial growth reduction [22,34].
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Effect of formate on ORP kinetics and H2 production of E. coli
wild type and Hyd mutants upon glycerol fermentation at
different pHs
The purpose of this part of the study was to investigate the
regulation of H2 production and ORP kinetics in E. coli by
external formate during glycerol fermentation. ORP kinetics
and H2 production were measured in bacterial batch cultures
by the difference of pair of redox Pt and TieSi electrodes
readings [12,16,21,36,38,41]. In the cells grown under fermentative conditions on glucose in the presence of 30 mM formate
at pH 7.5 it was observed that H2 production became mostly
Hyd-3 dependent [21,22,32,34].
In this study the ORP kinetics, of E. coli wild type and DhyaB,
DhybC, DhycE, DhyfG mutants at pH 6.5 and pH 7.5 under
glycerol or formate alone or their co-utilization conditions
were measured mainly by Pt electrode and are analyzed and
illustrated (Figs. 4e7).
From the beginning of the lag growth phase the drop of two
redox Pt and TieSi electrodes from positive to negative values
was detected in wild type upon glycerol or formate alone or
their combined conditions at pH 6.5 (Fig. 4). H2 formation was
observed in wild type with the yield of 0.75 ± 0.03 mmol H2 L1
at the end of exponential growth phase (7 h growth), formate
supplementation led to 0.83 ± 0.05 mmol H2 L1 H2 generation
at early exponential phase (2 h growth), which was stimulated
~1.1 fold upon formate and glycerol co-supplementation at pH
6.5 (Fig. 4). The same situation of a stimulatory effect on H2
evolution by formate or in combination with glycerol was
observed at pH 7.5 (data not shown). This stimulation might be
explained if formate produced via PFL is not exported through
the formate channels because of supplemented external
formate, but it can be further oxidized producing more H2. It
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-200
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hybC, pH 7.5
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Fig. 5 e The ORP kinetics by E. coli wild type and mutants
during glycerol fermentation at pH 6.5 and pH 7.5. 10 g L¡1
glycerol was added into the growth medium. ORP
measured by Pt electrode was expressed in mV (vs Ag/AgCl
(saturated by KCl)).

should be noted that H2 yield by E. coli wild type during glycerol fermentation at pH 6.5 (see above) was close to that
determined using different method, for example, gas chromatography [45].
Increased H2 production (1.45 to 2.20 ± 0.05 mmol H2 L1)
was detected during growth of the hyaB mutant upon all
substrate combinations at pH 6.5 and formate alone at pH 7.5,
except upon glycerol only fermentation at pH 7.5 at the
beginning of exponential growth phase. H2 was also produced
in the hybC mutant during glycerol fermentation at pH 6.5
with the yield of 0.80 ± 0.05 mmol H2 L1, and again stimulated
~1.2 to ~1.3 fold when formate was supplied alone or in
combination with glycerol. H2 production was absent at pH 7.5
upon glycerol-only fermentation in the hybC mutant and
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Fig. 4 e The ORP kinetics by E. coli BW 25113 wild type
during glycerol fermentation at pH 6.5. ORP measured by Pt
and TieSi (Ti) electrodes was expressed in mV (vs Ag/AgCl
(saturated by KCl)). 10 g L¡1 glycerol (G) and 10 mM formate
(F) were added into the growth medium. Control was ORP
kinetics in the medium with 10 g L¡1 glycerol (G).
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Fig. 6 e The ORP kinetics by E. coli wild type and mutants
during formate fermentation at pH 6.5 and pH 7.5. 10 mM
formate was added into the growth medium. For further
details, see legend to Fig. 5.
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both pH 6.5 and pH 7.5 while Hyd-2 and Hyd-4 are important at
pH 7.5 during glycerol and formate fermentation.
Mixed carbon fermentation (co-supplementation of
formate with glycerol) might have advantages for industrial
applications to enhance bio-hydrogen production; there are
both economic (cheap wastes) and environmental (wastes
utilization) benefits. However, the details of the underlying
mechanisms how activity and regulation of Hyd enzyme
synthesis and H2 metabolism is achieved by bacteria during
mixed carbon fermentation requires further study.
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recovered upon formate supplementation. This is in accordance with the recent observation that, in contrast to what
occurs during glucose fermentation, Hyd-2 has H2-producing
activity during glycerol fermentation at pH 7.5 [12] and
formate increases activity of Hyd 3 [22,32].
In contract, H2 production was absent in the hycE mutant
during exponential phase growth with glycerol or formate
alone or when both were supplied in combination (Figs. 5e7).
The results point out the key role of Hyd 3 in H2 production
during glycerol fermentation and are in accordance with the
findings obtained [15,42].
Low and delayed H2 production was observed at 7.5 pH
upon glycerol-only fermentation in the DhyfG mutant,
whereas at pH 6.5 H2 production was detected at the middle of
exponential growth phase with the yield of 0.75 ± 0.05 mmol
H2 L1 (see Fig. 5), which was stimulated ~1.5 fold with formate
alone or with glycerol in combination at the beginning of
exponential growth phase at 6.5 and the end of exponential
growth phase at pH 7.5.
Thus, in the cells grown both with external formate and
glycerol H2 production was stimulated. This stimulation was
similar for pH 7.5 and pH 6.5. The effect can be attributed to
increased Hyd-3 enzyme activity during bacterial glycerol
fermentation.
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