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 Effects of heavy metals on Escherichia coli were revealed during glycerol fermentation at pH 6.5.
2+

+ Fe2+ (0.05 mM) mixture stimulated up to 1.5-fold bacterial biomass yield.
+ Fe3+ (0.05 mM), Ni2+ + Fe3+ + Mo6+ (0.02 mM) and Fe3+ + Mo6+ enhanced (up to 3-fold) H2 production.
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a b s t r a c t
Hydrogen (H2) is well-known effective, ecologically clean and renewable fuel. Bacterial H2 production is a
promising one and its use in industrial level is expected to increase in the nearest future to establish
sustainable and renewable energy source. Escherichia coli wild type BW25113 growth yield was shown
to be stimulated 1.3–1.5-fold by nickel (Ni2+), iron (Fe2+, Fe3+) ions and by some metal ion mixtures:
Ni2+ + Fe2+ + molybdenum (Mo6+), Ni2+ + Fe3+, Ni2+ + Fe2+ and Mo6+ + Fe3+ in low concentrations
(<0.05 mM) stimulated the growth during glycerol (10 g L 1) fermentation up to stationary phase at
pH 6.5; Ni2+ + Fe2+ mixture showed the maximal effect. However, the same concentrations of these metals and their mixtures had no effects or slightly inhibited bacterial specific growth rate: it was suppressed
1.2-fold upon Ni2+, Fe3+, Mo6+ and Ni2+ + Mo6+ mixture supplementation. H2 production by E. coli from
glycerol was observed with the yield of 0.75 ± 0.02 mmol L 1. Moreover, H2 yield was markedly stimulated 1.7–3-fold in the presence of Ni2+ + Fe3+, Ni2+ + Fe3+ + Mo6+ and Fe3+ + Mo6+ mixtures, but not sole
metals: maximal stimulation was established by Fe3+ + Mo6+ mixture with the concentrations of
0.05 mM and 0.02 mM, respectively. While copper (Cu+, Cu2+) ions in low concentration (0.1 mM) had
H2 production suppressing effect. The results point out that some heavy metal ions and their mixtures
can stimulate E. coli growth, as well as enhance bio-hydrogen production. Discrimination between Fe2+
and Fe3+ was important for H2 production. Some interaction of Ni2+ with Fe2+ was suggested to be
effective factor increasing bacterial biomass and determining activity of H2 producing hydrogenases
together with Fe3+. Mo6+ was significant for H2 production. The results obtained were important to
develop H2 production biotechnology using glycerol as cheap substrate and optimizing the technological
conditions by some heavy metals and their mixtures at low concentrations.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
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Hydrogen (H2) is well-known effective, ecologically clean and
renewable fuel. It can be produced by different methods among
which bacterial H2 production (bio-hydrogen) is the promising
one and expected to be increased in the nearest future [1].
Bio-hydrogen has advantages since it could be performed at
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Nomenclature
Hyd
hydrogenase
FHL
formate hydrogen lyase
FOF1-ATPase proton-translocating ATPase
DW
dry weight
OD
optical density
ORP
oxidation reduction potential

relatively low temperatures, atmospheric pressure and with relatively high rates; all these can reduce the costs for H2 production
[2]. In addition, developing decentralized energy systems is of
importance for bio-hydrogen when energy production plants can
be located not so far from carbon containing resources [2]. To
develop biotechnology of H2 production the by-products use and
utilization of carbon containing organic wastes, construction of
effective strains and optimization of bioprocessing conditions
should be studied. The economic value is prioritized.
Glycerol, by-product of biodiesel industry, is a very cheap substrate [2]; it is fermented by Escherichia coli, resulting in the formation of H2, ethanol, acetate and other end products [3]. Optimal
conditions for glycerol fermentation are still under the study: it
is suggested to be pH 6.3 [4,5]. Moreover, glycerol has highly
reduced carbon and results in a higher production of reducing
equivalents, such as reduced nicotinamide adenine dinucleotide
(NADH), during its fermentation by E. coli than upon sugar (glucose) fermentation [4–6]. Consequently, reducing equivalents
excess has a significant effect on the whole metabolic network.
The ratio of the end products formed during glycerol and glucose
fermentations in E. coli varies and depends on the concentration
of glycerol or glucose, pH, oxidation–reduction potential (ORP)
and other factors [7,8]. It is also important for H2 economy that
pure and crude glycerol gave similar H2 yield by E. coli [2].
In E. coli, H2 has been determined to be produced from formate,
which is one of the end products of glucose or glycerol fermentation, by formate hydrogen lyase pathways (FHL) [1,9,10]. Four
membrane-associated [Ni-Fe]-hydrogenase (Hyd) enzymes, Hyd 1
(hya), Hyd 2 (hyb), Hyd 3 (hyc) and Hyd 4 (hyf), are responsible
for H2 production and oxidation by E. coli; they can be reversible
and operate in opposite directions during glucose or glycerol fermentation [9,11–15]. Interestingly, four Hyd enzymes together
have the potential to form a H2 cycle across the bacterial membrane of E. coli [16]. However, responsible enzymes in E. coli under
different technological conditions including glycerol as a cheap
substrate and at different pHs are not clear yet [1,2,11,12,14].
Hyd enzymes require low concentrations of some heavy metals,
as nickel (Ni2+) and iron (Fe3+, Fe2+), molybdenum (Mo6+); these
metals are necessary for bacterial growth, biosynthesis and maturation of Hyd enzymes [9,17–19]. The metals mentioned are proposed to participate in redox reactions transferring electrons via
[Fe-S] clusters to active centers of Hyd enzymes [9,19–21]. Therefore, heavy metal ions can be suggested to regulate the activity of
Hyd enzymes improving H2 production. Interestingly, various
metal ions including Ni2+, Fe2+ and Mo6+ have been shown to
increase H2 production by different bacteria, specifically Clostridium butyricum [22] or Rhodobacter sphaeroides [23,24]; but the concentrations of metals, as well as substrates for fermentation and
technological conditions used were different. On the other side,
copper ions (Cu2+) have been shown to inhibit some membrane
enzymes in E. coli, including the proton FOF1-ATPase and Hyd
enzymes [25], and Hyd enzymes in archaea [26]. However, their
effects on bacterial growth are not clear, and the effects of heavy
metals and especially their mixtures on the H2 production by
E. coli during glycerol fermentation have not been reported yet.

Pt
Ti–Si

l

platinum
titanium–silicate
specific growth rate

The aim of the present study was to determine the effects of
some heavy metal ions in different oxidation states, as Ni2+, Fe3+,
Fe2+ and Mo6+, and their mixtures on E. coli growth and H2 production upon glycerol fermentation at pH 6.5. In addition, Cu+ and Cu2+
effects on H2 production were shown.

2. Materials and methods
2.1. Bacteria and growth conditions; growth rate and yield
The E. coli wild type BW25113 was used in this study. Bacteria
from overnight culture were grown under anaerobic conditions at
37 °C in batch culture (150 mL glass vessels with plastic presscaps) in the peptone growth medium with the composition of
20 g L 1 peptone, 2 g L 1 K2HPO4, 5 g L 1 NaCl; 10 g L 1 pure glycerol added [7,8,12,14], at pH 6.5. The pH was measured by a pHmeter with selective pH-electrode (HJ1131B, Hanna Instruments,
Portugal) and adjusted by 0.1 M NaOH or 0.1 N HCl. Metal ions in
the form of different salts (NiCl2, FeSO4H2O, FeCl3, Na2MoO42H2O,
CuCl2, CuSO4) and their mixtures were supplemented with the
appropriate concentrations from freshly prepared sterile solutions
into the growth medium before bacterial inoculation. Cl or SO2+
4 in
the concentrations used had no effects (data not shown).
Bacterial growth was monitored by measuring bacterial culture
absorbance (optical density, OD) at 600 nm using a spectrophotometer (Spectro UV–vis Auto, Labomed, USA). OD was measured
in samples taken every 0.5 h till stationary growth phase (12 h).
The specific growth rate (l) was calculated over the interval,
where the logarithm of OD was increased linearly with time, and
expressed as lg2/doubling time; l was expressed in h 1. Bacterial
yield was estimated by determination dry weight of bacterial suspension (DW) expressing in g L 1, as before [8].

2.2. Determination of H2 production
ORP of bacterial culture was measured with the help of the coupled oxidation–reduction platinum (Pt; EPB-1, GSEEE; or PT42BNC,
HANNA Instruments, Portugal) and titanium–silicate (Ti–Si); EO02, GSEEE, Gomel, Belarus) electrodes [27,28]. In contrast to Pt,
Ti–Si electrode readings were not affected by the presence of H2
(or oxygen) in the medium; this difference allows the determination of H2 under anaerobic conditions (in bacterial suspension
upon fermentation of glucose or glycerol), as reported previously
[7,12,14,29]. This electrochemical method for H2 determination
has given reproducible and correct results for cumulative H2 yield
in liquids [2,9]. The H2 yield by bacteria was calculated by the
decrease of ORP to low negative values, as described [30], and
expressed in mmol L 1.
H2 production during the growth of E. coli was visualized by the
appearance of gas bubbles in the test tubes over the bacterial suspension using Durham tubes and verified by the chemical assay
based on the bleaching of KMnO4 solution in H2SO4 with H2
[27,28].
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2.3. Reagents and data processing
Glycerol, peptone (Carl Roths GmbH, Germany) and other
reagents of analytical grade were used.
The average data are represented from three independent
experiments; the standard errors were calculated using Microsoft
Excel 2010 and Student criteria (P) were employed to validate
the difference in average data between different series of
experiments, as described previously [7,12,14,28]; the difference
was valid if P < 0.1.
3. Results and discussion
3.1. E. coli growth properties in the presence of various heavy metal
ions
E. coli growth was investigated during glycerol fermentation till
stationary growth phase at pH 6.5 in the presence of various heavy
metal ions with different oxidation states, as Ni2+, Fe2+ or Fe3+,
Mo6+ and Cu+ or Cu2+, and their mixtures. The metal ions concentrations were applied based on the results for E. coli and other bacteria, however not all of these metal ions effects were studied and,
moreover, the substrates of fermentation and conditions were different [22–25,31].
The growth properties of E. coli BW25113 were determined
upon each metal alone and their mixtures addition. It was shown
that bacterial biomass or growth yield was 0.30 ± 0.01 g L 1 (DW)
without metal ion supplementation and was increased 1.3–1.5fold upon Ni2+, Fe2+, Fe3+ (in the concentrations of 0.05 mM) and
1.3 to 2-fold upon the mixtures of Ni2+ + Fe2++Mo6+; Ni2+ + Fe3+;
Ni2+ + Fe2+ or Fe3+ + Mo6+ (the concentration of Mo6+ was
0.02 mM) supplementation (Fig. 1). The highest growth yield was
obtained in the presence of Ni2+ + Fe2+ mixture (see Fig. 1). The
similar increase was obtained by absorbance measurements (data
not shown). Without metal ion supplementation, l was
0.63 ± 0.02 h 1. While, metal ions of the same concentrations as
above had no or slightly inhibitory effects on l: it was 1.2-fold
inhibited upon Ni2+, Fe3+, Mo6+ and Ni2+ + Mo6+ supplementations
(Fig. 2). Importantly, l with Ni2+ + Fe2+ was the same as with
Ni2+ + Fe3+ (see Fig. 2). In addition, Cu+ or Cu2+ had also some stimulatory effects on E. coli growth (see Figs. 1 and 2). The effects had
concentration dependent manner and were not observed at high
concentrations (>0.1 mM) (data not shown).
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These data indicate that some heavy metals and their mixtures
in low concentrations (<0.1 mM) are required for E. coli growth
during glycerol fermentation and can increase the growth yield
obtaining a higher bacterial biomass. Some interaction of Ni2+ with
Fe2+ could be suggested. These effects of heavy metal ions are obvious due to their requirement for redox processes and enzymes
activity [17–21]; a further study is required. The effects of heavy
metals at low concentrations studied could be different for various
bacteria: Ni2+ increased E. coli (see Fig. 2) and R. sphaeroides [23]
growth but had no effect on Enterococcus hirae growth [32]. This
difference might be due to requirement of Ni2+ for Hyd activity
by E. coli and R. sphaeroides. But the inhibitory effects of Cu2+
(>0.1 mM) were similar to those for E. coli [25,31] or E. hirae [33]
reported with sugar (glucose) fermentation. Moreover, Cu2+ + Fe3+
combination decreased E. hirae growth [33].
3.2. H2 production by E. coli in the presence of various heavy metal
ions
ORP is known as one of the important physicochemical parameters determining bacterial growth [34]. On the other hand, ORP is
a parameter connected to the activity of Hyd enzymes and H2 production [29]. Thus, ORP kinetics and H2 production were investigated in E. coli during glycerol fermentation at pH 6.5. Drop of Pt
electrode readings from positive to low negative values
( 450 mV) (comp. with decrease of Ti–Si–electrode readings)
from the beginning of the lag growth phase to stationary growth
phase of E. coli (Fig. 3) indicated the formation of H2 with the yield
of 0.75 ± 0.02 mmol L 1 at 12 h of growth (Table 1). The similar
value for H2 yield by E. coli during glycerol fermentation has been
reported previously [35]. In spite of glycerol being very cheap substrate for fermentation, the value of H2 yield by E. coli with glycerol
fermentation reported by different groups [3,4,35] is not high
enough to be employed in H2 production biotechnology [2]; that
is why the significant increase in H2 yield by optimization of the
technology conditions should be required.
H2 yield was markedly stimulated (1.9–3-fold) in the presence
of some heavy metal ion mixtures of 0.02–0.1 mM Ni2+ + Fe3+,
Ni2+ + Fe3+ + Mo6+ and Fe3+ + Mo6+ Mo6 (see Table 1). Indeed, the
modification of the medium with some heavy metals and their
mixtures studied would be a strategy to be applied for the
increased H2 production. While 0.1 mM Cu+ or Cu2+ had H2
production suppressing effect (see Table 1), it seems to be likely
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0.2
0.1
0

Fig. 1. The effect of various metal ions and their mixtures on E. coli BW25113 growth yield during glycerol fermentation at pH 6.5. 0.05 mM Ni2+, Fe2+, Fe3+, 0.02 mM Mo6+ and
0.1 mM Cu+, Cu2+ were added into the growth medium when mentioned. Dry cell weight (DW) was determined after 24 h bacterial growth. For the others, see Section 2.
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Fig. 2. The effect of various metal ions and their mixtures on E. coli BW25113 specific growth rates (l) during glycerol fermentation at pH 6.5. For details, see the legends to
Fig. 1.
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Table 1
H2 production yield of E. coli BW25113 during glycerol fermentation at pH 6.5 in the
presence some heavy metal ions.
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Additions of metal ions
and their mixturesa

H2 yield,
mmol L 1

Increase of
H2 yield

Controlb
Ni2+

0.75 ± 0.02
0.71 ± 0.03
P > 0.5c
0.70 ± 0.02
P > 0.5
0.71 ± 0.04
P > 0.5
0.75 ± 0.03
P > 0.5
1.30 ± 0.01
P < 0.01
0.80 ± 0.02
P > 0.5
1.40 ± 0.03
P < 0.01
2.20 ± 0.01
P < 0.001
1.50 ± 0.01
P < 0.01
0.80 ± 0.01
P > 0.5
–e
–

1.00d
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Fig. 3. ORP changes of E. coli BW25113 during glycerol fermentation at pH 6.5
without metals ions added into the growth medium. ORP was measured by
platinum (Pt, r) and titanium–silicate (Ti–Si, j) electrodes and expressed in mV (vs
Ag/AgCl (saturated by KCl)). The error bars were <2% and within the designations.
For the others, see Section 2.

that Cu2+ is an inhibitor for Hyd in different bacteria [25] and
archaea [26].
Thus, the obtained results indicated the significance of some
heavy metal ions and their mixed combinations in H2 metabolism
of E. coli during glycerol fermentation at pH 6.5. The stimulatory
effects of metal ions at low concentrations (<0.1 mM) on H2 production might be regarded as a result of their involvement in maturation and assembly or functioning of Hyd enzymes responsible
for H2 production: Ni-Fe ions as cofactors are necessary for the formation of active sites in Hyd [15,19,21] as well as Mo ions – for formate dehydrogenase, component of FHL [10]. Some interaction of
Ni2+ with Fe3+ but not Fe2+ (comp. with E. coli growth yield, see
Fig. 1) could be suggested to determine the activity of Hyd
enzymes and enhanced H2 production by E. coli (see Table 1).
Fe3+ might stimulate electron transfer to H+ forming bridge of Ni
with Fe and reducing H+ into H2 within active site of Hyd enzymes,
as proposed [9,15,19]. This complex mechanism of [Ni–Fe]-active
site is in a good correlation with crystallography results of Hyd

2+

Ni

+

Cu
Cu2+

+ Fe

2+

+ Mo

6+

0.93
0.95
1.00
1.73
1.07
1.87
2.93
2.00
1.07

a
0.05 mM Ni2+, Fe2+, Fe3+, 0.02 mM Mo6+, and 0.1 mM Cu+, Cu2+were added into
the growth medium when mentioned.
b
control was without metals supplementation.
c
for the difference between the series and control.
d
1.00 was for control.
e
H2 production was absent.

[21]. Therefore, some direct effect of Ni2+ and Fe3+ on Hyd activity
is proposed. Interestingly, Fe2+ has been shown to be required for
H2 production by R. sphaeroides [24], suggesting different mechanisms of H2 production [2]. Non-direct effect of heavy metals on
Hyd activity should not be ruled out: they can affect ORP mediating
changes in enzymes activity and redox processes [34]. Moreover,
Fe3+ in combination with Mo6+ was significant for H2 production.
Bacteria have developed multiple ways for accumulation of
those heavy metals, such as primary and secondary transport systems, membrane channels, operating together with siderophores
[18,20,32,33,36]. But in considerably higher concentrations
(>0.1 mM) heavy metals might cause inhibition of bacterial growth
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and Hyd activity and change proton FOF1-ATPase, as shown with
E. coli [25,31].
These results are of interest too, since E. coli has been recently
used in the mixed culture with R. sphaeroides to develop H2 production biotechnology [37] or two stage technology with these bacteria
developed instead of one [2,38] for which effects of heavy metals
and their mixtures might be considered as optimization strategy
for enhanced biohydrogen production. Furthermore, effects of
metal ions and their mixtures supplemented into the growth medium to obtain bacterial biomass and to increase H2 production will
be studied while using different substrates or wastes and at different pHs. This will enlarge the applications of metals and their mixtures in biotechnology and energy production by bacteria.
4. Conclusions and consequences
Co-supplementation of some heavy metal ions and their mixtures in low concentrations can markedly stimulate E. coli growth
on glycerol and significantly enhance H2 production yield in batch
culture. Discrimination between Fe2+ and Fe3+ was important for
biomass yield and H2 production. Some interaction of Ni2+ with
Fe3+ and role of Fe3+ in combination with Mo6+ were suggested to
determine the activity of H2 producing Hyd enzymes. These results
were novel and significant for H2 production by E. coli .
E. coli growth and H2 production from glycerol as a waste and a
cheap substrate is not industrially practical so far, and these novel
findings about the effects of some heavy metals and their mixtures
might have advantageous application to increase bacterial biomass, as well as to enhance bio-hydrogen production. These will
be important for construction of new strains by metabolic engineering and optimization of technology conditions, especially bacterial growth medium composition and nutrient content paying
attention to the effect of the mixture of Ni2+ + Fe2+. Bio-hydrogen,
as applied energy source with no impact on the environment,
would become more advantaged and economically effective.
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