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Hydrogen (H2) is an eﬀective, environmentally friendly and renewable source of fuel that can be produced
during dark- and photo-fermentation by diﬀerent facultative and obligate anaerobic and purple bacteria and
microalgae. This product is known as biohydrogen. It has the advantage of variable yield at low temperature (for
mesophiles growing best at moderate temperature) and relatively low production cost, if compared with
thermochemical methods. To develop fermentative H2 production biotechnology using cheap carbonaceous byproducts and utilization of organic wastes, the selection or construction of eﬀective bacterial strains and
optimization of technology process conditions are required. Here we review recent new data that have been
obtained with Escherichia coli, Clostridium beijerinskii, Rhodobacter sphaeroides and other bacteria. Activities
of [Ni-Fe]-hydrogenases of dark-fermentative bacteria and [Mo]-nitrogenase and [Ni-Fe]-hydrogenase of
photo-fermentative species have been examined after growth with diﬀerent carbon sources, using pure cultures,
as well as co-culture and mixed-cultures technologies. Importantly, H2 production from cheap and readily
available substrates like crude glycerol or diﬀerent industrial, agricultural and other carbon-based wastes by
bacteria is a sustainable technology. Consequently further approaches and strain-improvement could increase
H2 production in a cost-eﬀective way, and they will lead to both small- and large-scale H2 production. Moreover,
they will provide signiﬁcant economic and environmental beneﬁts for renewable and sustainable energy supply
in the near future.

1. Introduction
Hydrogen (H2) is an eﬀective, environmentally clean and renewable
fuel, because it has three-fold higher energy content (~ 142 kJ g−1)
than fossil fuel, such as oil, so its conversion eﬃciency is high; it
generates only water and no toxic by-products and it can be produced
from biomass [1,2]. Development of a low-carbon economy is important to decrease green house gas emissions and to avoid climate
change, which can be irreversible processes [3]. H2 can be produced by
various methods including dark- and photo-fermentation through the
activities of diﬀerent facultative and obligate anaerobic and purplesulfur bacteria, as well as by microalgae (Fig. 1). It can also be
produced through biophotolysis of water by microalgae and algae as
biocatalysts. H2 production by bacteria, microalgae and algae is known
as biohydrogen and this source remains a highly promising one in
terms of global energy supply [1]. It has the advantages of high yields at
comparatively low temperature (typically between 20 and 45 °C) and
has relatively low cost if compared with other methods of production
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[2] (see Fig. 1). Furthermore, dark-fermentation does not need sunlight, has a signiﬁcantly higher rate of production and has the added
advantage that H2 can be continuously produced when compared with
photo‐fermentation.
The European Union's aim is to improve the contribution of H2
production to 27% of our renewable energy budget, and to reduce
green-house gas emissions by > 40% by 2030 (compared to the 1990
level) [4]. These are important goals for the global energy strategy to
establish a low-carbon economy and ﬂexible and adaptive power
systems. To achieve these goals this requires further development of
biohydrogen biotechnology (Fig. 2). Moreover, H2 is an important part
of current and future transport development with the aim to increase
use of H2 vehicles and to build H2 ﬁlling stations. Starting in 2018
Toyota will produce > 3000H2-powered vehicles per year (e.g. the
Toyota Mirai is one of the ﬁrst vehicles to be sold commercially that
uses exclusively a H2 fuel-cell). A ‘H2 highway’ system is planned for
European countries these will be served by > 1000H2-ﬁlling stations,
which will be constructed by 2023, including > 400 stations in
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be located in the proximity of carbonaceous resources. This H2 can also
provide security and reduce operating expenses for its transportation.
Furthermore, the generation of various contaminants, including volatile fatty acids, can be drastically reduced or avoided if the production
site is close to the power station.
H2 is also a signiﬁcant feedstock for the chemical, food, pharmaceutical and some other industries, and is important in metallurgy and
the production of electronic devices [7]. These are the main ﬁelds of H2
application.
To develop fermentative H2 production biotechnology using carbonaceous by-products and organic wastes, studies to select eﬀective H2producing heterotrophic bacteria or the genetic modiﬁcation of already
characterized strains for the optimization of this technological process
have been initiated. These approaches could increase H2 production in
inexpensive ways (Fig. 2). They will beneﬁt both small- and large-scale
H2 production capabilities globally and provide signiﬁcant beneﬁts for
renewable and sustainable energy supply in the near future.
Although there have been several excellent reviews on microbial
biohydrogen production published within the last few years [1,2,7–19],
this is a rapidly-expanding ﬁeld and there have been many exciting new
recent ﬁndings in this subject, particularly from patents (Fig. 4) and,
thus, an updated review is required. This review highlights new
ﬁndings in the ﬁeld and developments in H2 production biotechnology
(see Fig. 2) focusing on biohydrogen from organic by-products like
glycerol, their mixtures with diﬀerent organic compounds like sugars
and organic acids contained in organic wastes and various carbonbased wastes like distillers grains (DG) and brewery wastes by bacterial
fermentation processes. The ﬁndings are with Escherichia coli,
Clostridium beijerinskii, Rhodobacter sphaeroides and other fermenting bacteria; pure, co- and mixed bacterial cultures are considered and
compared; some novel ideas concerning basic and applied research on
biohydrogen production like general physiology, genetics and biochemistry of responsible enzymes – hydrogenases (Hyd), interaction between these enzymes and hydrogen cycling through the membrane in
the cells and the stimulatory and inhibitory eﬀects of diﬀerent heavy
metals and their mixtures are also presented and discussed. They will
be useful to draw novel approaches (see Fig. 2) for enhanced H2
production by bacteria.

Fig. 1. H2 production sources and methods of dark- and light-driven fermentations by
bacteria as biocatalysts, highlighting their advantages.

Fig. 2. Main approaches adopted to enhance H2 production by bacteria.

2. Cheap organic substrates and advantages for H2
production
Future economically viable alternatives for the development of H2
production biotechnology in both the small- and large-scale require the

Fig. 3. H2-ﬁlling stations numbers biulded in 2015–2016 and planned for 2017–2032
[6].

Germany alone [5]. Generally a rapid increase in the number of H2ﬁlling stations (Fig. 3) and their distribution worldwide is planned [6].
In addition, H2 will be explored as an alternative fuel source in
airplanes and space shuttles. As with hybrid technology, which is
now widely adopted, we see an even more rapid acceleration in the
development and acceptance of H2 vehicles.
There is also one important argument in favor of biohydrogen from
carbon-containing by-products and wastes: it makes feasible to manufacture decentralized power stations, where the generating units can

Fig. 4. Number of articles published in international peer-reviewed journals and of
patents between 2006 and 2015 by Scopus. Titles on H2 production by bacteria were
searched.
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H2 by E. coli [29] (Table 1). As mentioned above, crude glycerol is
much cheaper than pure one (at least ~ 7 fold), so economic beneﬁt of
its using for H2 production is obvious. Moreover, there is no need to
use pre-treatment or treatment of biomass when crude glycerol is used,
as fermentation substrate by bacteria. Although the mechanism underlying this ﬁnding is unexplained, this is nevertheless an additional
advantage in the use of glycerol (see Fig. 5). Then, it is of interest that
glycerol added into the medium with glucose has been shown to
increase signiﬁcantly (2-fold and more) H2 production by E. coli
[30,31]. However, in the case of E. coli H2 production is optimal at
high pH and decreases when growth occurs at acidic pH [30,31].
Nevertheless, this presents an interesting new approach to H2 production because both glucose and glycerol are found in agricultural,
kitchen and other organic wastes [27]. Because sugars such as glucose
are fermented optimally at low pH by many bacteria, including E. coli,
this allows a wide range of acidic and alkaline pHs to be exploited for
the production of H2 by bacteria: this ﬂexibility has obvious technical
advantages for biohydrogen processing.
H2 can be produced from diﬀerent substrates by bacteria during
photo-fermentation [16,32–37]. Among these substrates are sugars
(glucose or sucrose), carboxylic acids (formic, acetic, succinic, malic
and other acids) as carbon source [38–40] and amino acids (glycine,
glutamic acid, lysine, proline and others) [39,41] or from yeast extract
when used as a nitrogen source [42].
Various carbon-based organic wastes, which contain sugars, proteins, amino acids and lipids [43–45], can also be used for biohydrogen
production by bacteria. Moreover, glycerol content in diﬀerent wastes
might provide eﬀective option for H2 production [27]. Indeed, DG
derived from the wine and ethanol industry (the cost is 2 cents/kg)
[35,36,42], wastes from potato, rice and wheat straw, maize stalks [46–
48], brewery [49,50], food (kitchen) [51], municipal solid wastes [52],
cheese whey [53–55], oil mills [56] and dairy industry [57] wastewaters and many other sources [11,17,58–61] can be fermented to
produce of H2 by E. coli, Rhodobacter and Clostridia species and other
bacteria and by their co- or mixed cultures including various lactococci
and enterobacteria (Table 2). Importantly, H2 production yield from
diﬀerent organic wastes is lower than from by-products (glycerol)
(comp. Tables 1, 2) but it is reasonable if costs for wastes and glycerol
are compared. Recently, Kumar et al. [62] published an update on the
production of lignocellulose-derived H2 by dark fermentation and
discussed pretreatment and hydrolysis methods to achieve eﬃcient
and cost-eﬀective processing. All this demonstrates high-potential of
diﬀerent carbon-based wastes as renewable feedstock to produce
bioenergy, especially H2, having a central role in bioreﬁnery concept
[45,63]. While the search for cheap alternative potential waste as
carbon sources for H2 production continues, and with obvious economic advantages, the optimal conditions are very diﬀerent for various
crops, by-products and wastes. But, as mentioned above (see
[13,43,60–62]), diﬀerent wastes require pre-treatment and treatment,
which could increase expenses for H2 production even of cheap wastes.
A further advantage of utilization of organic wastes for H2 production by bacteria is that this process can also contribute to maintain a
clean environment and control climate change since diﬀerent wastes
are accumulated in large quantities and at critical level dangerous for

Fig. 5. Crude glycerol from biodiesel industry to produce biofuels and its applications in
other ﬁelds of industry and agriculture. Based on data from [2,7,22,29].

use of cheap organic growth substrates. One substrate that ﬁts this
requirement is glycerol (C3H8O3). Glycerol is produced during the
degradation of biomass, vegetable oils and animal fat, and is also
generated in large quantities as the main by-product of the biodiesel
industry (1 kg glycerol per 9 kg of biodiesel [20,21]). Over 65% of
glycerol is obtained as by-product of biodiesel industry, which is
produced much in the European Union and the other countries [2].
Importantly the biodiesel production has become one of the most fast
growing industries worldwide [2,21] making crude glycerol highly
available substrate for applications (Fig. 5); its market value is
estimated to grow at 7.9% till 2022.
It has been discovered recently that glycerol can be fermented by
many bacterial species at acidic [22] and alkaline [23–26] pHs and,
therefore, serves as an excellent substrate to produce biohydrogen. The
discovery of glycerol fermentation by bacteria initially by Gonzales [22]
and then by our group as a source of H2 production [23,24] has several
implications. Firstly, although it is clear that the maximal H2 yield from
glycerol (C3H8O3 + 3H2O - > 7H2 + 3CO2) is lower than that from
sugars (glucose, C6H12O6 + 6H2O - > 12H2 + 6CO2; or xylose, C5H10O5
+ 5H2O - > 10H2 + 5CO2), nevertheless glycerol is very cheap (nowadays cost is roughly 4–11 cents/kg for crude glycerol and 70–101
cents/kg for pure glycerol) and widely available [2]. Moreover, market
price of glycerol is decreasing since increasing biodiesel production
[21,27]. This will lead to economic beneﬁt lowering the costs for
substrate (glycerol is cheaper than glucose) and operating expenses for
its transportation in addition to that a comparatively low temperature
is applied. But glycerol is not only abundant and inexpensive but it has
unique characteristics generating more reducing equivalents than
sugars (glucose or xylose); therefore, glycerol has quickly become a
competitive raw material to produce diﬀerent fuels and chemicals,
along with various other applications, compared with sugars [7,25,28].
Importantly, crude and pure glycerol proved to yield similar levels of

Table 1
H2 production from crude and pure glycerol in batch cultures of Escherichia coli. Data were from [29].
Type of glycerol

Glycerol concentration, g L−1

Culture medium composition

pH

Maximal H2 yield, production, mmol
H2 L−1

Crude (40–80%
glycerol)
Pure ( > 98% glycerol)

10

MOPSa buﬀered minimal media; 10 g L−1 tryptone,
5 g L−1 yeast extract
MOPS buffered minimal media; 10 g L−1 tryptone,
5 g L−1 yeast extract

pH 6.3

~ 13

pH 6.3

~ 11.5

a

10

3-morpholinopropane-1-sulfonic acid.

1203

1204

Palm oil, pulp and paper mills
eﬄuents

Olive mill wastewater

Cheese whey wastewater

Cheese whey

Food (kitchen) wastes

Brewery wastewater
Brewery wastewater

Raw corn stalk

Bacillus sp., dark fermentation
R. sphaeroides O.U.001,
photo fermentation
Rhodopseudo-monas palustris CGA009;
photo fermentation
Clostridium sp. IODB−03,
dark fermentation
Rahnella aquatilis 9,
dark fermentation
R. sphaeroides O.U.001,
photo fermentation
R. sphaeroides NCIMB8253,
photo fermentation

Batch culture;
glucose added, 28 °C;

Mixed culture of Enterobacteria-ceae, Streptococcaceae, Pectobacterium, Raoultella,
Rahnella and
Lactococcus
Clostridum butyricum FS3, dark fermentation

Industrial municipal solid waste
containing mainly butyrate and
acetate
Leaf-shaped vegetable wastes with
potato pills

Batch culture; Ormerod medium, pH 7.0,
30 °C; light intensity of approx. 36 W / m2
Batch culture; Ormerod medium, pH 7.0,
30 °C; light intensity of approx. 36 W / m2
Batch culture; pH 6.0, 50 °C; pre-treatment
at 95 °C and with 3 N HCl,
Batch culture, crude glycerol added (1%), pH
5.5

Rhodobacter sphaeroides MDC6521, light
fermentation
Co-culture of E. coli BW25113 and R.
sphaeroides MDC6521
Mixed culture of unidentified bacteria from cow
dung
Mixed culture of Eubacteria and Archaea,
dark fermentation

DG with solubles from ethanol
industry
DG with solubles from ethanol
industry
DG from wine industry

Bioreactor; pH 7.2, 32 °C; light intensity of
200 W / m2
Batch culture; 30 °C; light intensity of
7000 lx

Anaerobic respirometer; pH 7.1; 20 °C

Response surface methodology;
diﬀerent sugars
Batch culture; pH 6.0, 35 °C
Bioreactor; Biebl and Pfennig médium; pH
6.0; light intensity of 116 W / m2
Bioreactor; carbon-free complex medium;
light was from 2 fluorescent lamps of 20 W
Batch culture; pH 8.5; 37 °C;

Batch culture; pH 7.5, 37 °C

Escherichia coli BW25113,
dark fermentation

Distillers grains (DG) with solubles
from ethanol industry

Technology conditions

Bacteria, fermentation type

Organic wastes

Table 2
H2 production from diﬀerent organic wastes by diﬀerent bacteria during dark- and light-driven fermentation processes.

H2 was reached a high content ( > 65%) in exaust gas; the highest rate was 474 mL
(g bacterial biomass)−1 per day
H2 was produced after 15 h and continued till 54 h; H2 production rate was 1 mL
H2 L−1 h−1 and increased by metal ions additions
The highest H2 yield was with the mixture of palm iol mill (25%) and pulp and
paper mill (75%) eﬄuents; maximal H2 production rate was 496 mL H2 L−1 h−1; H2
production could be increased 1.9 fold by ultrasoniﬁcation

Maximal H2 yield was from sucrose; maximal H2 yield (92.9 mL g−1) from corn
stalk was at the concentration of 20 g L−1
H2 production yield of 61 mL H2 (g volatile solids)−1
The highest H2 production (2.2 L H2 L−1) was achieved with ﬁltered and sterilized
wastewater at concentration of 10%
The highest H2 production rate was achieved on the 2nd day, H2 was cummulated
during 7 days
H2 production yield of 6.35 mol H2 mol (mol lactose)−1

H2 yield depended on glucose concentration; higher yield of 1.6–2.2 mol H2 / mol
glucose at low concentration (1 g L−1) but maximal production at a concentration of
10 g L−1

H2 production rate of 51 H2 (kg total volatile solid)−1 and yield of 2.32 mol H2 L−1
were doubled by glycerol added; H2 was cummulated during 7 days

[35]

H2 was produced during 24 h; 2–5 fold diluted DG enhanced 2 fold H2 yield;
undiluted and 10 fold diluted DG decreased H2 yield in comparison with culture
grown on glucose (2 g L−1)
H2 was produced after 24 h and continued till 96 h; 2 fold diluted DG enhanced 4.6
fold H2 yield and 5 fold diluted one enhanced 5.5 fold H2 yield;
H2 was produced after 24 h and continued till 96 h; 2 fold diluted DG enhanced
1.5–3 fold H2 yield for 72–96 h in comparison with appropriate pure cultures
H2 was produced during 156 h; H2 production was dependent on DG concentration

[59,60]

[56]

[54]

[55]

[51]

[49]
[50]

[48]

[47]

[52]

[43]

[36]

[35,36]
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are diﬀerent carboxylic organic acids, ethanol and gaseous H2 from
sugars (glucose) or glycerol [1,2,25,31,64,66–70] (see Fig. 6). CO2
from formic acid might be used by bacteria for cell growth (key
carboxylation reactions) and regulation of intracellular pH, as has
been suggested [71]. The ratio of the end products is variable and
depends on the concentration of substrates, pH, redox potential and
other external factors [72]. Moreover, H2 has a negative impact on the
formation of end products [22,73]. The absence of formation of lactic
acid and reduced formation of acetic acid from glycerol, but not from
glucose, are distinctive characteristics of mixed-acid fermentation of
glycerol, as compared with sugars [25,67].
Moreover, unlike the glycolysis (for sugars), glycerol fermentation
enters central metabolism via dihydroxyacetone phosphate and is
converted to phosphoenolpyruvate (PEP) and then pyruvate (PYR)
generating a loop pathway (see Fig. 6). The latter can lead to formation
of succinic acid. These are important for regulating metabolic ﬂuxes
during glucose or glycerol fermentation. Furthermore, there is no net
gain of ATP during glycerol fermentation (see Fig. 6). These together
have various bioenergetic eﬀects: a lower intracellular pH is maintained and changed (lower) proton-motive force is generated during
glycerol fermentation compared to glucose: these have been reported
recently [74]. Thus, even with E. coli, our knowledge about glycerol
fermentation and H2 metabolism in bacteria is still incomplete and
further study is required. The other area requiring further study is the
links between the diverse H2-oxidizing and -producing pathways in
diﬀerent bacteria. A deeper understanding of fermentation and H2
production and the underlying physico-chemical and molecular mechanisms is essential for the development of high-quality biohydrogen
biotechnology.

Fig. 6. Combined putative metabolic pathways of glucose and glycerol fermentation in E.
coli. The scheme is adapted from [1,2,25,31,64,66–70]. Dashed arrows indicate pathways only for glucose fermentation, solid arrows indicate pathways only for glycerol
fermentation, and solid + dashed arrows indicate pathways common to both glucose and
glycerol fermentation. The end products are formatted as italics. 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; AcCoA, acetyl-Coenzyme A; ADP, adenosine diphosphate; ATP, adenosine triphosphate; DHA, dihydroxyacetone; DHAP, dihydroxyacetone
phosphate; GAP glyceraldehyde-3-phosphate; NADH, dihydrodiphosphopyridine nucleotide; NAD+, diphosphopyridine nucleotide; PGP, 1,3-diphosphate glycerate; G6P, glucose
6 phosphate; F1,6 P, fructose-1,6 diphosphate; AP, Acetyl -phosphate.

4. Hydrogenases and H2 cycling
the environment. This provides additional and signiﬁcant advantage
for H2 production even cheap substrates and cost-eﬀective technology
conditions are used.
Thus, there are cheap, cost-eﬀective and almost unlimited resources
like organic by-products (glycerol) and diﬀerent wastes for biohydrogen production, which should accelerate H2 production and change our
future energy conservation strategy. Not only cheap substrates but also
the other approaches (see Fig. 2) would signiﬁcantly decrease the cost
of H2 produced; these would be reviewed hereafter.

H2 metabolism in bacteria leading to its production depends on
Hyd enzymes which are either soluble or membrane-associated enzymes catalyzing the reversible redox reaction of 2H+ to H2 [75].
Diﬀerent Hyd enzymes have been identiﬁed in many bacteria; among
the important characteristics of these enzymes is their metal content.
Hyd enzymes are divided into two main groups based on metal content
in the active sites namely nickel (Ni) and iron (Fe): the [Ni-Fe]-Hyds
occur in a large number of bacteria and are evolutionarily more ancient
that the [Fe-Fe]-Hyds or [Fe]-Hyds [76]. The latter sub-group of (Fe)dependent Hyd enzymes is found in a specialized group of the archaea
[76].
E. coli encodes four membrane-associated [Ni-Fe]-Hyd enzymes
[68,77]. These Hyd enzymes are genetically determined: Hyd-1 and
Hyd-2 are encoded by the hyaABCDEF and hybOABCDEFG operons,
respectively [78–80], and consist of large and small subunits containing [Ni-Fe] active site and [Fe-S] clusters, respectively [81,82] (Fig. 7).
In contrast to Hyd-1, Hyd-2 has a ferredoxin-like subunit [81,83],
which might be important in electron-transfer to and from the quinone
pool [84]. Hyd-1 and Hyd-2 oxidize H2 to transfer electrons to quinone
pool and to provide the cell with additional energy during glucose
fermentation but also under other conditions [85]. Hyd-3 is encoded by
the hycA-hycBCDEFGHI operon and consists of a total of six subunits
[86] (see Fig. 7). Sequence identity between some Hyd-3 subunits and
proton-translocating NADH: ubiquinone oxidoreductase complex
(complex I) allows to propose that Hyd-3 might be coupled to
generation of a proton motive force [77].
The fourth hydrogenase in E. coli is Hyd-4, which is encoded by the
hyfABCDEFGHIJ-hyfRfocB operon and consists of three more subunits in addition to Hyd-3 [87] (see Fig. 7). Hyd-3 and Hyd-4 form the
major parts of the large, multi-protein formate hydrogenlyase (FHL)
complexes [87,88]. It was proposed that, unlike FHL-1, which comprises Hyd-3, FHL-2 includes the Hyd-4 enzyme and may be an
energy-transducing complex since, like the proton-translocating
NADH: ubiquinone oxidoreductase complex and unlike Hyd-3, the

3. Dark fermentation of organic substrates and H2
production
Many bacteria under anaerobic conditions in the absence of
external electron acceptors can perform the so-called dark fermentation of organic substrates, i.e. without the need for light as an energy
source. A common fermentation is the mixed acid fermentation
performed by enterobacteria, resulting in the formation of lactic,
formic and diﬀerent other carboxylic acids and ethanol. The further
disproportionation of formic acid (HCOOH) forms H2 and carbon
dioxide (CO2) (HCOOH - > 2H + CO2 and 2H - > H2) (Fig. 6) [2,64].
Therefore, dark fermentations producing H2 usually produce a mixture
of other products. Why is H2 produced from formic acid, as the end
product of fermentation? H2 reduces formic acid formation but
provides H+ and, thus, represents an important factor in regulating
of intracellular pH [65]. This has been considered as an important role
for H2 in balancing proton gradients and oﬀ-setting acidic pH in
bacterial physiology and bioenergetics.
E. coli is a well-studied facultative anaerobic bacterium carrying out
under anaerobic conditions (in the absence of oxygen), mixed-acid
fermentation of carbohydrates (sugars), which are common and stored
in plant tissues as well as in other organic carbon sources, particularly
in diﬀerent wastes [2]. The regulation of fermentation pathways in E.
coli is complex [64]. They can be represented schematically as a set of
biochemical redox reactions where the end products of fermentation
1205
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Fig. 7. [Ni-Fe]-hydrogenase enzymes and their genes of E. coli. Structural components are given with their molecular mass predicted or determined. Proteins of Hyd-4 have not been
isolated and characterized yet. Based on data from [82,86–88].
Table 3
H2 production by E. coli and characteristics of hydrogenase enzymes for batch-culture during glucose and glycerol fermentation at diﬀerent pHs.
Characteristics or properties
of Hyd enzymesa

H2 production rate in wild type, mmol H2 min−1 (g dry weight)−1
Responsible Hyd enzymes
Sensitivity to osmotic stress
Recycling H2
Inhibition by DCCD
Requirement of the FOF1-ATPase
Coupled generation of a proton-motive force
Intracellular pH
a
b
c
d

H2 production from glucose

H2 production from glycerol

pH 7.5b

pH 5.5b

pH 7.5b

pH 5.5b

8.43
Hyd−4
Hyd−3 and Hyd−4
+d
+
+
+
7.5

Hyd−3
NDc
+
–
–
+
6.1

4.57
Hyd−2 is major, and Hyd−1 is less
Hyd−3 and Hyd−4
+
–
+
+
7.0

6.79
Hyd−3
Hyd−1, Hyd−3 and Hyd−4
+
+
+
+
5.7

For references, see the text.
Initial pH, ﬁnal pH in buﬀered medium (20 g L−1 peptone) was 7.2 or 5.2 for initial pH 7.5 or 5.5, respectively.
Not determined.
The signs “+” or “–“ represent the presence or the absence of the characteristics, respectively.
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3 activity. At pH 5.5 during glucose fermentation Hyd-1 was essential
for H2 metabolism, with Hyd-3 contributing little in the wild type to the
total activity under these conditions [85]. Interestingly, Hyd-1 could
become an eﬀective H2 producer at pH below 4 [113], but bacteria such
as E. coli cannot grow under these extreme conditions. Hyd-3 had a
more signiﬁcant contribution to total Hyd activity with glycerol at pH
5.5 [85]. These ﬁndings substantiate the important role of H2-oxidizing
Hyd-1 during growth at acidic pH. It is also suggested that FHL
(including of Hyd-3) can change its operation direction to synthesize
formic acid at low pH [114].
Moreover, some metabolic crosstalk between Hyd-1 and Hyd-2 is
suggested on both the gene expression and enzyme activity levels [115].
This crosstalk was also oﬀered when Hyd-2, but not Hyd-1, activity
increased at a low activity of Hyd-3 or when Hyd-1, but not Hyd-2,
activity was reduced when Hyd-3 activity was abolished [79].
Furthermore, Hyd-3 activity increased when the hyb but not hya
operon was deleted [93]; however, this might be related to improved
maturation of Hyd-3. It is clear that the interaction between Hyd
enzymes to oxidize and to produce H2 is important for H2-cycling;
however, further detailed study is required.
It has been suggested that Hyd-1 of E. coli has H2-producing
capability in the presence of oxygen [97]. This is interesting as Hyd-1 is
active under oxidizing conditions [83,94] and oxygen can limit
biohydrogen production, which usually requires anaerobic conditions.
It should be noted, however, that E. coli does not synthesize either
Hyd-1 or Hyd-2 during aerobic growth but the Hyd-1 enzyme survives
for at least short periods upon a shift back to aerobic conditions
[82,83].
There is also an intriguing phenomenon during H2 production
whereby the Hyd enzymes in E. coli form a H2-cycle across the
cytoplasmic membrane when at least one Hyd enzyme operates in
H2-oxidizing and the other one in H2-producing mode (Fig. 8)
[1,2,24,66]. This is possibly one reason why E. coli has multiple Hyd
enzymes. H2-cycling is suggested to occur in other bacteria, such as
Salmonella typhimurium [116]. The other aspect of H2-cycling is its
eﬀect on proton cycling, which is a well-known phenomenon in
bioenergetics: it results in generation and utilization of proton motive
force, having a key role in energy transformation in cells [117].
During the fermentation of glucose or glycerol the H+-translocating
FOF1-ATPase is the main mechanism of bioenergetics relevance to
proton motive force generation [8,118,119]. An interaction of H2- and
H+-cycles in the membrane has been suggested to maintain proton
motive force and to regulate intracellular pH when bacteria consume
reduced substrates [10] (see Fig. 8). In this respect, two very diﬀerent
ﬁndings are important: ﬁrstly, proton motive force generation is
changed in an E. coli hypF mutant lacking all Hyd enzymes [74] due
to the eﬀects on the FOF1-ATPase [109]. Therefore, Hyd enzymes have
a direct impact on the overall proton-motive force generation and H+pumping by Hyd is therefore suggested. Second, the H2 production rate
determined in liquid and gaseous phases was markedly diﬀerent during
glycerol but not during glucose fermentation by E. coli; signiﬁcantly
(30-fold) more H2 was observed in liquid phase [120]. This suggests an
increased importance of H2-cycling during glycerol fermentation.

Hyd-4 complex possesses ND2/ND4/ND5-like subunits [87]. It was
shown that during the fermentation of glucose, the hycB gene product
is required for the activity of Hyd-4 at neutral and slightly alkaline pH
[89], and might, therefore, be a component of the functional complex
FHL-2. This may explain why E. coli mutants lacking Hyd-1, Hyd-2
and Hyd-3 do not produce H2 [86,90,91].
The expression of the hya or hyb genes was shown to be induced
under anaerobic conditions upon fermentation of glucose at acidic or
alkaline pHs [92] and under reducing or oxidizing conditions, respectively [93–96], and by formate [80,97]; the hyc operon was also
induced by formate [98] and regulated by the transcriptional regulator
FhlA [99] and in response to pH [98,99]. [Ni-Fe]-Hyd enzymes
undergo a complex maturation, and some proteins, such as the Hyp
enzymes, are required for this process [82,100]; intracellular CO2 is
also important in this process [101].
The activity of E. coli Hyd enzymes and the direction of their
operation have been shown to depend on fermentation substrates and
pH [68] (Table 3). Moreover, the concentration of substrates is
important: H2 production by Hyd-4 has been determined from glucose
at low concentration and at slightly alkaline pH (pH 7.5) [102]; glucose
at a higher concentration ( > 0.2%) can inhibit the expression of the
hyf operon [91] and Hyd-4 activity [102], thus aﬀecting H2 production.
Diﬀerent groups have attempted to determine Hyd-4 activity [78–
81,83,86,97,100–102] but this work was hampered presumably because of the high concentration of glucose used ( > 0.4%).
Furthermore, H2 production from glucose or glycerol is sensitive to
osmotic stress provided by sucrose (see Table 3): Hyd-3 and Hyd-4 are
sensitive to osmotic stress but at diﬀerent pHs, whereas Hyd-1 is
osmosensitive at low pH [89,103]. The other important property of
Hyd enzyme is their inhibition by diphenylene iodonium (Ph2I)
[31,103], which was shown to inhibit [Ni-Fe]-Hyd enzyme activity in
the several bacteria [104].
H2 production by E. coli has been established to be completely
absent when Ph2I is present at very low concentration (1 nM) [31,103].
H2 production by Hyd enzymes can also be inhibited by N,N′dicyclohexylcarbodiimide (DCCD) [23,24,89,105,106], which is an
inhibitor of the H+-translocating FOF1-ATPase and other proton
translocation pathways [107]. DCCD inhibition is diﬀerent during
glucose or glycerol fermentations and depends on pH (see Table 3).
It has been established that H2 production was repressed at alkaline
(pH 7.5) but not acidic (pH 5.5) pH during glucose fermentation,
whereas the reverse was observed during glycerol fermentation [24]. It
is likely that DCCD inhibits H2 production indirectly: it interacts with
the FOF1-ATPase, which might play a role in operation of Hyd enzymes.
Indeed, DCCD inhibited the FOF1-ATPase activity during glucose and
glycerol fermentation but during glycerol fermentation the inhibition of
the enzyme was absent in hypF mutant (where all four Hyd enzymes
are absent [108]) at pH 7.5; however, inhibition was still observed at
pH 5.5 [109]. Interestingly, during glucose fermentation Hyd-4 activity
was shown to depend on K+ [105,110], which is presumably the reason
why H2 production by Hyd-4 had not been observed in K+-depleted
cells.
Whole-cell Hyd enzyme activity and H2 production by E. coli wild
type and mutant strains during glucose and / or glycerol fermentation
at diﬀerent pHs (7.5, 6.5 or 5.5) was intensively investigated during the
last few years. During glucose fermentation at pH 7.5, Hyd-2 (exhibits
H2-oxidation and proton reduction) and Hyd-3 form the basis of the
Hyd activity, with negligible contribution to overall activity made by
Hyd-1 [85,93,111]. In contrast, fermentation of glycerol at pH 7.5
demonstrated that Hyd-1 and Hyd-2 formed the main part of the
overall Hyd activity [85,112]. Therefore, Hyd-2 is suggested to be a
unique enzyme that can switch between H2-oxidizing and H2-producing modes in response to the redox status of the quinone pool [77]; H2
production from glycerol by Hyd-2 requires reverse electron transfer
[84]. Hyd-3 had the highest activity after growth at pH 6.5 in the
presence of either glucose or glycerol [85] so pH 6.5 is optimal for Hyd-

5. Fermentation of mixed carbon sources and H2 production
An interesting aspect for enhancing H2 production is the fermentation of mixed carbon sources, especially glucose and glycerol together
or with other carboxylic acids – a novel approach developed over the
last few years. Indeed, since glycerol is such a cheap substrate for dark
mixed-acid fermentation by diﬀerent bacteria, therefore, sugars (glucose) remain of interest and work eﬀectively in improving H2 yields,
especially when mixed with glycerol or with carboxylic acids, the latter
being components of diﬀerent carbon-containing wastes.
It is interesting that, in addition to only the fermentation by E. coli
and a few other bacteria [23,24,85], it has been shown that glycerol ( >
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Fig. 8. H2-cycling in bacteria during dark-fermentation. A- H2-cycle across the cytoplasmic membrane in bacteria formed by combined actions of H2-oxidation and H2-production via
hydrogenase enzymes working in opposite directions. B- H2- and proton-cycles in E. coli during glucose fermentation at alkaline pH (pH 7.5). The scheme is adapted from [1,10,68]. The
directions of operation of the respective hydrogenases to produce and / or to consume H2 are shown (arrows). If suﬃcient ATP is available it can be hydrolyzed also to drive H+
translocation through the F0F1-ATPase, generating proton motive force. The latter drives a set of secondary H+ transporters (H+-porters). (a-b) is for amount of H2 evolved by cell; (m-n)
– H+ secreted from cell.

fermentation [123]. Moreover, ATPase activity determination suggests
that Hyd-1 and Hyd-2 are required for the FOF1-ATPase [109]. These
interesting and provocative ﬁndings clearly indicate that further
research is required on this topic.
Approximately a decade ago it was shown that in addition to its
high activity at pH 6.5, Hyd-3 is also a major H2-producing enzyme of
E. coli when the bacterium grows at pH 7.5 by glucose fermentation
and when the substrate for H2 formation is formate (30 mM)
[124,125]. Interestingly, during glucose fermentation by E. coli up to
one-third of this carbon source can be converted to formate reaching a
maximal concentration of ~ 20 mM [126,127]. This formate can be
oxidized within the cell to produce H2, as noted before, or it can be
exported. At the same time external formate can be re-imported into
the cell through the formate channels FocA and FocB at diﬀerent pHs;
moreover, external formate directs FocA to import the anion [128].
Formate added into the medium in the presence of glycerol stimulated
E. coli growth and H2 production at diﬀerent pHs [129,130]. During
glycerol fermentation formate might also be imported through FocB,
whereas formate is exported preferentially through FocA at pH 7.5
[128]. Interestingly, during glycerol fermentation formate (10 mM)
recovered H2 production in Hyd-2 (hybC) or Hyd-4 (hyfG) mutants,
depending on the pH value [129,130]. These 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 and
formate co-fermentation. Moreover, under these conditions H2 production depends on the formate channels. It is proposed that the
absence of formate channels might lead to increased H2 production
[128], but this needs to be demonstrated experimentally.
H2 generation has been investigated using the mixture of glycerol
(10 g L−1) and acetate (5 g L−1) at diﬀerent pHs [131]. Note, acetic acid
(C2H4O2) can produce H2 (C2H4O2 + 2H2O - > 4H2 + 2CO2). The

Table 4
Hydrogenase enzymes responsible for H2 production by E. coli batch cultures during
mixed-carbon fermentation at diﬀerent pHs.
Mixed carbona

Responsible Hyd enzymes
pH 7.5

pH 5.5

Glucose (2 g L ) and
glycerol (10 g L−1)

Hyd−3

Glucose (2 g L−1) and
formate (10 mM)
Glycerol (10 g L−1) and
formate (10 mM)

Hyd−3 and Hyd−4

Hyd−3, Hyd−4 mainly,
and Hyd−2 in some
extent
Hyd−3

−1

a

Hyd−3, Hyd−4 mainly,
and Hyd−2 in some
extent

Hyd−3

For references, see the text.

10 g L−1) can be co-fermented in the presence of sugars (glucose) at
slightly alkaline pH [30,121–123]. Moreover, H2 production can be
inhibited by DCCD and total inhibition of H2 production by DCCD was
observed in fhlA (encodes transcriptional activator FhlA of hyc operon
[99]) mutant at pH 7.5 and pH 5.5 [123] suggesting that FhlA protein
or more likely the Hyd-3 might directly interact with the FOF1-ATPase.
Importantly, diﬀerent Hyd enzymes are responsible for H2 production
depending on the conditions (Table 4): the activities of mainly Hyd-4
and, to some extent, Hyd-2 to produce H2 have been revealed at low pH
[115,121–123]. When glucose and glycerol were used together, Hyd-3
was the main H2-producing enzyme either in slightly alkaline (pH 7.5)
or acidic (pH 6.5 and 5.5) medium. In addition, previously unknown
Hyd-4 activity at pH 5.5 was demonstrated. Moreover, Hyd-1 and Hyd2 formed H2-oxidizing activity at pH 7.5 and compared to this, Hyd1has no any H2-oxidizing activity at the same pH during glucose-only
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Fig. 9. Photo-fermentation to H2 production and H2-cycling in purple non-sulfur bacteria. The scheme is adapted from [1,32,33,142,143]. A- H2 production by nitrogenase and H2cycling under nitrogen-limited conditions. B- H2 production by Hyd enzyme under nitrogen excess conditions. aH+ translocated through the membrane via e- transfer chain generates a
proton motive force, and the FOF1-ATPase makes ATP. e- transfer paths from carbon source are shown (arrows).

highest H2 yield of 5.16 mmol L−1 was detected at the log growth phase
of E. coli at pH 7.5. H2 production rate was increased at pH 6.5 when
cells were grown with mixed carbon sources (glycerol and acetate)
[131]. Interestingly, H2 generation was continuously detected at pH 7.5
and pH 5.5 for 96 h of growth. There are currently no data available on
which Hyd enzymes activity and which is responsible for H2 production.
Interestingly, formic or acetic acids are known as weak acids having
uncoupling eﬀects on bacteria [65,132]. However, these end products
of fermentation are proposed to be re-assimilated back into the cell
once glucose or glycerol is consumed [133], and the consumption of
acetate by bacteria has been shown in the presence of diﬀerent sugars
[133].
Recently, the conversion of glycerol and its mixture with glucose
into H2 has been demonstrated with C. beijerinckii DSM791: a higher
H2 production was at pH 7.5 [26]. But responsible Hyd enzymes and
regulatory mechanisms are not clear. Interestingly light intensity has
been shown to have negative eﬀect on H2 production by this bacterium
[134]. This eﬀect should be taken into consideration if co-culture of C.
beijerinckii with photosynthetic bacteria is formed and light is applied.
Moreover, crude glycerol added could double the methane-free H2
production rate and yield from municipal solid waste by the other

bacteria – Eubacteria and Archaea during a dark fermentation [52].
The mixed-carbon substrate fermentation under optimized conditions
might be used for pre-cultivation of bacterial cells, regulation of Hyd
enzymes activity towards enhancing H2 production and utilizing
glycerol and carbon-containing organic wastes. There are both economic (cheap wastes) and environmental (wastes utilization) beneﬁts.
Moreover, with knowledge of the genome sequence (deﬁned
transcription and translation systems, broad spectrum of already
constructed mutant strains), metabolic ﬂux analysis (see metabolic
network of glucose and glycerol fermentations on Fig. 6), as well as the
ability of fast growth on cheap substrates (wastes) and based on the
results already obtained, genetic and metabolic engineering it should
be possible to construct E. coli strains with increased H2 production.
In this respect it is of great importance that Wood and his
colleagues [135–137] have identiﬁed uncharacterized genes (54% of
E. coli genome is determined experimentally; the other part is
uncharacterized or predicted on the basis of computational analysis)
whose inactivation is beneﬁcial for H2 production from glycerol. Using
the recombinant DNA technology, they constructed the strains with
ability for ~ 1.6-fold higher H2 production rate and ~ 2.1-fold higher
H2 yield. Output of H2 has reached 95% of the theoretical maximum
but there is still some room for improvement. However, the conditions,
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enzyme as well. However, it has also been suggested that the Hyd
enzyme can be reversible and operate in H2-producing and H2oxidizing modes (see Fig. 9). This seems to be similar to the situation
with Hyd enzymes in E. coli [23,24]. In addition, the H2-producing
enzyme can be involved in generation of proton motive force [156,157].
Н2 production by these bacteria is essentially increased by supplementation of diﬀerent organic substrates, as organic acids or sugars as
carbon sources and as amino acids and yeast extract as nitrogen
sources [39,41,158]. Increased H2 production has been determined
with succinic acid as carbon source, and glutamic acid or yeast extract
as nitrogen source [39,42]. R. palustris was shown to produce H2 from
crude and pure glycerol with high eﬃciency (conversion eﬃciency was
about 90%) [159,160], but this ﬁnding needs additional more detailed
analysis. Moreover, H2 production was shown in medium containing
salt ( < 2% sea salt) [140]. Interestingly, nitrogen-limited and nitrogen-excess conditions (with 2 g L−1 and 5 g L−1 (2.5 fold higher
amount) yeast extract, respectively) can signiﬁcantly aﬀect H2 production by R. sphaeroides: H2 production was higher in nitrogen-limited
conditions [153]. It is likely that H2 can be produced as the ﬁnal step
following diﬀerent metabolic routes (see Fig. 8): for example, in
nitrogen-limited conditions nitrogenase catalyzes reduction of H+ to
H2 according to the reaction: 8H+ + 8e– + 16ATP - > 4H2 + 16 ADP+
16Pi (Pi is inorganic phosphate) and in nitrogen excess conditions
nitrogenase catalyzes the reduction of N2 to NH3 according to the
reaction: N2 + 8H+ + 8e– + 16ATP - > 2NH3 +H2 + 16ADP + 16Pi (H2
could be produced by Hyd enzyme). Therefore, H2 can be produced at
higher levels in nitrogen-limited conditions. That is why nitrogenase is
considered as a main H2-producing enzyme in purple bacteria but it
should be clariﬁed and the Hyd enzyme cannot be excluded as a source
of H2.
The nitrogenase has also been suggested to function in a diﬀerent
mode depending on nitrogen source limitation; additionally, in the
absence of nitrogen in the medium nitrogenase reduces H+ only [32].
Thus, nitrogen source in the medium is important to regulate the
substrate used by nitrogenase, but the exact range of nitrogen source
used needs to be deﬁned more clearly. In this context it is interesting to
suggest that under nitrogen excess conditions e- can bifurcate passing
possibly from NADPH to Hyd enzyme and nitrogenase via Fd (see
Fig. 9). This is similar to electron-bifurcation in energy conservation
processes described for Fd and diﬀerent enzyme systems in bacteria
and archea [161].
A role for the FOF1-ATPase in H2 production by R. sphaeroides is
crucial, that is why the inhibition of the FOF1-ATPase by DCCD has
been shown to suppress H2 production [38,157]. In contrast, overexpression of the FOF1-ATPase complex in R. sphaeroides HY01 has
been shown to improve ATP content, enhancing nitrogenase activity
and, signiﬁcantly, increasing H2 production [162].
Thus, H2 production by purple non-sulfur bacteria can result from
interactions between diﬀerent enzymes and factors, where nitrogenase,
Hyd enzyme and the FOF1-ATPase are the main proteins involved. It is
likely that this interaction network is highly interconnected and
depends on the cellular nitrogen status. Moreover, nitrogenase and
Hyd enzyme operating in opposite directions may form a type of H2cycling (see Fig. 9), but this is not obligatory with these bacteria.

particularly substrates and pH, are important in the use of these strains
for increasing H2 production to have maximal activity of H2-producing
Hyd enzymes. In addition, a new model for metabolic engineering
based on an in vitro synthetic enzymatic pathway has also been
developed to enhance H2 production from biomass in a distributed,
carbon-neutral and inexpensive way [138]. This led to a 67-fold
increase in the production of H2 by E. coli. This approach can be used
for eﬀective H2 production by other bacteria using variable conditions
with substrates (by-products and wastes) and pH.
Moreover, a high-throughput methodology for the systematic
analysis of E. coli knockout strains for the study of glycerol consumption and H2 metabolism has been designed recently in order to identify
novel phenotypes with enhanced H2 yield [139]. This methodology was
useful for screening E. coli mutants, and novel eﬀective strains were
found; it can facilitate an engineering strategy with other H2-producing
bacteria.
6. Photo fermentation of organic substrates and responsible
enzymes
Fermentation of organic substrates in the presence of light resulting
in the production of H2 (photo fermentation) has been found in purple
non-sulfur photosynthetic bacteria and microalgae (see Fig. 1), particularly in R. sphaeroides (the main workhorse of these photosynthetic
genera), Rhodobacter capsulatus or Rhodopseudomonas palustris
[1,16,32–34,140].
The photosynthetic apparatus of purple non-sulfur bacteria consists
of light-harvesting complexes and reaction centers and contains mainly
bacteriochlorophylls (BChl) and carotenoids [141]. Upon absorption of
light energy by the light-harvesting pigment-protein apparatus, electrons from carbon substrates can be transferred to nitrogenase via the
respiratory chain of cytochromes and ferredoxins (Fd) and this results
in the formation of H2; protons are pumped through the membrane to
generate a proton motive force [1,32,33,142,143] (Fig. 9). It is known
that H2-production by R. sphaeroides is coupled to [Mo-Fe]-nitrogenase, which not only participates in nitrogen ﬁxation, but also catalyzes
the reduction of H+ to H2. H2-production by nitrogenase is an
irreversible process, requiring a large amount of ATP, which is
produced by the FOF1-ATPase, the main membrane-associated enzyme
of bioenergetic relevance. R. sphaeroides also has a [Ni-Fe]-Hyd
enzyme, which is responsible for H2 uptake under anaerobic photofermentative conditions; unlike nitrogenase it does not require ATP.
Another Hyd enzyme is also proposed for this bacterium [144].
Interestingly, nitrogenase is sensitive to oxygen, ammonia (NH3) and
to a high ratio of nitrogen to carbon [145–147]. The main problem for
H2-production biotechnology is to overcome the oxygen-sensitivity of
nitrogenase and Hyd enzyme [148].
Genetic studies with R. sphaeroides have not achieved a signiﬁcant
progress; transcription and especially regulation of responsive genes
expression is complex. R. sphaeroides has been shown to have one
[Mo-Fe]-nitrogenase, which is encoded by nifHDK genes [149,150];
the Hyd enzyme is encoded by hupSL genes [142]. Deletion of hupSL
genes resulted in 1.2 fold increase in H2 production from malic but not
from acetic acid [151]. As for other enzymes involved in H2 metabolism
in diﬀerent bacteria, the Hyd enzyme consists of large and small
subunits containing catalytic sites and [Fe-S] clusters, respectively.
Additional nitrogenases could be found in R. capsulatus increasing H2
production [152], but their role in physiology of the bacterium is not
clear.
H2 production by R. sphaeroides MDC6521 and MDC6522 has
been shown to be inhibited by metronidazol (2-methyl-5-nitroimidazole-1-ethanol) ( < 50 μM) [143,153,154], a long-range electron
acceptor from Fd and inhibitor of nitrogenase [155], and Ph2I
(0.5 μM), an inhibitor of [Ni-Fe]-Hyd enzyme [104]. These eﬀects
were concentration-dependent. The inhibitory studies performed conﬁrm that H2 production resulted from both nitrogenase and a Hyd

7. Novel approaches with photo fermentation to produce H2
Novel approaches for increased H2 production by photo-fermentation are constantly being developed over the last few years. They might
have application in H2-production biotechnology using photosynthetic
purple non-sulfur bacteria or their co-cultures with diﬀerent bacteria.
Interesting results with R. sphaeroides MDC6521 batch cultures
have been obtained recently where succinate (30 mM) was used as a
carbon source and yeast extract (2 g L−1) – as a limited nitrogen
source. Firstly, the alternation of the light-dark period and of the light
intensity has led to changes in the production of H2 [163]. It was shown
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to enhanced H2 production by Hyd-4; this is in line with the suggested
dependence of Hyd-4 on the proton motive force [173]. This also
conﬁrms with the proposed H+-translocating activity of Hyd-4 [10,87].
Moreover, nitrogenase and hydrogenase genes from R. sphaeroides
have been shown to be heterologously co-expressed in E. coli: this
manipulation also led to increased H2 production [174]. Interestingly,
the non-native [Ni-Fe]-Hyd enzyme encoded by hupSL genes of R.
palustris could improve H2 production by E. coli [175].
These approaches are attractive for potential large-scale application
in H2 production. With genetic and metabolic engineering of purple
bacteria [32,37,61,144] and optimizing conditions, an increased and
eﬀective production of H2 could be achieved, but attention must be
paid to the substrates and conditions used.

that bacteria did not grow well in dark conditions, but the growth and
H2 production were restored under illumination. When the culture was
illuminated during 24 h after the dark period, the H2 yield remained at
a constant high level during 96–144 h. When the culture was illuminated during 48 h and then dark conditions were used, H2 production
was maintained for 120 h, while the control cells did not produce H2.
These changes might be explained by changes in the formation of
photosynthetic pigments especially BCl 875 (component of light
harvesting apparatus) and decrease in H+ conductance of the membranes analyzed [163]. This is similar to how changes in the lightharvesting complexes aﬀect H2 production, as was shown previously,
but using slightly diﬀerent conditions [32,164,165]. H2 production by
R. sphaeroides decreased in a pufBA mutant, which lacked BChl 875;
but it increased in a pucBA mutant, which lacked the other component
of light harvesting apparatus, BChl 800–850 [164], showing that light
is not limiting for H2 production.
Moreover, it was suggested that the ATP required for light-driven
H2-production was obtained during photophosphorylation, and suﬃcient intensity and exposure of light supplied more reducing power and
ATP via membrane-associated photosynthetic electron transfer, which
was involved in photo-fermentative H2 production [166]. Diﬀerent
light-dark cycles have been shown to change cumulative H2 production
by the other photosynthetic bacteria - R. capsulatus compared to
continuous illumination [167]. Thus, manipulation of the light-dark
cycle, especially the period of illumination after a 24 h dark period, in
comparison with continuous illumination can be considered as optimal
conditions for enhanced Н2 yields providing energy savings.
Reducing agents like DL-dithiotreitol (DTT) or dithionite have been
shown to stimulate H2 production in a concentration-dependent
manner [153]. These reagents decreased the extra-cellular redox
potential [168], and reducing conditions were required for H2 production. In addition, they increased DCCD-inhibited ATPase activity of
membranes [153]; thus, the changes in ATPase, the activity of which is
required for photo-fermentative H2-production, might explain the
eﬀects of the reducing agents.
Recently, it has been reported for the ﬁrst time that low-intensity
electromagnetic ﬁeld of extremely high frequences (51.8 GHz and
53 GHz) can aﬀect H2 production by R. sphaeroides [169]: short
exposures (15 min) increased, and long exposures (60 min) decreased
H2 production. Interestingly this electromagnetic ﬁeld eﬀect also
increased H+ transfer and the FOF1-ATPase activity. It could be
suggested that in addition to water (which can change its structure
and properties), the FOF1-ATPase is a basic target for electromagnetic
ﬁeld as in many bacteria under anaerobic conditions [170] and mediate
its eﬀect on H2 production. Electromagnetic ﬁeld of high frequences
has been already applied for pre-treatment of microalgal biomass to
increase biogas production [171]. These results are important for
possible future use of electromagnetic irradiation technology.
As a novel approach, the use of mixed carbon sources (glucose,
xylose and acetic acid) has been adapted for photo-fermentative H2
production by R. sphaeroides S10 [172], as originally developed for use
with E. coli [121,123]. The mixed carbon composition strongly
inﬂuenced H2 production. Depending on the composition of the mixed
substrate, the cumulative H2 yield varied signiﬁcantly, reaching 2.33 L
H2 L−1. The optimal substrate concentration ratio was a mixture of
5 mM glucose, 18 mM xylose and 7 mM acetic acid [172]. The H2 yield
was 3.56 mol H2/mol of mixed substrate and the substrate-speciﬁc
production rate was 7.26 mL H2 (g mixed substrate)−1 h−1.
Interestingly, these carbon sources were consumed by R. sphaeroides
with equal eﬃcacy [172].
Recently, it has been reported that proteorhodopsin, a lightharvesting protein in bacteria, can increase H2 production when it
was expressed in recombinant E. coli [173]. This eﬀect was observed
when HyfR, the transcriptional activator for the hyf operon encoding
Hyd-4 (see Fig. 5), was overexpressed. It was proposed that the
proteorhodopsin could increase the H+ gradient and thus contribute

8. Organic wastes and co-cultures and mixed cultures
Another approach for increased H2 production from organic wastes
by bacteria is using co-cultures or mixed cultures (see Fig. 2), which
may be stable and allow use of a wider choice of feedstock. Two
diﬀerent types of cultures have been studied and applied in this
technology so far: co-cultures of identiﬁed bacteria and mixed-cultures
from diﬀerent natural sources.
Recently, the approach has been developed for H2 production using
co-culture of dark fermentative E. coli with purple photo-fermentative
R. sphaeroides where H2 production by R. sphaeroides and its
regulation were studied and a requirement for carbon and nitrogen
sources was determined [36]: the co-culture could grow on the carboncontaining waste (DG with solubles) at pH 7.5, and, in a one-stage
process, more H2 yield (2-fold diluted DG with solubles yielded a 1.5–3
fold increase in H2 yield in comparison with pure cultures) was
obtained (see Table 2). The maximal rate of H2 production by coculture was 5.16 mmol H2 L−1 day−1. It should be noted that the
highest H2 production rate was 7.9 mmol L−1 day−1, reported with an
unidentiﬁed mixed-culture and from DG from the wine industry; the
process involved a heat-treatment step and acidic pH [43]. DG with
solubles can alter the modes of bacterial metabolic pathways (see
Fig. 6) and improve H2 production. The increased H2 production from
DG with solubles in co-culture could be explained by the disproportion
between rates of substrate uptake and fermentation end product
formation with changing pH. This might change activity of the Hyd
enzymes leading to improved H2 production, as has been suggested
[176].
The processes underlying the biotechnology development using DG
fermentation end products with E. coli, namely acetate and succinate,
could also be applied to R. sphaeroides for continued H2 production;
the enhanced H2 yield might also be related to use of reducing power
and to improved levels of ATP synthesis, as also shown with dark-light
cycle eﬀects with R. sphaeroides [163].
Co-culture of Clostridium butyricum and R. sphaeroides has been
reported recently to produce H2 from starch; H2 production depended
on species ratio and the yeast extract concentration [177]. The other
co-culture of Clostridium acetobutylicum and R. sphaeroides was also
eﬀective for H2 production from starch: enhanced H2 production was
observed at pH 7.0 by both bacteria; however, a higher H2 production
was obtained when pH was increasing from 6.0 to 7.5 but dark and
photo-fermentation by appropriate bacteria were separated in time
[178].
Mixed cultures (anaerobic microbiota) obtained from sewage
sludge, cow dung and soil have been used for dark-fermentative H2
production because they contained a variety of H2-producing bacteria
[43]. Mixed cultures of diﬀerent consortia of bacteria have also been
shown to produce more H2 from dairy or distillery wastewater by both
dark- and photo-fermentative processes [179]. However, this process
depends on diﬀerent factors, such as pH, substrates, light and other
factors, and often requires pre-treatment of substrates. It is of interest
that predictive and explicative models have been developed for H2
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production from solid organic wastes containing diﬀerent substrates
for fermentative H2 production by mixed cultures: it was shown that
sugars content and butyrate and lactate concentrations were correlated
and had signiﬁcant role in the variation of H2 yield [45,180]. Changes
in metabolic pathways and bacterial community variations are suggested to result diﬀerent H2 production [180]. However, these models
should be further developed to give more clear predictions and
determined process results.
Therefore, selection and formation of stable co-cultures or mixed
cultures and optimization of technological conditions could be a
promising area for further development. Another interesting aspect
to be understood is with regard to the interactions between bacterial
species in co-culture or mixed culture, which can signiﬁcantly change
H2 production yield [36,43,176–178] and the fermentation product
spectrum [181]; this is complex phenomenon and requires further indepth study.

production [187]. The eﬀects were diﬀerent depending on bacterial
growth phase; they were mostly observed during glycerol but not
glucose fermentation and at acidic pH (pH < 6.5) [188]. Moreover,
Fe2+ (50 μM) had no eﬀect on H2 production in a hyaB hybC mutant
(lacking Hyd-1 and Hyd-2), conﬁrming a role for Hyd-1 and Hyd-2 in
reducing H2 production [187,188]. Interestingly, various metal ions
including Ni2+, Fe2+ and Mo6+ have also been shown to increase H2
production in other bacteria, especially C. butyricum [189], R.
sphaeroides [56,190–192] or mixed-cultures [193]; but the concentrations of metals, as well as the substrates for fermentation and
technology conditions used were diﬀerent, thus making direct comparison of conditions diﬃcult (see Table 5). Indeed, the modiﬁcation of the
medium with some heavy metals and their mixtures causing increased
H2 yield would be important for optimization of the technology
conditions in H2 production biotechnology, especially when wasteproducts used as carbón source are contaminated with heavy metals.
Discrimination between Fe2+ and Fe3+ is important for H2 production; some interaction of Ni2+ with Fe3+ can aﬀect activity of H2producing Hyd enzymes, and Mo6+ is important for H2 production.
On the other hand, copper ions (Cu2+) in low concentrations have
been shown to inhibit some membrane-associated enzymes in E. coli,
including the FOF1-ATPase and Hyd enzymes [194], and Hyd enzymes
in archaea [195]. Low concentration of Cu+ ( > 100 μM) had a H2
production-suppressing eﬀect on E. coli [185,187,188] and R. sphaeroides [189] (see Table 5), while very low concentration of Cu+ but not
Cu2+ (5 μM) increased H2 production by R. sphaeroides [196] (see
Table 5). It is likely to that Cu+ at low concentration ( < 50 μM) is
required by many bacteria but in relatively moderate concentrations it
is toxic. The diﬀerence between Cu+ and Cu2+ eﬀects may be coupled
with reducing and oxidizing properties of copper and their eﬃciency of
uptake.
Besides, some heavy metals (Fe2+, Fe3+, Ni2+) and their mixtures
(Fe2+, Ni2+) have simulatory eﬀects on H2 production by C. beijerinckii
[26] (see Table 5) although diﬀerent Hyd enzymes might be operated.
All this might be useful in optimization of technology conditions for H2
production by diﬀerent bacteria.

9. Optimizing conditions: heavy metal ions
For eﬀective biohydrogen production by [Ni-Fe]-Hyd enzymes a
low concentration of Ni and Fe is required. These metals are necessary
for biosynthesis and maturation of Hyd enzymes [82,182,183]. They
are proposed can participate in redox reactions, transferring electrons
through several [Fe-S] clusters (typically 3) to the active site of Hyd
enzymes [184]. Furthermore, the redox potential of the metal in the
active site can inﬂuence the equilibrium of 2H+ + 2e- - > H2 reaction
[76]. Therefore, metals are suggested to regulate the activity of Hyd
enzymes and optimization of their delivery can lead to improved H2
production. In addition, H2 production by the FHL complex requires
molybdenum (Mo) for the formate dehydrogenase component
[88,185,186]; Mo might be also important to increase H2 production.
H2 yield from glycerol by E. coli in peptone medium has been
shown to be stimulated 1.7–3 fold by the mixtures of Ni2+ + Fe3+, Fe2+
+ Mo6+, Fe3+ + Mo6+ and Ni2+ + Fe3+ + Mo6+, but not by the individual
metals. The maximal increase was obtained by a mixture of Fe3+ + Mo6
[187,188] (Table 5). It was shown that Ni2+ and Fe2+ at higher
concentrations (200 μM and 100 μM, respectively) stimulated H2

Table 5
Effects of different metals on H2 production by diﬀerent bacteria during dark- and light-driven fermentations.
Bacteria, fermentation
type

Technology conditions

Eﬀect of metals on H2 production

References

Clostridium butyricum,
dark fermentation

Bioreactor; glucose fed continuous tank, glucose
(9 g L−1) and yeast extract (2 g L−1), pH 5.0

[188]

Clostridium beijerinckii
DSM791,
dark fermentation
Escherichia coli BW25113,
dark fermentation

Batch culture; glucose (40 mM) or glycerol (110 mM)
and formate (10 mM), pH7.5

Escherichia coli BW25113,
dark fermentation

Batch culture; peptone medium with glycerol
(10 g L−1), 37 °C

Rhodobacter sphaeroides
O.U.001,
photo fermentation

Bioreactor; olive mills wastewater (2%), pH 7.2, 32 °C;
light intensity of 200 W / m2

Rhodobacter sphaeroides
MDC6521,
photo fermentation
Rhodobacter sphaeroides,
photo fermentation

Batch culture; Ormerod medium with succinate
(3.54 g L–1) and yeast extract (2 g L−1), pH 7.0, 30 °C;
light intensity of approx. 36 W / m2
Batch culture; Ormerod medium with succinate
(3.54 g L–1) and yeast extract (2 g L−1), pH 7.0, 30 °C;
light intensity of approx. 36 W / m2
Batch culture; salt medium with sucrose (15 g L−1)

Ni2+ (25 mg L−1) or Fe2+ (50 mg L−1), increased 1.7 fold H2 yield;
Ni2+ (50 mg L−1) + Fe3+ (50 mg L−1) increased 1.4 fold H2 yield;
further increase of Ni2+ and Fe2+ concentration had no additional
eﬀects on H2 yield
Fe3+ (0.1 mM) increased 1.3 fold H2 yield upon glucose; Fe2+
(0.01 mM) Fe3+ (0.5 mM) or Ni2+ (0.001 mM) increased 1.3 fold H2
yield upon glycerol and formate
Ni2+ (50 μM) + Fe3+ (50 μM), Fe2+ (50 μM) + Mo6+ (20 μM), Fe3+ +
Mo6+ or Ni2++ Fe3+ + Mo6+ increased 1.7–3 fold H2 yield at the late
stationary growth phase; maximal increase was by Fe3+ + Mo6+
Ni2+ (200 μM) stimulated 1.5 fold H2 production at pH 7.5; Fe2+ ( >
50 μM) increased H2 production and Cu2+ ( > 50 μM) inhibited H2
production at pH 6.5 and pH 7.5
Fe3+ (100 μM) increased 1.6 fold H2 production duration, 2 fold and
3 fold H2 production rate and yield, respectively; Mo6+ (16.5 μM)
decreased 2 fold H2 production duration but increased 3 fold and 1.6
fold H2 production rate and yield, respectively; in comparison with
10 μM Fe3+ and 7 μM Mo6+
Ni2+ ( < 5 µM) enhanced 2.7 fold H2 yield; 80 µM Fe2+ and 16 µM
Mo6+ increased 2 fold H2 yield in comparison with 40 µM Fe2+ and
3 µM Mo6+.
Cu+ at low concentration ( < 5 μM) increased H2 yield; Cu+ and Cu2+
at moderate concentrations ( > 50 μM) inhibited H2 yield

Mixed culture from cow dung;
dark fermentation

Batch culture; peptone medium with glycerol
(10 g L−1), pH 6.5, 37 °C
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Ni2+ (0.6 mg L−1) enhanced 2 fold cumulative H2 production; Ni2+
higher concentration decreased H2 production

[26]

[186,188]

[187,188]

[56]

[190,191]

[196]

[193]
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10. Concluding remarks and future progress
Dark- and photo-fermentation by facultative and obligate anaerobic
and purple non-sulfur bacteria and microalgae is one of the main
methods employed for biological production of H2 [1]. It has signiﬁcant
advantages when used both in small-scale and in large-scale H2production processes. Therefore, future biotechnological developments
in H2 production should aim to increase eﬃciency and reduce costs [2].
To develop fermentative H2 production biotechnology using of
carbon-based industrial by-products and recycling of organic wastes,
selection of eﬀective bacteria, construction of eﬃcient strains and the
technological optimization of the process conditions have been studied
by many groups: important new data have been obtained with dark
fermentative bacteria like E. coli, and photo-fermentative like R.
sphaeroides, mainly during the last two years.
Activity of [Ni-Fe]-hydrogenases in dark fermentative bacteria
[68,76,77,88] and [Mo]-nitrogenase and [Ni-Fe]-hydrogenase of
photo-fermentative ones [76,144] have been deﬁned for various carbon
sources, and for pure, co-cultures and mixed cultures, as well as the
technology conditions. It was shown that the activity of enzymes and
their role in the total H2 production is dependent on fermentation
substrate, its concentration, pH and some other factors
[68,102,149,150,153]. Among carbon sources, cheap and aﬀordable
by-products, in particular glycerol [2,7,13], especially crude glycerol
[29,160] (see Fig. 5) and a variety of industrial, agricultural, food and
other organic wastes [11,13,57,61] have been studied for increased H2
production. Together, these ﬁndings point to biohydrogen production
as a being a suitable sustainable technology for the future. It is
important that conversion of by-products and wastes to H2 by bacteria
has environmental beneﬁt especially 1 kg of crude glycerol converted
reduced 7.66 kg of greenhouse gas [21]. Of course, this research area is
not without its problems, particularly because many diﬀerent bacterial
strains and conditions have been explored by diﬀerent groups, and
comparison of the results obtained becomes diﬃcult. Nevertheless, new
approaches are being actively been developed, and particularly the use
of mixed carbon fermentation using sugars, glycerol and / or carboxylic
acids
looks
very
promising
[30,31,121–123,129–131,171].
Furthermore, analysis of inhibitory compounds and redox regulation
of [Ni-Fe]-Hyd enzymes activity [24,31,38,103,104,143,153,
154,185,187,190,194], genetic and metabolic engineering of the bacteria [32,37,97,135–138,173,174], systematic analysis of mutants
[139], co- and mixed cultures of dark- and photo-fermentative bacteria
are all contributing signiﬁcantly to the ﬁeld [33,36,47,179,181]. To
ensure optimal activity of the enzymes responsible for H2 production,
suitable metal ions in diﬀerent combinations are being employed
[26,56,187–193,196]. Signiﬁcant progress has been achieved; however, for details of mechanisms further study is still required.
These approaches promise to make H2 production more eﬃcient
and cost-eﬀective. They will hopefully provide signiﬁcant long-term
economic and environmental beneﬁts for renewable and sustainable
energy supply in the future.
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