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Summary

Light-dependent hydrogen production by purple non sulfur bacteria (PNSB) has been  studied 
for several decades. However the exact route that energy takes from the moment a photon is 
absorbed to the formation of a molecule of hydrogen is quite complex. The aim of this 
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Abbreviations: BChl – Bacteriochlorophyll; Cyt bc1 
– Cytochrome bc1 complex; Cyt c2 – Cytochrome c2;  
Fd – Ferredoxin; LH – Light harvesting; PE – 
Photosynthetic efficiency; PHB – Poly-β-
hydroxybutyrate; PNSB – Purple non sulfur bacterium/
bacteria; PSU – Photosynthetic unit; RC – Reaction 
center; SC – Substrate conversion

 chapter is to review the researches carried out on the metabolic processes related to hydrogen 
production in PNSB, in particular stressing the issues related with the efficiency in the con-
version of the energy deriving from the light in the energy-rich H2 molecule produced. The 
metabolic processes that bring form the light capturing to hydrogen production are described, 
with the relative bottlenecks and hurdles.

The information currently available on the light distribution in various kind of photobio-
reactors are also reviewed, mainly focusing on the photosynthetic efficiency and on the effi-
ciency in substrate conversion to H2 obtained in laboratory and outdoor experiments.

From these data, it comes out how many different cellular processes can interact and 
affect photosynthetic efficiency and how complex is the route that brings from light energy 
to hydrogen energy.

I. Introduction

In 1949, Howard Gest and Martin Kamen 
first observed light dependent hydrogen 
 production by the purple non sulfur bacte-
rium (PNSB) Rhodospirillum rubrum (Gest 
and Kamen 1949). The dependence of H2 
production on nitrogenase activity was also 
observed, opening the way for research in 
this field. Since 1949, the metabolic routes 
that bring to the production of a molecule of 
hydrogen gas by PNSB have been thoroughly 
investigated and elucidated.

The process will be analyzed step by step in 
this chapter, stressing the complexity of the 
different metabolic pathways that interact with 
and influence the production of hydrogen.

II. The H2 Production Process  
in Purple Bacteria

PNSB produce hydrogen via nitrogenase 
(see also Bothe et al., Chap. 6 of this  volume). 
Although the major role of nitrogenase is to 
fix molecular nitrogen to ammonia, giving 
molecular hydrogen as a by-product 
(Eq. 12.1), the enzyme can also work in 

absence of molecular nitrogen and give 
hydrogen as the sole product (Eq. 12.2).

N H e H
Pi

2 3 28 8 16 2
16 16

+ + + → +
+ +

+ − ATP NH
ADP  (12.1)

8 8 16 4 16 162H e H Pi
+ −+ + → + +ATP ADP

(12.2)

Nitrogenase is a two-protein complex con-
sisting of a dinitrogenase containing Fe and 
Mo as cofactors and having a molecular 
weight of 250 kDa, and of a dinitrogenase 
reductase (containing Fe) of about 70 kDa. 
Mo-nitrogenase is the most common and the 
most efficient nitrogenase for converting N2 to 
NH3 (12.1), but other two isozymes have been 
described (Eady 1996) that contain Fe or V as 
cofactors and Rhodopseudomonas palustris is 
the only purple bacterium that encodes all 
three of them (Larimer et al. 2004). Those 
alternative nitrogenases are less efficient in 
reducing N2 and more efficient in producing 
H2 in nitrogen fixing conditions; however, 
they are produced only in case of lack of Mo 
and presence of Fe or V (Oda et al. 2005).

PNSB synthesize large amounts of nitroge-
nase (up to 2 % of cellular protein), not only 
because of its crucial role in cellular metabo-
lism, but also because the enzyme is known as 
a slow catalyst (its turnover time per electron 
is ~5 s−1), so a larger amount of enzyme pro-
vides a larger amount of nitrogen fixed. 
Although the mechanism by which nitroge-
nase reduces its substrates has been deeply 
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studied during the last decades -the first com-
prehensive scheme was proposed by 
Thorneley and Lowe in 1985- it proves to be 
very complex so that it still has not been com-
pletely clarified (Seefeldt et al. 2009).

H2 production via nitrogenase has a spe-
cific activity one order of magnitude lower 
than Ni–Fe hydrogenase typical of oxygenic 
photosynthetic organisms (e.g. 1.3 mmol mg 
protein−1 min−1 for Mo-nitrogenase). Even 
so, in vivo H2 production rates by nitrogenase- 
utilizing PNSB are comparable with those by 
hydrogenase-utilizing oxygenic phototrophs 
(Harwood 2008).

The H2 produced during N2-fixation by 
nitrogenase can be reused by uptake- 
hydrogenases (Vignais and Billoud 2007). 
High uptake-hydrogenase activities have been 
observed in cells possessing an active nitroge-
nase; the hydrogen produced by the nitroge-
nase stimulated the activity of hydrogenase in 
growing cells even though the synthesis of 
hydrogenase is not closely linked to the syn-
thesis of nitrogenase (Colbeau et al. 1980).

Uptake-hydrogenases usually need to be 
genetically deleted to accumulate larger 
amounts of H2. However, a few H2-producing 
hydrogenases in PNSB have been described. 
Rs. rubrum and Rp. palustris BisB18 have a 
Ni–Fe hydrogenase that couples H2 produc-
tion to CO or formate oxidation (Fox et al. 
1996; Oda et al. 2008).

A. Electron Transport to Nitrogenase

Ferredoxins are small proteins that function 
as electron carriers and take part in various 
metabolic processes, such as photosynthesis, 
nitrogen fixation, steroid hydroxylation, and 
degradation of aromatic compounds (Bruschi 
and Guerlesquin 1988). Rhodobacter capsu-
latus has been shown to synthesize six 
 soluble ferredoxins which can be divided 
into two groups according to the number of 
[2Fe- 2S] clusters present: FdI, FdII, and 
FdIII constitute the group of dicluster ferre-
doxins; FdIV, FdV, and FdVI contain a single 
[2Fe-2S] cluster. The genes encoding FdI, 
FdIII, FdIV, and FdV were localized within 
three nif- regulated operons (Moreno-Vivian 

et al. 1989; Schatt et al. 1989; Grabau et al. 
1991; Willison et al. 1993), indicating that 
these ferredoxins participate in nitrogen fixa-
tion. FdI has been shown to serve as the 
physiological electron donor to nitrogenase 
(Jouanneau et al. 1995; Naud et al. 1996).

Göbel (1978) calculated that 1.5 photons 
are needed to synthesize 1 ATP molecule at 
860 nm. Moreover, Miyake (1998) calcu-
lated that at 860 nm 11 photons are required 
for the production of a single molecule of H2. 
Considering reaction (12.2), 4 ATP  molecules 
are consumed for every H2 molecule pro-
duced (i.e. 6 photons at 860 nm, according to 
Göbel 1978); the remaining 5 photons are 
most probably needed for the ferredoxin 
mediated (ATP consuming) electron transfer 
to nitrogenase.

B. The Role of ATP in Nitrogenase Activity

As it has been above described, nitrogenase 
catalyses a very expensive reaction in terms 
of ATP consumption to synthesize hydrogen 
(12.2), being the latter an endothermic reac-
tion requiring external energy to overcome 
the positive free energy barrier (G0 = 75 kJ). 
The balance is of 4 ATP molecules and 2 
electrons consumed per molecule of H2 
produced. Besides these 4 ATP molecules, 
an additional number of ATP molecules is 
needed, through an energy requiring pro-
cess, for reducing the ferredoxins that act 
as electron donors to nitrogenase (see 
Sect. II.A).

In detail, it has been schematically 
reported that 2 molecules of ATP are needed 
for every electron transfer from the Fe-protein 
nitrogenase subunit to the Mo-Fe protein 
subunit (in Mo-nitrogenase). However, 
experimental results demonstrated that the 
actual ratio of ATP hydrolyzed per couple of 
protons reduced is ~4.5 (Eady 1996).

Furthermore, it looks like the energy 
gained from the hydrolysis of those ATP mol-
ecules is used not only to overcome the ther-
modynamic barrier for N2 reduction, but also 
has a role in the kinetic mechanism, not yet 
completely understood (Rees and Howard 
2000).

12 Photosynthesis and H2 Production in PNSB
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During photofermentation, cells are in 
photoheterotrophic conditions, i.e. the ATP 
is formed via anoxygenic photosynthesis, 
while the reducing power is derived by the 
catabolism of organic substrates, as it is 
schematically shown in Fig. 12.1.

The main energy carrier of a cell, ATP, is 
thus only synthesized by photosynthesis and 
many molecules are consumed while nitro-
genase is active; this makes the parameters 
that refer to light and photosynthesis of 
 crucial importance for the nitrogenase-medi-
ated hydrogen production process in PNSB.

For this reason in recent years a large 
number of researches was aimed at optimiz-
ing illumination protocols in order the 
parameters capable of increasing photosyn-
thetic efficiency (see Sect. IV).

III. Anoxygenic Photosynthesis

Generally speaking, in the reaction center of a 
photosynthetic organism, the excitation energy 
of photons is used to move one electron from 
one chemical compound (donor) towards 
another compound (acceptor). Thus, the reac-
tion center is where the separation of charges 
actually occurs: the excitation energy is then 
stored into an energy-rich chemical bond.

The specificity of purple bacteria is given 
by their ability to form their energy carrier 
(ATP) in absence of oxygen by using  sunlight 
as a source of energy (Imhoff 1995). Indeed, 
in anoxygenic photosynthesis, a special pair 
of bacteriochlorophylls, [BChl]2, are both 
the primary electron donors and the final 
electron acceptors, as this photosynthetic 

Fig. 12.1. Main processes related to hydrogen production, under photoheterotrophic growth in non-nitrogen 
fixing conditions: anoxygenic photosynthesis (in green), ATP synthesis (in orange), TCA cycle (in red), hydrog-
enase and nitrogenase activities (in blue). The straight black arrows indicate the electron flow. The dotted lines 
indicate minor electron flow. The lightning symbols indicate light excitation. The waving arrows indicate light 
energy transfers. The straight green lines indicate proton translocation. Abbreviations: Cyt bc1, cytochrome bc1 
complex; Cyt c2, cytochrome c2, Fd ferredoxin, RC, Reaction center, Succinate – DH succinate dehydrogenase; 
NADH-DH NADH dehydrogenase. Numbered 1–4* signs will be discussed in Sect. VI of this chapter (Scheme 
modified from Adessi and De Philippis 2012, with kind permission from Springer Science+Business Media BV).
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process is operationally defined as cyclic 
(Fig. 12.1).

A photon is absorbed by the light harvest-
ing (LH) complexes that funnel the excita-
tion towards bacteriochlorophylls in the 
reaction center (RC) and charge separation 
occurs. This energy is used for the release of 
an electron which reduces the quinone into a 
semiquinone. Once the quinone is doubly 
reduced (i.e. after a second photon is 
 captured) it picks up protons from the cyto-
plasmic space and translocates them through 
the membrane to reach the cytochrome bc1 
 complex: here electrons are channeled to the 
cytochrome c2 (Cyt c2) while protons are 
released in the periplasmic space. Cyt c2 is 
then able to reduce the oxidized primary 
electron donors in the RC, i.e. [Bchl]2, thus 
closing the cycle. The protons accumulated 
in the periplasmic space form an electro-
chemical gradient (ΔμH+) which is used by 
the ATP-synthase to generate ATP.

The photo-electron cycle can be opened by 
the “Δp-driven reversed electron transport” 
(indicated by the dotted black arrows in 
Fig. 12.1), i.e. by the action of both the NADH 
dehydrogenase working in the “reversed” way 
to reduce NAD+ to NADH, and the succinate 
dehydrogenase also working “backwards” 
reducing fumarate to succinate (Klamt et al. 
2008). As those two enzymes are able to cata-
lyze both the forward and reverse reactions, 
the force that drives the direction is the pres-
ence or absence of the products; in particular 
the reversed reactions are ways to get rid of 
the possible excess of the reduced quinol. The 
reversed NADH dehydrogenase reaction is 
also the way to refurnish the cell with NADH 
reducing equivalents.

A. The Photosynthetic Unit (PSU)

The absorption spectrum of purple bacteria 
(Fig. 12.2) is very wide as covers the two 
ends of the visible spectrum, and even a little 
wider. The ‘three fingered’ absorption bands 
between 450 and 550 nm are due to carot-
enoids. Bacteriochlorophylls (BChls) show 
two characteristic absorption bands: the 
Soret band in the near UV region, around 

390 nm (not shown in Fig. 12.2), and a band 
called Q band in the visible region of the 
spectrum. This band can usually be decom-
posed in two distinct bands called Qx andQy 
according to their predominant polarization. 
The absorption peaks at 800, 850 and 880 nm 
in the near infrared region are due to the Qy 
shift. The peaks at 850 and 880 often merge 
in one larger peak, having the maximum at 
an intermediate wavelength in between, but 
shoulders can be observed occasionally. The 
peak at 590 is due to the Qx shift of BChl a 
(Hoff and Deisenhofer 1997; Blankenship 
2002; Frank and Polívka 2008; Loach and 
Parker-Loach 2008; Robert 2008).

The pigment-protein complexes in the 
 bacterial PSU are responsible for the absorp-
tion of light energy and its conversion to elec-
tronic excitation that drives the primary 
charge separation process. All the pigment- 
protein complexes bind both BChls and carot-
enoids; with a typical number of 10 LH-2 s, 1 
LH-1 and 1 RC the PSU contains approxi-
mately 300 BChls. The observed stoichiomet-
ric ratio BChl:carotenoids of 3:2 implies the 
presence of 200 carotenoids (Hu et al. 2002). 
Out of all these pigments, only very few 
BChls in the RC directly take part in photo-
chemical reactions; most BChls serve as light-
harvesting antennae capturing the sunlight 
and channeling electronic excitation towards 
the RC. A wealth of evidence has accumu-

Fig. 12.2. Absorption spectrum of Rb. sphaeroides 
taken as an example for purple bacteria absorption spec-
trum. Peak wavelengths slightly vary among species.

12 Photosynthesis and H2 Production in PNSB
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lated now which proves that the organization 
of PSUs, to surround an RC with aggregates 
of chlorophylls and associated carotenoids, is 
universal in photosynthetic bacteria, higher 
plants and other photosynthetic organisms 
(Cogdell et al. 1996; Fromme 1996; Hankamer 
et al. 1997; Hu and Schulten 1997).

An overall scheme of the photosynthetic 
units is given in Fig. 12.3, where are repre-
sented the protein complexes, differently 
colored for LH2, LH1 and RCs, the pigment 
organization and the electronic couplings.

1. Carotenoids

An amount of about 50 distinct carotenoids 
have been described for purple anaerobic 
bacteria, and most of them have structures 
that significantly differ from those found in 
other photosynthetic or non-photosynthetic 
organisms.

The function of carotenoids in photosyn-
thetic organisms, and in purple anaerobic 
bacteria as well, is both to harvest light 
energy and to protect the cell from photo- 
induced stress; also structural roles cannot 
be excluded (Takaichi 2008).

The pathways for carotenoid-genesis in 
purple bacteria have been classified in two 
distinct main pathways that contain many 
variations on their inside: the spirilloxantin 
pathway (that contain normal spirilloxantin, 
unusual spirilloxantin, sphaeroidene and 
 carotenal pathways) and the okenone 
 pathway (comprising okenone and R.g.-keto 
carotenoids pathways).

The structure of a carotenoid molecule 
affects its ability to transfer energy to BChls:  
Rb. sphaeroides containing spheroidene 
showed a 80–100 % energy transfer efficiency; 
Rp. acidophila containing rhodopin gluco-
side showed a 35–70 % efficiency; even a 

Fig. 12.3. Organization of the photosynthetic unit (PSU) from the supramolecular organization (left hand side) 
to individual bacteriochlorophylls and the electronic couplings (right hand side). Protein complexes and the 
BChls they respectively embed are colored as follows: LH2 in green, LH1 in red and RC in blue. On the left 
side, proteic subunits are represented with tubes; in the middle the proteic complexes are transparent to make 
the BChls visible; on the right side the strong electronic couplings of BChls are shown (Figure from Şener and 
Schulten 2008, with kind permission from Springer Science+Business Media BV).
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lower efficiency has been detected (~30 %) 
for Rs. rubrum LH1 containing spirilloxan-
tin (Frank and Polívka 2008).

2. Light Harvesting (LH) Complexes

LH complexes are able to harvest a great 
portion of photons hitting the cellular 
 membrane and then to transfer the energy to 
the “open” (i.e. ready to accept photons) 
reaction center. LH1 and LH2 differ in struc-
ture and in the role covered: LH1 is  intimately 
associated to the RC (for that reason is often 
referred to as the “core” or “primary” 
 complex) and is found in all purple photo-
synthetic bacteria. LH2 is present in most 
species, but not all of them; this complex is 
distal from the RC (and is also referred to as 
the “secondary” complex) and channels the 
excitation to the RC only trough LH1 
 complexes. This is the reason why the LH2 
complexes present absorption bands at 
higher energy levels (i.e. lower wavelengths) 
than those of LH1 (Gabrielsen et al. 2008).

Both antenna complexes are composed of 
repetitions of an elementary unit formed by α 
and β hydrophobic apoproteins (Zuber and 
Brunhisolz 1991). Those αβ subunits bind two 
BChl molecules and one or two carotenoids 
molecules (Cogdell et al. 2006); the subunits 
are organized in rings of different dimensions 
for the two kinds of complexes and the rings 
themselves can form different structures 
(Sheuring et al. 2004, 2005). “Basic” LH1 
complexes are composed of at least 16 αβ 
subunits forming a ring that  surrounds the RC 
(Karrash et al. 1995; Walz and Ghosh 1997; 
Walz et al. 1998; Jamieson et al. 2002); how-
ever, the structure varies significantly among 
bacterial species. In some cases LH1 com-
plexes also contain an additional polypeptide 
named PufX (Cogdell et al. 1996).

LH2 is structured as circles as well, but 
composed of a different number of subunits 
compared to LH1; differences in the number 
of subunits and in their organization have 
been observed among different species. 
Generally speaking LH2 are smaller cycles 
than LH1 (Robert 2008).

These structural differences between LH1 
and LH2, and the different environment and 

organization of the BChls they contain, give to 
the two complexes a difference in the absorp-
tion bands (Gabrielsen et al. 2008). In particu-
lar, LH2 contains B800 and B850 BChls, 
while LH1 contains B880 BChls (the numbers 
following the letter B indicate the wavelength 
corresponding to the Qy transition of BChl; for 
details see Frank and Polívka 2008).

3. The Reaction Center (RC)

The reaction center (RC) of purple bacteria 
is an integral membrane protein complex 
composed of L, M and H subunits. The H 
subunit contributes to the complex stability 
and is involved in proton binding and trans-
fer, while L and M compose the core of the 
RC and embed 9 cofactors, symmetrically 
disposed in an A and a B branch as shown in 
Fig. 12.4: 2 BChl a molecules that form a 
dimer (P or [BChl]2) connecting the two 
branches, 2 monomeric bacteriochlorophyll 
a molecules (BA and BB), 2 bacteriopheophy-

Fig. 12.4. Schematic representation of the reac-
tion center (RC) of purple bacteria. RC is an integral 
membrane protein complex composed of L, M and H 
subunits. The H subunit contributes to the complex 
stability, while L and M compose the core of the RC 
and embed nine cofactors, symmetrically disposed in 
an A and a B branch: 2 BChl a molecules that form a 
dimer (P or [BChl]2) connecting the two branches, 2 
monomeric bacteriochlorophyll a molecules (BA and 
BB), 2 bacteriopheophytin a molecules (HA and HB), 
2 ubiquinone molecules (QA and QB), and an iron (Fe) 
atom. The round arrow shows the electron path. The 
waving arrow shows excitation energy.

12 Photosynthesis and H2 Production in PNSB
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tin a molecules (HA and HB), 2 ubiquinone 
molecules (QA and QB), and an iron (Fe) 
atom. Some authors suggested also the pres-
ence of a carotenoid molecule located next to 
the BB monomer. Bacteriochlorophylls and 
bacteriopheophytins can be substituted by 
some other molecules of the same class 
(Williams and Allen 2008).

When a photon is conveyed to the P dimer 
an electron is raised to a higher energy level; 
the excited dimer P* transfers the electron, 
selectively through the A branch, to BA 
(Fig. 12.4). Then, the electron is transferred 
to HA; the overall transfer from P* to HA 
takes from 3–5 ps, depending on bacterial 
species. Then the electron is transferred from 
HA

− to QA and finally to QB, reducing it to 
QH2. The oxidized P+ is reduced back to P by 
an electron donated by Cyt c2 (Fig. 12.1).

B. The Role of Quinones

Purple bacteria export reducing equivalents 
in pair from the RC, and the molecule migrat-
ing from the RC to the other membrane pro-
teins is the reduced quinol (QH2).

Two electrons are needed to reduce the qui-
none to quinol, so, as the RC transfers elec-
trons one by one, two quinones (QA and QB) 
are needed and act in a cycle in order to accu-
mulate two reducing equivalents; after two 
RC turnovers a QH2 is released from the QB 
site (Okamura and Feher 1992, 1995; 
Shinkarev and Wraight 1993; Okamura et al. 

2000; Paddock et al. 2003; Wraight 2004, 
2005). During this cycle, protons are captured 
from the cytoplasm through the acceptor qui-
none cycle, and then released in the periplasm 
by the cytochrome bc1 complex to form the 
proton gradient needed for ATP synthesis.

QH2 is enough lipophilic to freely move 
throughout the membrane and to transport its 
reducing power to different membrane- 
bound enzymes. Indeed, quinones hold a 
crucial role for the energetic processes in the 
cell, as it is schematically shown in Fig. 12.5. 
They not only take part in photosynthesis, as 
it has been above reported, but they also 
function as electron carriers for all of the 
redox processes taking place in the mem-
brane (Adessi and De Philippis 2013); for 
the sake of brevity not all redox processes 
are treated in this chapter, but specific refer-
ences are given for further information.

During photosynthesis, they acquire elec-
trons from the RC and reach the cytochrome 
bc1 complex to donate them; they also can 
accept or donate electrons from/to NADH 
dehydrogenase and succinate dehydroge-
nase, as described earlier.

During respiration, they receive electrons 
from NADH-dehydrogenase and succinate 
dehydrogenase and carry the electrons to 
both the quinol oxidase and the Cyt bc1 
complex (Zannoni 1995; Zannoni et al. 
2008).

During denitrification, they carry the elec-
trons to nitrite reductase (Shapleigh 2008).

Fig. 12.5. The quinone pool functions. Q quinones, Cyt bc1 complex: cytochrome bc1 complex, NADH DH 
NADH dehydrogenase, Succinate DH succinate dehydrogenase.
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In anaerobic conditions and under H2 con-
taining atmosphere, quinones can accept 
electrons from hydrogenase (either donate 
them, but rarely and depending on the abun-
dance of substrates and products of the 
hydrogenase catalyzed reaction).

Again, in anaerobic conditions electrons 
can also be transferred to ferredoxins, with 
the expense of a molecule of ATP, that will 
then carry the reducing power to nitrogenase 
in order to fix nitrogen and/or reduce protons 
to hydrogen.

Moreover, they are not only involved in 
many essential redox reactions, but also are 
the mediators of the integrative cell-redox 
state signal to the RegA/RegB regulon 
(Swem et al. 2006) which regulates the 
major processes taking place in purple non 
sulfur bacteria: photosynthesis, respiration, 
nitrogen and carbon fixation (Elsen et al. 
2004).

IV. Photosynthetic Efficiency (PE)

Generally speaking, the photosynthetic effi-
ciency (PE) is defined as the energy stored as 
biomass produced per unit of light energy 
absorbed (Gadhamshetty et al. 2011). It is 
also called light conversion efficiency. The 
calculation of the light energy absorbed can 
be based either on the full solar irradiance or 
on the photosynthetically active radiation 
(PAR) range. As a measure for efficiency, 
when working with photosynthetic organ-
isms, biomass yield (calculated as protein 
content or dry weight) on light energy is 
often used. However, in the case of hydrogen 
production, the product of the process is 
energy in the form of H2 and the limiting fac-
tor is light; therefore, in this specific case, 
expressing the efficiency on the basis of the 
hydrogen-related energy produced per unit 
of light energy absorbed is more accurate 
(Eq. 12.3).

 

PE
Free energy of the total amount of 

Totalenergyof the l
=

H2

iight incident on theculture
%

 
(12.3)

It has to be stressed that in this calculation 
only the energy input of light is considered, 
and not the energetic contribution of organic 
substrates consumed by the cell during 
hydrogen production (Hallenbeck and 
Benemann 2002).

The efficiency by which the light energy 
can be transformed into hydrogen gas energy 
is dependent not only on the part of the energy 
that is absorbed by the antenna systems of the 
organism studied but also on the energy loss 
during the several steps of excitation and 
electron transfers that follow. In addition to 
that, PE is a measure derived from the amount 
of hydrogen produced, thus all cellular pro-
cesses that deviate from the routes that bring 
to hydrogen production negatively affect PE. 
To summarize, hydrogen production depends 
both on photoparameters such as quality and 
quantity of light and on biological factors 
such as pigment composition, quantum 
requirements and the metabolism of the 
different PNSB strains. Therefore, qualitative 
and quantitative understanding of each of 
those factors is important to optimize PE. 
Moreover, only the 65.8 % of the spectrum is 
actually part of the PAR for purple bacteria; 
the energy associated to one mole of photons 
depends on the wavelengths inside this 
65.8 %, so PE should be calculated for each 
wavelength. However, quantum yields are 
only known for 522 and 860 nm wavelenghts 
(Miyake 1998), and lead to wavelength spe-
cific PEs of 8.4 % and 19 % respectively. 
From these data it was calculated that the 
theoretical maximum PE for PNSB, based on 
the natural sunlight spectrum, is at least 10 % 
(Akkerman et al. 2002).

PE is a crucial factor for optimum hydro-
gen production and it is the most important 
aspect to be taken into account designing a 
photobioreactor (Akkerman et al. 2002; 
Gadhamshetty et al. 2011). Indeed, high sur-
face to volume ratios are necessary to cap-
ture sufficient light (Dasgupta et al. 2010); 
this means that operating at a scarce PE 
implicates the need to occupy a large surface 
area with the photobioreactor for producing 
satisfactory amounts of hydrogen. 
Consequently, photobioreactors that optimize 
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light distribution and capturing by cells are 
required for efficient hydrogen production 
processes.

Moving from theory to practice, low PE 
has always constituted a very hard obstacle 
to overcome, not only using natural sunlight 
but also using artificial irradiation. Indeed, 
up to 2010, high photosynthetic efficiencies 
have been reached using such low light 
intensities that the production rates were not 
enough to be considered interesting for an H2 
production process. Barbosa et al. (2001) 
observed that higher light intensities may 
decrease PE, but usually increase hydrogen 
productivity. Miyake and Kawamura (1987) 
reported light conversion efficiencies of 7.9 
and 6.2 %: they illuminated the cultures with 
a xenon lamp at 50 W m−2 and by a solar 
simulator at 75 Wm−2, respectively. Those 
light intensities allowed to reach a relevant 
value of PE, but are too low to reach gas 
 evolution rates that can be considered inter-
esting for production processes. However, 
recently, impressive high PEs have been 
obtained (Tian et al. 2010; Wang et al. 2013) 
associated to high hydrogen production 
rates, by paying attention to the quality of the 
incident light. These data will be discussed 
thoroughly in this paragraph, Sect. IV.B.

A. Light Intensity

In Rb. capsulatus it has been observed that 
light strongly stimulates not only the activity 
but also the amount of nitrogenase synthe-
sized (up to 25 % of all soluble proteins); as 
a consequence, a larger amount of hydrogen 
under high light conditions was observed as 
well (Jouanneau et al. 1985; Vignais et al. 
1985). The photophosphorylation capacity is 
also slightly greater in cells grown under 
high light-intensity than in cells grown under 
low-light intensities (Steinborn and Oelze 
1989). Therefore, Kars and Gündüz (2010) 
proposed that high ATP production rates 
under well-illuminated conditions result in 
higher hydrogen production activity.

Uyar et al. (2007) indicated, for  
Rb. sphaeroides, a minimum light intensity 
of 270 W m−2 to obtain high hydrogen pro-

duction rates, this value being equivalent to 
4,000 lx and 1,370 μmol(photons) m−2 s−1.

However, it must be underlined that the 
intensity of light impinging on the photobio-
reactor, which is the parameter usually 
reported in the literature, is not equivalent to 
the intensity of light actually faced by the 
single cells. Indeed, due to the self-shading 
of cells, a phenomenon always present in the 
cultivation systems used for growing photo-
trophic microorganisms (Vonshak and 
Richmond 1985; Tredici 1999), the amount 
of light reaching the single cell may be hun-
dreds of times lower than the light reaching 
the photobioreactor, or even zero 
(Gadhamshetty et al. 2011). This well known 
phenomenon depends on the concentration 
of the cells, the light path in the photobiore-
actor and the amount of light absorbed by the 
single cell. This amount, on its side, depends 
on cell diameter, pigment composition and 
concentration, antenna size.

From these considerations, it is quite evi-
dent that it is a problematic task to evaluate 
the exact amount of light that is absorbed by 
a cell, thus making the photosynthetic effi-
ciency a parameter that relies on a few 
approximations.

B. Light Quality and Sources

Purple bacteria are able to absorb light at the 
very extremities of the visible spectrum 
(Fig. 12.2) with one main absorption band at 
300–500 nm and the other above 800 nm in 
the near infrared region.

When using artificial light, the most fre-
quently used light sources are incandescent 
lamps. Among them, tungsten lamps have an 
emission spectrum that covers the whole 
absorption spectrum of PNSB (Adessi and 
De Philippis 2012). Particularly important is 
the high near infrared emission, where is 
located the absorption maximum of bacte-
riochlorophylls. Halogen lamps are quite fre-
quently used as well.

As incandescent lamps are energy- 
expensive light sources, an interesting alter-
native is offered by Light Emitting Diodes 
(LEDs). Kawagoshi et al. (2010) prefigured a 
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reduction of energy cost by 98 % using LEDs 
instead of tungsten lamps. In a cost effective 
scaled-up system, though, the best solution 
would appear the use of natural solar light.

Table 12.1 shows the results deriving from 
different kinds of photobioreactors illumi-
nated by different light sources: incandescent 
lamps, LEDs and solar light. Summarizing 
the experimental results reported in 
Table 12.1, PE is <10 % in the experiments 
carried out using incandescent lamps, it 
stands around 1 % when using solar light but 
reaches very high values when using LEDs.

Apparently, specific LED illumination 
granted the highest ever obtained PE values. 
Those data were obtained using immobilized 
systems: glass beads biofilm (Tian et al. 
2010) or a mix of PVA, carrageenan and 
alginate (Wang et al. 2013). These outstand-
ing efficiencies, respectively 56 and 82 % 
(see Table 12.1), were to a great extent due to 
the use of LEDs illuminating at a selected 
specific wavelength (590 nm). This specific 
excitation allowed the cells to utilize a large 
part of the incident energy, as it was at the 
exact wavelength that could be absorbed by 
the culture.

590 nm as an emission wavelength was 
the best among other wavelength specific 
LEDs (470, 520, 590, 620 nm), tested by 
Zhang et al. (2010); comparing those 
emission wavelengths with the PNSB 
absorption spectrum (Fig. 12.2) it emerges 
that 590 nm is very close to one of the 
absorption peaks of bacteriochlorophylls. 
Also long- wavelength emitting LEDs have 
been used for hydrogen production processes 
with PNSB (Kawagoshi et al. 2010); those 
LEDs provided an emission spectrum having 
a maximum at 850 nm and were used for 
illuminating a halotolerant Rhodobacter sp., 
but poor hydrogen production was obtained. 
However, the scarce hydrogen production 
was not due to the light source, but most 
probably to sub- optimal growth conditions.

The use of natural sunlight opens a series 
of more complex issues, not all related to 
light itself. Indeed, most sunlight illuminated 
photobioreactors are outdoor large-scale sys-
tems, whose management complicates the 

processes comparing it with a lab-scale pro-
cess (Chen et al. 2011). However, focusing 
exclusively on light-related issues, not all of 
the solar spectrum is part of the PAR for 
PNSB, as mentioned earlier. Moreover, 
Miyake et al. (1999) pointed out how the 
intrinsic variability of solar light makes the 
rates vary along with light intensity during 
the day, giving an endemic inconstancy to 
the process. Furthermore, they observed a 
probable photoinhibition under the highest 
irradiation of the day (0.9 kW m−2).

Generally speaking, when H2 production 
is carried out outdoors using solar irradia-
tion, PE is around 1 %. The highest PE 
reported with a solar photobioreactor con-
taining purple bacteria (1.4 %) was obtained 
with a flat plate reactor provided with light 
shading bands (Wakayama and Miyake 
2002). The special feature of the system used 
by Wakayama and Miyake (2002) was the 
reduction of the total amount of light irradia-
tion reaching the cells through the use of 
shading bands.

Photoinhibition in outdoors purple bacte-
ria culturing systems has not been studied 
thoroughly yet, as a few studies on PNSB 
pay a specific attention to it. Miyake et al. 
(1999) observed a delay of 2–4 h of the max-
imum H2 production rate after the maximum 
irradiation at noon. At the same regard, 
Adessi et al. (2012a) tried to avoid photoin-
hibition cutting sunlight intensity by 50 % 
using a light-shield. Hydrogen production 
rates were not negatively affected by this 
light intensity decrease; on the contrary, the 
maximum rate (27.2 ml l−1 h−1), reached 2 h 
after noon, was comparable to artificial lab- 
conditions results. However, this delay in 
achieving the maximum production rate 
compared to the peak of irradiation might 
still indicate photoinhibition by the highest 
irradiation of the day.

Although the photoinhibition might affect 
hydrogen production during the peak irradi-
ation of the day, Adessi et al. (2012a) 
observed a good physiological long-term fit-
ting of a Rp. palustris culture, as confirmed 
by the BChl a fluorescence analysis. Twenty-
one days of exposure to solar irradiation was 
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not affecting the functionality of the photo-
system, and it was not degraded by the 
excess of solar radiation. This indicates a 
very high capability of purple bacteria to 
acclimate to conditions that would potentially 
be a source of stress, as an excessive light 
irradiance. Structural and functional homol-
ogy between the purple bacterial RC and the 
RC of the photosystem II (PSII) of oxygenic 
photosynthesis allows the use of variable 
bacteriochlorophyll (Bchl a) fluorescence to 
investigate the energy transfer and electron 
transport within the photosynthetic appara-
tus. There is evidence that confirms the appli-
cability of chlorophyll fluorescence analysis 
(usually used for oxygenic photosynthetic 
organisms) to photosynthetic bacteria 
(Koblízek et al. 2005; Maróti 2008; Asztalos 
et al. 2010; Adessi et al. 2012a).

V. Substrate to Hydrogen 
Conversion (SC)

As it has been described earlier (see 
Fig. 12.1), under photoheterotrophic growth 
conditions the ATP is formed via anoxygenic 
photosynthesis, while the reducing power is 
derived by the catabolism of organic sub-
strates. Thus, the efficiency of the carbon 
related metabolic processes has a role in 
determining the amount of electrons 
accumulated as quinols and then, if that is 
the case, transferred to nitrogenase 
through ATP-dependent ferredoxin reduc-
tion. Therefore, even going back to the role 
that quinones have in the cell (Fig. 12.5), it 
looks clear how hydrogen production in 
purple bacteria is related to many metabolic 
processes that deal with ATP generation 
(photosynthesis), carbon metabolism and 
nitrogen fixation. Usually, all the processes 
involved in energy generation, as photosyn-
thesis and H2 oxidation, and energy con-
sumption, as N2 and CO2 fixation, are 
globally regulated by the two component 
system RegB-RegA (Elsen et al. 2000).

The preferred substrates for hydrogen 
production are the low-molecular weight 
organic acids that can easily enter the TCA 

cycle, which is very active during anaerobic 
photosynthetic growth.

Carbon metabolism in purple non-sulfur 
bacteria has been schematically compiled 
by Koku et al. (2002). That scheme 
describes the metabolism of Rb. sphaeroi-
des, but not all species and genera follow 
the same scheme: for example Rp. palustris 
does not possess the Entner-Doudoroff 
pathway (Larimer et al. 2004). A well doc-
umented description of C metabolism in 
PNSB in relation with hydrogen production 
is reported in Chap. 7 of this volume 
(McKinlay).

An important parameter to evaluate the 
yield of a hydrogen production process is the 
substrate conversion efficiency, calculated as 
the ratio between the moles of hydrogen 
 produced and the moles theoretically obtain-
able if all the substrate consumed was con-
verted to CO2 and H2. Thus, considering the 
most common organic acids utilized in pho-
tofermentation processes (Barbosa et al. 
2001), the conversion yields can be calcu-
lated from the following reactions:

Lactate CO: C H O H O H3 6 3 2 2 23 6 3+ → +  (12.4)

 
Acetate CO: C H O H O H2 4 2 2 2 22 4 2+ → +  (12.5)

 
Malate CO: C H O H O H4 6 5 2 2 23 6 4+ → +  (12.6)

It has to be stressed that these reactions are 
theoretical, because they are neither consider-
ing the utilization of the substrate for the 
growth neither limiting factors occurring in a 
culture. On the basis of these reactions, the gas 
expected should be composed of a 66.7 % of 
H2 and a 33.3 % of CO2 when growing on lac-
tate and on acetate; a 60 % of H2 and a 40 % of 
CO2 when growing on malate. Actually, the 
gas phase above the culture is much richer in 
H2 then in CO2, due to a partial solubilization 
of CO2 in the culture medium and also to a 
partial fixation to CO2 for anabolic reactions 
(McKinlay, Chap. 7 of this volume).

The presence of Calvin cycle in carbon 
metabolism has been described by Joshi and 
Tabita (1996). They demonstrated that the 
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absence of the reductive pentose phosphate 
CO2 fixation pathway enhances the synthesis 
of nitrogenase also in presence of ammo-
nium ions, as the reduction of CO2, in photo-
heterotrophy, is another way to dissipate the 
excessive reducing power deriving from 
organic carbon compounds. McKinlay and 
Harwood (2010, 2011) followed the exact 
pathway of CO2 molecules, getting to the 
conclusion that CO2 fixation actually 
deprives the cells from a part of the electrons 
that would either be useful for hydrogen 
 production, but that it is not true that a more 
reduced substrate generates a larger quantity 
of electrons available for H2 production.

A 100 % substrate conversion efficiency 
has been reported by Sasikala et al. (1990), 
but in a limited culture volume (2 ml); con-
version efficiencies (reported in Table 12.1) 
mainly range between 60 % and 90 %.

The substrate conversion efficiency is 
strongly affected by the C/N ratio in the cul-
ture. Indeed, a high C/N ratio in the culture 
media usually leads to higher hydrogen pro-
duction compared with low C/N ratio, where 
a higher cell growth occurs (Kapdan and 
Kargi 2006; Redwood et al. 2009; Keskin 
et al. 2011). In the latter case, the conversion 
efficiency decreases due to the consumption 
of the organic acids for cell growth instead 
that for hydrogen production. This problem 
becomes a very relevant matter when waste-
waters or liquors deriving from other fermen-
tation processes are utilized for the production 
of H2 by means of photofermentation (Eroglu 
et al., Chap. 11 of this volume).

As regarding the processes that compete 
with the conversion of the carbon substrate 
to hydrogen, PNSB are also capable of pro-
ducing poly-β-hydroxybutyrate (PHB) a 
valuable by-product which is a biodegrad-
able thermoplastic having industrial and 
medical interest (De Philippis et al. 1992; 
Sasikala and Ramana 1995; Reddy et al. 
2003; Franchi et al. 2004). PHB synthesis 
not only consumes the carbon substrate itself 
(acetate molecules are needed as building 
blocks for PHB), but also the reducing 
power, as PHB synthesis utilizes NADH. 
Both those aspects are in competition with 

hydrogen production during photofermentation 
(De Philippis et al. 1992; Hustede et al. 1993; 
Vincenzini et al. 1997; Koku et al. 2003; 
Franchi et al. 2004).

Other factors affecting substrate conver-
sion are the mixing and the availability of the 
substrate for the cells in terms of exchanging 
surface between cells and medium. In par-
ticular, immobilized or biofilm reactors show 
a higher conversion efficiencies for that rea-
son (Table 12.1).

VI.  Process Bottlenecks –  
Conclusions

In this chapter, an overview of the process 
leading from light energy to the production 
of a molecule of hydrogen was given. From 
this description, it appears evident that this 
process encounters many hurdles and devia-
tions from the desired route.

In Fig. 12.1, the most critical steps, that 
can be bottlenecks of the process are indi-
cated by star signs:

*1 Energy transfer through the photosynthetic 
unit;
*2 Reducing power deviation;
*3 Nitrogenase activity;
*4 Substrate deviation.

Recently, Harwood (2008) and Kars and 
Gündüz (2010) reviewed the research on 
mutagenesis of strains in order to overcome 
the hurdles described. Below are listed the 
cultivation strategies that can be adopted for 
each of the previous points.

*1 Strategies for improving the energy 
transfer through the photosynthetic unit:

Reduced pigment strains: reducing pig-
ment content by genetic manipulations is 
aimed at reducing the self-shading effect of 
the cells. As a consequence, the light pene-
tration inside the bioreactor increases, caus-
ing an increase in H2 production (Vasilyeva 
et al. 1999; Kondo et al. 2002a, b).

Protection from photoinhibition: light shad-
ing bands (Wakayama and Miyake 2002) or 
light shields (Adessi et al. 2012a) prevent the 
cells to be burnt by the excess of sunlight.

12 Photosynthesis and H2 Production in PNSB

http://dx.doi.org/10.1007/978-94-017-8554-9_11


284

Use of specific light sources: the use of 
specific-wavelength LEDs brought to higher 
PEs (Tian et al. 2010; Wang et al. 2013).

*2 Strategies for preventing the of devia-
tion reducing power:

Hydrogenase inhibition: since uptake- 
hydrogenase decreases the efficiency of H2 
production, it was targeted to be eliminated 
in many PNSB either by antibiotic resistance 
gene insertion into the hup genes or by dele-
tion of hup genes (Kern et al. 1994; Ooshima 
et al. 1998; Franchi et al. 2004; Kim et al. 
2006; Öztürk et al. 2006; Kars et al. 2008; 
Kars et al. 2009); other deviations are 
avoided by supplementing the cultures with 
reduced carbon substrates in order not to let 
the cells run out of reducing equivalents.

CBB defective strains: PNSB fix CO2 via 
the Calvin Benson Bassham (CBB) cycle; 
the overall pathway consumes both NADPH 
and ATP to synthesize cell material; carbon 
dioxide fixation defective strains have been 
constructed in order to save electrons for 
hydrogen production (Joshi and Tabita 1996; 
Qian and Tabita 1996; McKinlay and 
Harwood 2010, 2011).

*3 Strategies for enhancing nitrogenase 
activity:

Enhanced electron flow to nitrogenase: 
the rnf operon has been identified as related 
to the electron transport to nitrogenase. 
Overexpression of this operon led to higher 
nitrogenase activity (Jeong and Jouanneau 
2000).

Enhanced nitrogenase activity: the limit-
ing step for nitrogenase mediated catalysis is 
difficult to overcome due to the complexity 
of the mechanism. However, a possible strat-
egy could be acting on the substrate selectiv-
ity of nitrogenase in presence of dinitrogen 
(Harwood 2008), as it has already been 
proved to be successful in Azotobacter vine-
landii (Barney et al. 2004).

Deregulation of nitrogenase: nitrogenase 
is strongly inhibited by the presence of fixed 
nitrogen in the cell (Rey et al. 2007; Heiniger 
et al. 2012); deregulating nitrogenase appears 
to have a stabilizing effect on hydrogen pro-
duction even on ammonia containing sub-
strates (Adessi et al. 2012b).

*4 Strategies for avoiding substrate 
deviation:

PHB route inactivation: polyhydroxyal-
kanoic acids biosynthesis constitutes a way 
for disposing of the excess of reducing 
power in the cell; it competes with hydrogen 
production and consumes acetate. Deletion 
of the PHB synthesizing route resulted in 
enhanced hydrogen production (Hustede 
et al. 1993); following studies reported an 
enhanced hydrogen production only when 
PHB deficiency was coupled with uptake 
hydrogenase inactivation (Franchi et al. 
2004; Kim et al. 2006).

It looks clear how complex is the itinerary 
that brings from light to hydrogen and how 
many different routes have been taken to 
optimize the process. A “supermutant” 
bringing all the mutations above reported is 
not a solution that the authors consider fea-
sible, due to the consequent fragility of an 
organism that would bring all those kind of 
genetic alterations. A fragile organism, even 
if the hydrogen production route might be 
stabilized in its metabolism, would not be a 
good choice for an up-scaled process in par-
ticular if operating on complex substrates 
derived from other fermentation or degrada-
tive processes. On the contrary the authors 
believe that a limited number of genetic 
manipulations carefully combined with the 
more appropriate culture conditions and 
photobioreactor geometry should be 
designed for each specific process in order to 
obtain the maximum hydrogen production 
without affecting process stability.
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