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Abstract Several species of unicellular green algae, such
as the model green microalga Chlamydomonas reinhardtii,
can operate under either aerobic photosynthesis or anaerobic
metabolism conditions. A particularly interesting metabolic
condition is that of “anaerobic oxygenic photosynthesis”,
whereby photosynthetically generated oxygen is consumed
by the cell’s own respiration, causing anaerobiosis in the
culture in the light, and induction of the cellular “hydrogen
metabolism” process. The latter entails an alternative pho-
tosynthetic electron transport pathway, through the oxygen-
sensitive FeFe-hydrogenase, leading to the light-dependent
generation of molecular hydrogen in the chloroplast. The
FeFe-hydrogenase is coupled to the reducing site of photo-
system-I via ferredoxin and is employed as an electron-
pressure valve, through which electrons are dissipated, thus
permitting a sustained electron transport in the thylakoid
membrane of photosynthesis. This hydrogen gas generating
process in the cells offers testimony to the unique photo-
synthetic metabolism that can be found in many species of
green microalgae. Moreover, it has attracted interest by the
biotechnology and bioenergy sectors, as it promises utili-
zation of green microalgae and the process of photosynthesis
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in renewable energy production. This article provides an
overview of the principles of photobiological hydrogen
production in microalgae and addresses in detail the process
of induction and analysis of the hydrogen metabolism in the
cells. Furthermore, methods are discussed by which the
interaction of photosynthesis, respiration, cellular metabo-
lism, and H, production in Chlamydomonas can be
monitored and regulated.
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Abbreviations

ATP Adenosine triphosphate

GC Gas chromatography/chromatograph
HSM High salt minimal

LHC Light harvesting complex

MS Mass spectrometry/spectrometer
MIMS Membrane inlet mass spectrometer
NAD(P) Nicotinamide dinucleotide(phosphate)
PQ Plastoquinone

PSIIL, PSI  Photosystem II, photosystem I
Rubisco  Ribulosebisphosphate carboxylase/oxygenase
TAP Tris acetate phosphate

Introduction: photobiological hydrogen production
by unicellular green algae

In view of decreased availability of fossil fuels and the
climate changes caused by anthropogenic rise of the
atmospheric CO, concentration, the recovery of renewable
fuels has become more and more important. Molecular
hydrogen (H,) is thought to be the ideal fuel for the future
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because of its high energy content and its clean combustion
to water (H,O). Nature has created biological reactions that
use sunlight for the oxidation of water (oxygenic photo-
synthesis), and enzymes that use electrons for the
generation of H, (hydrogenases).

In 1939, the German plant Physiologist Hans Gaffron
discovered this hydrogen metabolism in green algae
(Gaffron 1939). Cyanobacteria and green algae are so far
the only known organisms with both an oxygenic photo-
synthesis and a hydrogen production (Schiitz et al. 2004).
While H, production in cyanobacteria is mostly coupled to
nitrogen fixation, unicellular green algae utilize photosyn-
thetically generated electrons for H' reduction.

Thus, one interesting, recent extension of photosynthesis
research entails the development of methods for a sustained
photobiological hydrogen H, gas production in green
microalgae such as Chlamydomonas reinhardtii (Melis
et al. 2000; Ghirardi et al. 2000; Melis and Happe 2001,
2004; Melis 2007). This extension is of interest as it cou-
ples an extremely oxygen (O,)-sensitive enzyme, the FeFe-
hydrogenase, to the photosynthetic electron transport
pathway that generates O, during its normal function. The
hydrogenase pathway enables these microalgae to dissipate
electrons from the photosynthetic electron transport chain
in the form of molecular H, (Hemschemeier et al. 2008), a
volatile and harmless gas for the algae, but an attractive
energy carrier for humans (Melis and Happe 2001).

In general, H, metabolism is widespread among
microorganisms. In the majority of cases, enzymes called
hydrogenases catalyze either production or oxidation of
molecular H, (Vignais et al. 2001). Hydrogenases are
categorized according to the metal cofactors found in their
catalytically active site, and are classified as NiFe-, FeFe-
or Fe-hydrogenases (Vignais and Billoud 2007). Only the
NiFe- and FeFe- hydrogenases are prevalent among
microorganisms (Vignais and Billoud 2007). In contrast,
Fe-hydrogenases (also known as H,-forming methylene-
tetrahydromethanopterin dehydrogenases, Hmd; Zirngibl
et al. 1990) are exclusively encountered in some metha-
nogenic archaea (Shima and Thauer 2007) and have a
completely different cofactor than NiFe- or FeFe-hydrog-
enases as has been recently proved by the analysis of a
Fe-hydrogenase crystal structure at 1.75 A (Shima et al.
2008).

The vast majority of the hydrogenase enzymes are
sensitive to molecular oxygen. It is of interest therefore,
that several species of unicellular green algae have retained
the genetic information and are capable of metabolizing
molecular H, (Kessler 1974; Winkler et al. 2002b, c;
Skjanes et al. 2008), in spite of the fact that these micro-
organisms normally carry out oxygenic photosynthesis. A
substantial proportion of H, production in such microalgae
clearly depends on photosynthetic activity, on electrons
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derived upon photosynthetic oxidation of H,O, and on the
FeFe-hydrogenase enzyme that is localized in the chloro-
plast (Happe et al. 1994; Florin et al. 2001).

The hydrogenase enzyme and the metabolism it is
involved in are best addressed in the model green micro-
alga C. reinhardtii. Its FeFe-hydrogenase (HydAl) is a
small iron-containing protein of about 48 kDa, which is
localized in the chloroplast stroma with ferredoxin being
the direct electron donor (Happe and Naber 1993; Happe
et al. 1994). The gene encoding HydA1 was first reported
by Happe and co-workers in 2001 (Florin et al. 2001;
Happe and Kaminski 2002), with a second putative
hydrogenase gene, HYDA2, identified soon thereafter
(Forestier et al. 2003). The function of HydA2 has not been
clarified yet. Isolation of hydrogenase from C. reinhardtii
did always result in pure HydA1 protein (Happe and Naber
1993; Kamp et al. 2008); however, the HYDA2-gene is
transcribed (Forestier et al. 2003) and recombinant Hyd A2
protein has hydrogenase activity (King et al. 2006). Alto-
gether, a collection of hydrogenase genes (Florin et al.
2001; Winkler et al. 2002a, c; Kamp et al. 2008) and
proteins (Kamp et al. 2008) of different green microalgal
species have been isolated, showing a high degree of
similarity (Melis et al. 2004).

In C. reinhardtii (Happe and Naber 1993; Happe and
Kaminski 2002) and other eukaryotic microalgae (Winkler
et al. 2002b; Skjanes et al. 2008) hydrogenase gene
expression and hydrogenase activity can be induced upon an
artificial process called anaerobic adaptation, in which cells
are concentrated, flushed with inert gas like argon (Ar) or
nitrogen (N5), and kept in the dark. In this induction system,
HYDAI transcript accumulation and in vitro hydrogenase
activity become detectable within a few minutes (Happe and
Kaminski 2002), and this method can be applied to test novel
algal species with regard to their capability to express an
active hydrogenase enzyme (Winkler et al. 2002b). An
alternative approach is to dark adapt cells in air-tight con-
tainers, in which the culture medium becomes anaerobic via
the cells’ own respiration. This approach is suitable for
testing both hydrogenase gene expression and in vivo H,
evolution, even if the latter is usually very low in the dark
(Gfeller and Gibbs 1984) and short-lived in the light due to
photosynthetic oxygen evolution (Ghirardi et al. 1997).

A relatively high, but very transient H, production in
green algae can be observed after a sudden dark-light shift
of cells which had become anaerobic in the dark and started
to express the hydrogenase gene. As light is switched on, a
sudden and rampant H, evolution can be observed, which,
however, lasts only for a few minutes (Mus et al. 2005). In
this system, the hydrogenase accepts electrons produced by
PSII until the Calvin Benson cycle is activated and the
hydrogenase is inhibited by the rising O, concentration in
the medium.
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Because of the very slow rates of H, evolution in the dark,
and the transient-only H, production in the light, a mean-
ingful role and metabolic purpose of the plastidic FeFe-
hydrogenase remained unclear for around 60 years of
the related research. However, a breakthrough discovery,
enabling a relatively high-rate and sustained H, production
activity in illuminated C. reinhardtii cultures, was reported
by Melis and co-workers (Melis et al. 2000; Ghirardi et al.
2000). A critical condition that was applied in the devel-
opment of this methodology was the lowering of the rate of
photosynthesis to about the level of cellular respiration,
enabling the cell’s own respiration to consume photosyn-
thetically generated O,, thereby permitting unimpeded
expression and function of the FeFe-hydrogenase pathway.
A balanced photosynthesis—respiration activity is currently
the platform of choice for research in this field, employed in
several labs in many countries. It was originally attained
upon a sulphur (S) nutrient deprivation from the growth
medium of the cells, the absence of which caused a slow-
down of the rate of photosynthesis (Wykoff et al. 1998) to a
level just lower than that of respiration (Melis et al. 2000),
thereby resulting in the establishment of those preconditions
necessary for H, evolution activity. Such internally induced
anaerobiosis allowed the expression of the HYDAI gene and
permitted the HydA1 enzyme to become active.

During S deprivation and H, production, C. reinhardtii
cells stop growth and down-regulate CO, assimilation
(Melis et al. 2000; Hemschemeier et al. 2008). Thus, the
major photosynthetic electron sink is no longer operative.
Instead, the hydrogenase pathway is activated, leading to
proton reduction and H, production, thus becoming an
alternative sink for photosynthetic electron transport
(Fig. 1). The latter stays active at least in the electron
transport chain starting at the plastoquinone (PQ) pool
(Wykoff et al. 1998; Melis et al. 2000), enabling the cells to
dissipate light energy and to photoproduce adenosine tri-
phosphate (ATP). This electron transport is driven in part by
residual PSII activity, and in part by non-photochemical PQ
reduction (Rumeau et al. 2007) at the expense of reducing
equivalents stored as starch (Fouchard et al. 2005;
Hemschemeier et al. 2008) (Fig. 1).

A precondition for a sustained H, evolution is an ade-
quate supply of electrons to sustain respiration and
oxidative phosphorylation. The latter is provided through
the regulated catabolism of starch, large amounts of which
accumulate in S-deprived C. reinhardtii during the first few
hours of S-nutrient limitation (Melis et al. 2000; Zhang
et al. 2002; Fouchard et al. 2005).

In sum, H, production in S-depleted C. reinhardtii cells
is an elaborately complex variant of “anaerobic oxygenic
photosynthesis” (Fig. 1). The study of the corresponding
cellular metabolism is of interest to biotechnologists, who
hope to be able to engage the microalgae as producers of
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Fig. 1 Schematic of photosynthetic electron transport in the unicel-
lular green alga C. reinhardtii during normal photosynthesis (a) and
H, production during S deprivation (b). S depletion causes a drastic
decrease of photosystem II (PSII) activity (indicated by the dotted line
of the PSII symbol). In addition, the light harvesting complexes
(LHCII) antennae are partially transferred to photosystem 1 (PSI)
(state 2 transitions). The decreased O, evolution at PSII results in
anaerobic conditions in a respiring, sealed algal culture, so that the
hydrogenase (HYD) can become active. Besides residual PSII-
activity, the oxidative degradation of organic substrates such as starch
is an important electron source for H, production. The electrons
derived from the latter process are probably transferred into the
photosynthetic electron transport chain (PETC) by a plastidic
NAD(P)H-dehydrogenase (NDH). The modified PETC of S-depleted
algae allows the electron transport to continue so that the cells can
generate ATP through photophosphorylation. Further abbreviations:
ATP synthase (ATPase), cytochrome b4f complex (Cytb4f), ferredoxin
(Fdx), ferredoxin-NADPH-reductase (FNR), plastidic terminal oxi-
dase (PTOX), plastocyanine (PC), plastoquinone (PQ)

H,, a clean and renewable energy carrier. In addition, this
alternative “anaerobic oxygenic photosynthesis” offers an
opportunity to gain insights into the flexibility and regu-
lation of photosynthesis. This chapter aims at providing the
basic knowledge on how to induce and analyze the H,
metabolism of green microalgae, with a focus on assessing
the interplay between photosynthesis and H, evolution.

Induction and analysis of the hydrogen
metabolism in Chlamydomonas reinhardtii

Anaerobic adaptation and in vitro hydrogenase assay
The simplest and probably most artificial technique to
induce hydrogenase activity in unicellular green algae is to

flush a highly concentrated and shaded culture with an inert
gas like Ar or N,. For this purpose, cells are grown in the
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light, either photoheterotrophically in Tris acetate phosphate
(TAP) or photoautotrophically in high salt minimal (HSM)
medium (Harris 1989, 2009). For all the physiological
analyses of Chlamydomonas and other algae, it is important
to keep the cells of precultures in the active growth phase.
This means that as soon as the cultures have reached a cell
density of about 1 x 107 cells ml™"', an aliquot of this cul-
ture is used to inoculate fresh medium at a cell density of
about 1-2 x 10* cells ml~'. For anaerobic adaptation of
C. reinhardtii, a chlorophyll content of the pre-culture
of 20-25 pg ml~! has turned out to be optimal. The chlo-
rophyll content of C. reinhardtii is determined by mixing
200 pl of cell suspension with 800 pl acetone, letting the
chlorophylls extract for several hours in the refrigerator,
spinning the cells down, and measuring the absorbance of
the green supernatant against 80% acetone at A = 652 nm
(Arnon 1949). At a chlorophyll content of 20 ug ml™",
which is equivalent to about 6.5 x 10° cells ml~" in case of
the C. reinhardtii wild type CC-124 (137¢), the cells would
have already reached the end of the exponential growth
phase, but still divide. The pre-culture is then harvested by
mild centrifugation (2 min at 3,500-5,000 g, room tem-
perature) in Sarstedt (Sarstedt, Niimbrecht, Germany) or
Falcon tubes and gently resuspended in about 0.2 volumes of
fresh medium to reach a chlorophyll concentration of
100 pg ml~". For reproducible and comparable results, both
the respective pre-cultures and the concentrated cultures to
be compared should have equivalent chlorophyll contents.

It is important for all the analyses of C. reinhardtii that
the cells do not stand anywhere for more than 1 min, since
they settle rapidly and establish microaerobic or even
anaerobic conditions in the dense cell sediment. Accord-
ingly, pellets of the algae should be resuspended rapidly. If
the purpose of the experiments requires a real “O h”
sample, the concentrated cells may be incubated in a thin
layer in Erlenmeyer flasks in the light to re-establish pho-
tosynthetic, thus O,-saturated conditions.

For anaerobic adaptation, though the highly concentrated
algal culture will not carry out appreciable photosynthesis
due to self-shading, the tube should be further wrapped
with aluminium foil to prevent the outer layers of the cell
culture to be exposed to light. The algal suspension is then
flushed by Ar or N, at 18-25°C. For this purpose, a tube
(about 5 mm in diameter) connected to the gas cylinder via
a pressure regulator is introduced into the flask through a
suitable hole in the lid, which should have a somewhat
larger diameter than the tube to allow the gas to exhaust
again. The tube is then dipped into the culture so that the
gas flushes the cell suspension. It is important that the gas
is of high purity, i.e., with no significant contaminations of
O,. Furthermore, it is essential that the bubbling of the
algal suspension is not too strong to avoid shearing stress
of the cells.
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The success of the anaerobic induction of hydrogenase
activity can be monitored by an in vitro hydrogenase
activity assay. The reaction mixture of this assay contains
Triton-X 100, a mild detergent which lyses the algal cells.
It should be noted that some algal species have different
types of cell walls which might be too resistant to Triton.
The assay described here performs well in C. reinhardtii,
C. moewusii, Scenedesmus obliquus, S. vacuolatus, and
some other species tested to date (Winkler et al. 2002b;
Kamp et al. 2008). The assay furthermore contains methyl
viologen as a potent artificial electron donor to FeFe-
hydrogenases and sodium dithionite (Na,S,0,) as an effi-
cient reductant for methyl viologen.

The details: First, 1.6 ml of 60 mM potassium phos-
phate buffer pH 6.8, 1% Triton X-100 (0.2 ml of a 10%
(v/v) stock solution in the above mentioned phosphate
buffer) and 10 mM methyl viologen (of a 1 M stock
solution in phosphate buffer, which can be stored in the
fridge for several weeks) are mixed in a 8—10-ml edge rolls
bottle (e.g., 10-ml headspace bottles ND20/ND18, cat. no.
3205550 at www.de.fishersci.com/) (Fig. 2b). The flask is
then sealed by a Red Rubber Suba Seal (e.g., No. 25, cat.
no. Z12,459-1 at www.sigmaaldrich.com/germany.html)
and gassed with Ar (N;) for 5 min. For this purpose, a
needle connected to a gas cylinder via an adequate tube is
pierced through the septum, and another needle serves as
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Fig. 2 a Development of in vitro hydrogenase activity in a concen-
trated C. reinhardtii culture sparged with Ar starting at O min.
Samples of 200 pl containing the algal suspension were removed
from the shaded incubation flask at the depicted time points and
injected into an in vitro assay reaction mixture containing Triton X-
100 used for cell lysis, and sodium dithionite reduced methyl viologen
as an efficient, in vitro electron donor to FeFe-hydrogenases. After
15 min of incubation in a shaking water bath at 37°C, the headspace
within the reaction vessel was analyzed by gas chromatography (GC).
The detected amounts of H, were related to the chlorophyll
concentration of the cells as an indication for the cell density and
the incubation time. b Edge rolls bottles sealed with red rubber Suba
Seals. The two left-side bottles contain aliquots of a C. reinhardtii
culture (in vivo assays), the two right-side vessels are filled with
in vitro assay reaction mixture having the typical deep blue color of
reduced methylviologen


http://www.de.fishersci.com/
http://www.sigmaaldrich.com/germany.html

Photosynth Res (2009) 102:523-540

527

gas exhaust. In parallel, a 1-M freshly prepared sodium
dithionite solution is prepared in a sealed headspace bottle
by injecting the required amount of phosphate buffer
through the septum of the vessel, in which the required
amount of sodium dithionite is already present. This
solution is also flushed with Ar (N,) for 5 min. Finally,
200 wl of the anaerobic sodium dithionite stock solution is
added to the pre-mix containing buffer, Triton, and methyl
viologen by a syringe piercing through the rubber septum.
The reaction mixture should turn deep blue to purple, an
indication of methyl viologen being reduced (Fig. 2b). As
an alternative to applying Ar gassing, all the reaction
mixtures can be prepared in an anaerobic glove box (e.g.,
of Coy Laboratories, Detroit, USA).

Finally, 100-200 pl of the anaerobically adapted algal
culture is removed from the cell suspension by a syringe
and then injected into the prepared in vitro assay reaction
mixture, piercing through the septum. The flask is then
vortexed vigorously to lyse the cells and afterward placed
into a shaking water-bath at 37°C for 15 min. The optimum
temperature of C. reinhardtii HydAl is 60°C (Happe and
Naber 1993); however, to find a compromise between
enzyme activity and long-term stability, 37°C was chosen
as a standard temperature. If other temperatures and incu-
bation times are chosen, it should be checked first how long
the H,-evolving activity is linear by sampling the gas every
5-10 min.

After incubation, the headspace above the reaction mix-
ture can be analyzed by GC. Gas chromatographic detection
of H, usually utilizes thermal conductivity detectors (TCDs)
and argon as a carrier gas. For detailed analyses, a sensitive
gas chromatograph should be at hands. Good systems are
supplied by Shimadzu, Kyoto, Japan (www.shimadzu.com;
e.g., GC-2010 equipped with a PLOT fused silica coating
molsieve column [5 /DX, 10 m by 0.32 mm] from Varian,
Palo Alto, CA; www.varianinc.com). This system also
allows the detection of O,, which can be valuable to detect
significant O, contaminations in the samples or to analyze
the O, consumption in S-deprived cells (see below). The
hydrogenase activity of whole cells is usually defined as
nmoles H, produced per hour and pg chlorophyll (or cell
number).

Anaerobic adaptation experiments commonly last for
4-6 h. In C. reinhardtii, in vitro hydrogenase activity can
be detected after 5-15 min of bubbling. Hydrogenase
activity rises linearly for 2-3 h and then reaches a plateau
activity of around 500 nmol H, h™' pg Chl™' (Fig. 2).

Photobiological hydrogen production upon sulphur
deprivation

In S-deprived C. reinhardtii cultures, a very special photo-
synthetic metabolism develops in which the photosynthetic

electron transport chain is significantly changed from what
is known as photosynthesis. PSII activity is strongly down-
regulated, and the oxidation of organic substances is the
main source of electrons, which are proposed to be trans-
ferred to the PQ-pool via an NAD(P)H-PQ-oxidoreductase
(Mus et al. 2005; Bernard et al. 2006). The electron sinks of
photosynthesis change, too, since CO, fixation becomes
undetectable whereas the hydrogenase accepts electrons
from the photosynthetic chain (Hemschemeier et al. 2008)
(Fig. 1). This algal photohydrogen production has been
studied extensively in the last few years. In this chapter, the
procedures to induce the H, metabolism in C. reinhardtii by
S deprivation will be described in detail. Furthermore, some
techniques to analyze the physiological status of the cells
will be summarized.

Media, culture treatment, and illumination conditions

In contrast to inducing micronutrient deficiency in C. rein-
hardtii, which takes a lot of effort to exclude trace amounts
of metal ions from the growth medium (Quinn and Merchant
1998), it is not difficult to deprive C. reinhardtii cells of the
macronutrient sulphur (S). Standard TAP medium (Harris
1989, 2009) contains about 0.5 mM of sulphate. 400 pM of
the latter derive from the salt solution, and about 100 pM
originates from the trace element solution, which contains
sulphate salts of Zn, Cu, and Fe. To prepare S-free medium,
the standard TAP recipe is used, but the Beijerinck’s salt
solution is prepared with MgCl, instead of using MgSQj,.
Accordingly, the trace element solution contains the chlo-
ride salts of Zn, Cu, and Fe. Double distilled water should be
used for the preparation of the stock solutions and the media
to avoid sulphate contamination.

To induce S deprivation in C. reinhardtii, the cells are
grown in standard TAP medium in the light and then
transferred to S-free medium. For this purpose, the cells are
centrifuged as described above, the supernatant is dis-
carded, and the cell pellet is gently resuspended in the
original volume of S-free medium. Another centrifugation
step follows, the supernatant is discarded once more, and
the cells are resuspended in S-free medium again. There
are several philosophies on how many washing steps
should be carried out. Some research groups carry out up to
five washing steps (e.g., Kosourov et al. 2002), whereas
others wash only once (Hemschemeier et al. 2008). It
should be kept in mind that every centrifugation step
affects the algal cells and may induce an anaerobic
metabolism already, on the other hand, some sulphate
might stick to the cells so that one washing step could be
insufficient to remove any S from the cells. The procedure
might be chosen according to the experimental aims.

An alternative approach to deprive algal cells of S is to
inoculate them in a medium with a limited amount of
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sulphate (Zhang et al. 2002). We experienced that inocu-
lating a low amount of C. reinhardtii cells grown in
standard TAP medium in new medium containing 50 pM
sulphate (by adding a sterile MgSO, stock solution to
S-free TAP medium) allows them to grow until they reach
a chlorophyll content of about 20 pug ml~". Then, they will
pass to the S-deprived stage and induce the set of adapta-
tions figured out below.

There is an easy method to check whether the Chla-
mydomonas culture already experiences S starvation.
Several green algal species such as C. reinhardtii secrete a
periplasmatic arylsulfatase as soon as they sense limita-
tions of sulphate (Lien and Schreiner 1975). This enzyme is
able to cleave sulphate from aromatic compounds, and
its activity is easily assayed in whole cells with the chro-
mogenic substrate 5-bromo-4-chloro-3-indolyl sulphate
(XS0Qy), since the product of arylsulfatase action on XSOy4
is a blue compound (Davies et al. 1992). Thus, to check
whether C. reinhardtii cells are already in the stage of S
deprivation, 1 ml of the cells is removed from the culture
vessel and mixed with 10 ul of a 30 mM XSO, stock
solution in 0.1 M Tris/HCI pH 7.5. After 30-60 min, the
cells are spun down at a high speed, and the supernatant,
which should be visibly bluish if an arylsulfatase is active,
can be analyzed photospectrometrically at 4 = 650 nm.

In contrast to the simplicity of inducing S starvation in
C. reinhardtii, the induction of a sustained and reproducible
H, production in these cultures is much more difficult. To
understand this difficulty, the sequence of events leading to
the onset of H, production in C. reinhardtii is briefly sum-
marized here. When the cells have been transferred to S-free
medium and placed in the light, they still have a high pho-
tosynthetic activity, resulting in O, evolution and CO,
fixation. The latter results not only in some cell growth and
doubling in the beginning (Melis et al. 2000), but also in the
accumulation of starch, which is a common response of
nutrient starved C. reinhardtii cells (Grossman 2000). Starch
levels had tripled already in the first 5 h of S depletion
(Makarova et al. 2007), and after being S depleted for 24 h,
the algae contain almost tenfold amounts of starch as com-
pared with S-replete cells (Zhang et al. 2002). After several
hours, PSII activity and photosynthetic O, evolution,
respectively, as well as CO, fixation will decrease (Melis
et al. 2000; Hemschemeier et al. 2008). At a certain point,
the ongoing respiratory O, uptake activity will overcome
photosynthetic O, evolution rates so that the O, dissolved in
the culture will be consumed by and by (Fig. 3). As soon as
anaerobic conditions are established, the hydrogenase gene
is expressed (Zhang et al. 2002) and the hydrogenase
enzyme becomes active (Winkler et al. 2002b) (Fig. 3). The
hydrogenase then takes over the electrons from ferredoxin,
which in turn is reduced by PSI activity. The electrons
arriving at PSI originate both from residual PSII activity and

@ Springer

a
80 10,25
@ H, g [ ]
gl i 8~ N 0,20
— 60 | |~ CO; '
S =
5 90 ® 0,15 %
EN 40 E
O& 30 (0] 10,10 8“
i Q
)
< ij 10,05
10
O €]
0 O O—0O—0 0,00
0 50 100 150 200 250

time [h]

Fig. 3 a Development of the concentrations of H, (@), O, (@), and
CO, (O) as measured by MS in the headspace of an S-depleted
C. reinhardtii culture incubated in squared glass bottles sealed with
Suba seals upon one-site illumination as illustrated by the photograph
in (b) (Hemschemeier 2005)

non-photochemical PQ-reduction (Fouchard et al. 2005;
Hemschemeier et al. 2008) (Fig. 1b). The latter, again,
depends on the amount of starch that was accumulated in the
photosynthetic phase.

Having these metabolic adaptations of S-depleted algae
under consideration, it is obvious that every culture
parameter influencing the photosynthetic light and dark
reactions as well as respiratory activity will also have an
impact on establishment and dimension of the photosyn-
thetic H, metabolism. It has been reported that the pH of the
medium (Kosourov et al. 2003), the use of synchronized
versus non-synchronized cultures (Kosourov et al. 2002),
certain amounts of sulphate in the medium (Zhang et al.
2002; Kosourov et al. 2002), as well as temperature and the
growth phase of the pre-culture (the authors’ own unpub-
lished results) have significant effects on the time it takes for
the algal culture to start producing H, and on the amounts of
H, that are accumulated. Light intensity has a particular
impact on the development of S-depleted C. reinhardtii
cultures (Laurinavichene et al. 2004) similar to that the
culture density has (Kosourov et al. 2002), since the latter
determines the amount of light that can penetrate the cell
suspension. Furthermore, the availability of carbon (C)
sources strongly influences the H, metabolism of S-deprived
C. reinhardtii cultures. Standard TAP medium contains
acetate, which can be used by this species as a C source both
for growth and respiration. Chlamydomonas can be grown in
TAP without supplemental CO,, whereas some researchers
use TAP as growth medium but furthermore provide extra
CO; (up to 5%), and in some laboratories, C. reinhardtii is
grown photoautotrophically in HSM medium or other min-
imal media (Harris 1989, 2009). For H, production upon S
deprivation, acetate is essential for the establishment of
anaerobic conditions (Fouchard et al. 2005), unless PSII
activity is rapidly diminished by applying light stress to the



Photosynth Res (2009) 102:523-540

529

cells grown in dimmed light (Tsygankov et al. 2006;
Kosourov et al. 2007). On the other hand, the attempts of
several researchers to rapidly induce H, production in illu-
minated algae by applying the PSII inhibitor DCMU (3-(3.,4-
dichlorophenyl)-1,1-dimethylurea) did not result in any H,
accumulation because of the dependence on electrons pro-
vided by organic reserves which were built up using
electrons provided by PSII (Fouchard et al. 2005; Hem-
schemeier et al. 2008). Not in the least, the activity of the
Calvin Benson cycle plays a significant role in H, production
by C. reinhardtii, since it acts as a competing electron sink.
For instance, it has been shown that a Ribulosebisphosphate
carboxylase/oxygenase (Rubisco)-deficient strain produces
H, in full TAP medium (Hemschemeier et al. 2008). On the
other hand, C. reinhardtii transformants having a reduced
ratio of photosynthetic O, evolution and respiratory O,
uptake establish anaerobiosis and develop in vitro hydrog-
enase activity in full medium upon illumination, but they do
not produce significant amounts of H, unless the Calvin
Benson cycle is inhibited (Riihle et al. 2008).

As a consequence of all these affecting parameters, we
recommend the following to stably establish photohydrogen
production in S-deprived C. reinhardtii cells: The pre-cul-
ture should have a chlorophyll content of 20-25 pg ml™".
Too thin cultures will not establish anaerobic conditions; too
dense cultures will have a less efficient photosynthetic
activity. Washing once with S-free medium is sufficient.
However, the cells will grow a bit in the next few hours. The
acetate content of the S-free medium should be at least
10 mM (standard TAP medium contains about 20 mM). For
the first trials as well as for physiological or biomolecular
analyses, small “photobioreactors” are suitable. We often
use square narrow-neck glass bottles (e.g., Square bottles,
narrow neck, DIN thread GL32, 100-500 ml; Duran cat. nos.
23 81024 5, 23 810 36 5, and 23 810 44 5; Duran, Mainz,
Germany, www.duran-group.com/) which can be sealed by
Suba seals no. 37 (212,462-1 at Sigma-Aldrich). Depending
on the diameter of the bottles, the cell suspension already
transferred to S-free medium should have a chlorophyll
content of at least 20 pg ml~! (100 ml bottles) or
15 pg ml~" (250 ml bottles), but not more than 30 ug ml ™"
(100 ml bottles) or 25 pg ml~! (250 ml bottles) when
incubating the cells at a one-site light intensity of about
80 UE s~ m™2 If the culture is too thin, the cells will pro-
duce too much O, and hardly enter the anaerobic H, -
production phase; if the cells are too dense, they will pass
into anaerobiosis very soon, only because of self-shading and
not because of the effect of sulphur starvation. Furthermore,
they will accumulate only small amounts of starch.

If a gaseous phase is to be left above the culture, which
is necessary if the accumulating gas species are to be
analyzed by GC or MS (Fig. 3), the gas-liquid ratio should
not be too high. For example, we put 290 ml of cell

suspension in a 250-ml bottle (which has a total volume of
320 ml) or 100 ml of cells in a 100 ml-bottle (total volume
120 ml).

However, we experienced a large variation in the met-
abolic responses of S-deprived C. reinhardtii cells even if
the culture parameters diverged only slightly. Thus, in
every lab, the optimal conditions can be somehow differ-
ent, and it makes sense for everyone who wants to establish
this system to try out different parameters himself or her-
self. If different algal species are to be examined, a
standard control strain should be included to make sure that
the setup is adequate. The well-studied species C. rein-
hardtii and Scenedesmus vacuolatus (formerly Chlorella
fusca) show almost the same reactions to S depletion
(Winkler et al. 2002b; Kamp et al. 2008) and are suitable
to serve as control strains.

When doing biotechnologically orientated research on
the H, metabolism of green algae, one would prefer a real
photobioreactor instead of using just glass bottles. A lot of
different bioreactor types have been used, including tubular
or flat-panel reactors applying different modes of cell
mixing and light supply. However, because the develop-
ment of suitable photobioreactors is a discrete research
field (reviewed e.g., by Eriksen 2008), this will not be
discussed in this chapter.

Online gas-exchange analyses with a mass-spectrometer

Many techniques have been applied in order to disclose the
secrets of H, production in S deprived C. reinhardtii,
among which the standard techniques for the analysis of
photosynthesis, such as in vivo measurements of O,
exchange rates by Clark-type electrodes, in vitro mea-
surements of the electron flows in thylakoids isolated from
S-deprived C. reinhardtii cells, PAM fluorometry, 77-K
fluorescence emission, and chlorophyll fluorescence
induction experiments (Wykoff et al. 1998), as well as
spectrophotometric measurements of absorbance differ-
ences to determine the concentrations of functional PSII
and PSI reaction centers or cytochrome f in isolated thy-
lakoid membranes (Melis et al. 2000) (see below).

Other methods were utilized in order to analyze the H,
metabolism. The three indicators for the latter are usually
in vitro hydrogenase activity assays as described above,
in vivo assays (see below), and the analysis of the gas
phase of the cells by GC.

However, for all these experiments, the samples are
usually taken from a culture vessel to be analyzed in dif-
ferent devices. This always perturbs the equilibrium of the
system, since a volume is extracted from the incubation
vessel, and the sample itself will be exposed to air to a
certain extent. Therefore, optimal experimental conditions
combine the recordings of several relevant data in one
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sample, preferably in the culture vessel or the photobio-
reactor itself. Such systems, measuring pH, dissolved O,
redox potential, and chlorophyll fluorescence simulta-
neously in one photobioreactor have been described (e.g.,
Kosourov et al. 2002; Antal et al. 2003), and they allow the
direct relation of photosynthetic parameters such as PSII
chlorophyll fluorescence with other indicators such as
dissolved O, concentration and redox potential. Using such
a photobioreactor setup, Antal et al. (2003) could demon-
strate a clear relationship between a rapid drop of PSII
efficiency and the onset of anaerobiosis, and could further
find evidence that the hydrogenase enzyme provided a sink
for electrons in the absence of the usual electron-consum-
ing pathways such as CO, fixation.

A very convenient system to study the exchange of
gases in C. reinhardtii cell suspensions is a so-called
Membrane Inlet Mass Spectrometer (MIMS). The setup is
very useful to study the production or exchange of gases in
liquid samples in general, e.g., in aqueous PSII solutions
(Messinger et al. 1995; Shevela et al. 2008; Konermann
et al. 2008), and it is described in detail in the article by
Beckman et al. (On-line Mass spectrometry: Membrane
Inlet sampling) in this issue.

A MIMS has been established, for instance, in a research
group at CEA Cadarache, France (Laurent Cournac, Gilles
Peltier, Départment d’Ecophysiologie Vegétale et de
Microbiologie, CEA Cadarache, France) (Dimon et al.
1988; Lindberg et al. 2004). Here, a measuring chamber of
the Hansatech DW2/2 type (Hansatech, Norfolk, England,
www.hansatech-instruments.com/index.htm) is directly
connected to a mass spectrometer (MS) (model MM 8-80;
VG Instruments, Cheshire, United Kingdom) by a poly-
propylene membrane at the bottom of the chamber, which
allows dissolved gases to be directly introduced into the ion
source of the MS through a vacuum line (Fig. 4a). The
measuring chamber is thermostat controlled by a water
jacket, and the liquid is continuously mixed by a magnetic
stirrer. Light can be applied by a fiber optic illuminator
(e.g., from Schott, Mainz, Germany; www.schott.com)
(more detailed descriptions of the setup are given in ref-
erences, Jouanneau et al. 1980; Lindberg et al. 2004).

The merit of this set-up is that changes of the concen-
trations of several gases can be recorded simultaneously.
The spectrometer sequentially scans the abundance of the
gases of interest while measuring one mass peak takes 0.5 s
in the system described by Lindberg et al. (2004). There-
fore, the concentrations of gases dissolved in a cell
suspension within the measuring chamber are recorded in
very short-time intervals and any change in gas abundance
will be observable almost immediately. Thus, this MS
system allows examining different metabolic processes in
real time and in parallel, allowing a direct comparison
without the need to take into account different measuring
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Fig. 4 a Schematic of a measuring chamber connected to the vacuum
of an MS as is set-up in the CEA Cadarache. An aliquot (ca. 1.5 ml) of
the algal suspension is injected into the measuring chamber of the
Hansatech type where it is stirred by a little stir bar (not shown). Light
can be applied by a fiber optic cable. Inhibitors such as DCMU can be
applied by a syringe through the capillary of the lid. The bottom of the
chamber is sealed by a thin gas-permeable Teflon membrane supported
by a stainless steel frit. Gases dissolved in the cell suspension (indicated
by white circles) can diffuse through the membrane and enter the ion
source of the MS by a vacuum line. The addition of heavy isotopes can
be applied to differentiate between respiration (uptake of '%0,)
and oxygenic photosynthesis (production of '°0,), as well as between
CO, assimilation (uptake of I3COZ) and respiratory CO, production
(12C0O,). The metabolism of D, is an indicator of the hydrogen
metabolism and the hydrogenase turnover rate. b Schematic graph of
the effect of DCMU on the in vivo H, -production rate of S-depleted
C. reinhardtii cells as recorded utilizing the MS system depicted in (a).
A stable H, graph indicates the instantaneous H, evolution rate of an
illuminated, S-deprived algal culture. To define the contribution of
photosynthetic water splitting to the electron supply of the hydroge-
nase, DCMU is added. The difference of the H,-production rates before
and after the addition of the PSII inhibitor is equivalent to the fraction
of H, which is generated with electrons provided by PSII. To determine
the low rate of dark H, production, light is turned off after the H, graph
has stabilized.

conditions and set-ups (e.g., light intensity, temperature,
disturbance of the system by entry of air etc.).

By utilizing a MS system, all gases of interest can be
analyzed (Fig. 4a). For the analysis of photohydrogen
production in C. reinhardtii, O, (PSII activity, respiration),
CO, (CO, assimilation, respiration, and fermentation), and
H, are the relevant gases. Moreover, mass spectrometric
analyses allow differentiating between different isotopes of
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one element, so that O, and CO, production can be sepa-
rated from O, and CO, consumption. Lindberg et al.
(2004) described gas-exchange analyses in the filamentous
cyanobacterium Nostoc punctiforme, in which isotopic
tracing was applied. The addition of '®0, allowed the
calculation of respiratory activity, since photosynthetic
activity mainly produces '®0,. In a similar manner, the
uptake of 13C02 has been used as criterion for CO,
assimilation during photosynthesis, since '*CO, production
originates mostly from the oxidation of stored carbohy-
drates. For the analysis of the H, metabolism of whole cells
or the activity of hydrogenase enzymes, the exchange of
heavy hydrogen (D,) (HD-exchange) has been described as
being a valuable tool to monitor enzyme activities within
the cells (Cournac et al. 2004; Lindberg et al. 2004) or to
study gas diffusion in isolated hydrogenases (Leroux et al.
2008) (in references Cournac et al. 2004 and Leroux et al.
2008; the HD-exchange technology and calculations are
described in some detail).

The analysis of photohydrogen production in C. rein-
hardtii has also benefited from this system. For instance,
the direct (real-time) effect of the PSII inhibtor DCMU on
H, evolution could be analyzed utilizing the mass-spec-
trometric setup (Fig. 4b), thereby allowing to show that the
residual PSII activity of S-deprived algal cells only par-
tially contributes to the ongoing in vivo H,-production
rates (Hemschemeier et al. 2008). Combined with other
experiments involving DCMU treatment, this observation
allowed to affirm the model stated by Melis et al. (2000).
This model already postulated that PSII activity in the first
few hours of S deprivation is essential for H, production
since it is essential for starch accumulation, but that water-
splitting becomes dispensable during the H,-production
phase, since the latter occurs mainly at the expense of
accumulated organic reserves (Melis et al. 2000; Fouchard
et al. 2005; Hemschemeier et al. 2008). Furthermore, the
application of 'CO, permitted to verify the strong
decrease of in vivo CO, uptake activity (Hemschemeier
et al. 2008), which had been concluded from the degra-
dation of the Rubisco before (Zhang et al. 2002).

In vivo hydrogen production in microalgal cultures

If neither a MS system nor a photobioreactor equipped with
several electrodes is available, key parameters of S-
deprived C. reinhardtii cells have to be analyzed in inde-
pendent samples. If this is the case, the measuring
conditions of the utilized devices should as much as pos-
sible be adapted to the conditions of the incubation flasks.
This means, for example, that the illumination applied to
induce photosynthetic light reactions in a Clark-type O,
electrode setup should be the same as that used for illu-
minating the main culture (light intensity and quality). It

should be taken into account, too, that the light path in
typical measuring chambers (usually 1-2 cm) is much
smaller than that in the culture vessel (5-10 cm), so that
the light intensity reaching every single cell is higher due
to less self-shading of the cells.

The use of O, electrodes of the Clark type is a common
technology which will not be explained here in detail. It
should be noted, however, that Clark-type electrodes can
easily be converted to H, electrodes just by applying a
different potential. Details of assembling and using these
electrodes are given in references Wang (1980), Kuroda
et al. (1991), and Takeshita et al. (1993).

An easy method to analyze in vivo H,-production rates of
illuminated C. reinhardtii cells without a H, electrode will
be described here. This technique is suitable to determine the
real H,-evolution rate of the cells, which can be only roughly
concluded from the accumulation of H, in the gas phase of
the incubation flask or in a gas trap (see below). For this
purpose, a 2-ml sample of the main culture is taken with a
syringe by piercing through the septum and gently injected
through the rubber seal of an 810 ml headspace bottle as
described above, which has been gassed with Ar before. The
little vessels are then placed in the light. The cell suspension
has to be rocked or stirred so that the cells do not settle. A
shaking water bath made from plexiglas standing on top a
light source is optimal. After 10 min, a volume of the gas
phase is analyzed with a gas chromatograph to determine H,
concentration. Then, the cells are incubated for 1 h, and H,
is detected again. The difference of the H, concentration in
the beginning and after 60 min is the amount of H, that has
been produced by the cells. It should be noted that the
10 min of pre-incubation is applied to let the cells adapt to
the system, which will differ from the incubation conditions
of the main culture in some aspects. Furthermore, during the
transfer of the cells, some air (i.e., O,) might have entered
the cell suspension, and the cells might have been shaded to
some extent. During the pre-incubation, the algae will sta-
bilize their H, metabolism. The first analysis of the H,
concentration after the 10 min duration is important to take
into account the H, which has been produced during this pre-
incubation phase and the gas which was introduced into the
reaction vessel by the algal suspension. In the active H,-
producing phase of S-deprived C. reinhardtii cultures, sig-
nificant amounts of H, are dissolved in the medium of the
cells.

The above point should also be kept in mind when
carrying out in vitro hydrogenase activity assays with S-
depleted algae. In this case, the reaction vessel is degassed
by Ar for 1 min after the cells have been injected and
vortexed, so that the H, introduced by the cell suspension is
removed. On the other hand, the in vivo assays of whole
cells should not be degassed for “resetting” reasons, since
this will disturb the equilibrium of the cells even more.
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Hydrogen yield measurements by the water
displacement method in a gas trap

To determine the total amount and volume of H, gas
produced by an S-depleted algal culture, H, gas collection
can be achieved with a simple laboratory-assembled gas
trap apparatus, based on the water displacement method.
Flat culture bottles (usually Roux type) are fitted with an
air-tight silicone or rubber stopper, perforated with a gas
port (either a narrow piece of glass tubing or a Gauge 10
needle). Teflon tubing (HPLC, Aminco, Lake Forest, CA),
attached to the outside-protruding portion of the gas port, is
used to conduct the gas evolved by the algae in the culture
bottles to an inverted burette or graduated cylinder filled
with H,O (Fig. 5). The volume of the gas collected in the
burette can be measured directly from the volume of water
displacement. A standard GC apparatus can be used to
determine the levels of N,, O,, CO, and H, in the head-
space of the reactor.

This simple setup can be easily assembled. However,
there are key methodology issues to be kept in mind. H; is
the smallest of all the molecules and a volatile gas at room
temperature. It can easily escape through material that is
normally impermeable to air and water, or leak through
connections that are not hydrogen-tight. Accordingly,
connections of tubes to bottles and stopper perforations
have to be leak-proof and ultra-tight. If necessary, such
connections and perforations can be additionally sealed
with silicone grease or oil.

Fig. 5 H,-production measurements of S depleted green algae in the
laboratory using gas traps. The gases produced by the algae are
collected in inverted graduated cylinders via the water displacement
method. Samples of the gas can be removed utilizing syringes with
long and bended needles. As the cells pass into the H,-producing
phase, yields of H, can be measured directly from the volume of the
water displaced in the graduated cylinders
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Chlorophyll fluorescence-based characterization of the
photosynthetic apparatus during hydrogen production

In vivo chlorophyll a fluorescence is a powerful non-
invasive technique which allows to probe and assess the
functional status of the photosynthetic apparatus. As such,
in vivo Chl a fluorescence has found many applications in
photosynthesis research (Papgeorgiou et al. 2007). This
simple measurement technique, which is described in a
separate chapter in this issue (a good overview is also given
by Baker 2008), offers insight into the induction of H,-
production upon S-deprivation. As mentioned above, the
significant H,-production capability of C. reinhardtii
depends on photosynthesis. Thus, the analysis and moni-
toring of the photosynthetic apparatus by the non-intrusive
chlorophyll fluorescence measurement can readily provide
information as to the physiological status of the cells and
effect of S-deprivation in terms of the functionality of the
photosynthetic electron transport chain (e.g., Wykoff et al.
1998; Melis et al. 2000; Zhang et al. 2002; Antal et al.
2003; the cited articles also provide details about technical
setup and culture treatment).

For example, the efficiency of PSII primary photo-
chemistry in C. reinhardtii can readily be calculated from
the variable to maximal (F,/F,,,) fluorescence yield ratio
(Kitajima and Butler 1975). “Healthy” C. reinhardtii cells
growing in TAP medium and being in the mid-exponential
growth phase usually exhibit F,/F . values (Fy/Fy.x =
variable fluorescence in dark-adapted cells; allows deter-
mination of maximum quantum efficiency of PSII primary
photochemistry) of 0.6-0.7 (e.g., Wykoff et al. 1998;
Zhang et al. 2002; Makarova et al. 2007) and AF/Fy.,
values (AF/F,, = variable fluorescence in light-adapted
cells; allows the determination of open reaction centers in
the light) of 0.5-0.6 (e.g., Wykoff et al. 1998; Antal et al.
2003). Following a transfer of the microalgal cultures from
an S-replete growth medium to a TAP-S medium, F/F,.x
declines exponentially in the light with a half-time of about
17 h, from about F,/F,x = 0.58 at t = 0 h to about F,/
Fax = 0.08 at r = 60 h. At longer periods of incubation
under S-deprivation (¢ > 60 h), F,/F,,x remains constant
at about the 0.08 level (Zhang et al. 2002). Lack of sul-
phur-nutrients from the growth medium also brings about a
prompt but reversible inhibition of oxygenic photosynthe-
sis, occurring in tandem with the decline in F,/F ., with a
half-time of about 17 h (Zhang et al. 2002). One reason for
such inhibition under TAP-S conditions is the apparent
chloroplast inability to do high rates of de novo protein
biosynthesis, needed for the frequent replacement of the
D1/32 kD reaction center protein in the H,O-oxidizing PSII
complex (Mattoo and Edelman 1987; Melis 1999). In the
absence of S, which is an essential component of cysteine
and methionine amino acids, protein biosynthesis is
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impeded and the PSII repair cycle is severely retarded
(Wykoff et al. 1998).

Application of the chlorophyll fluorescence techniques to
C. reinhardtii, is subject to some peculiarities specific for
this green microalga. For example, state transitions in
C. reinhardtii differ from those in higher plants. In the latter,
only a 15-20% fraction of light harvesting complex II
(LHCII) participates in state transitions. In C. reinhardtii, a
much larger fraction of PSII Chl antennae is involved in state
transitions (Bassi and Wollman 1991), and a much larger
decrease in PSII energy capture is observed (Delosme et al.
1994, 1996). In maximal state 2, electrons for reducing the
cytochrome bgsf complex do not originate from PSII, but
from PSI (Finazzi et al. 1999), and PSII appears to be dis-
connected from the remainder of the electron transport
chain. In fact, in C. reinhardtii cells which are in maximal
state 2 condition, no photosynthetic oxygen evolution can be
observed (Finazzi et al. 1999, 2002).

Furthermore, state transitions in C. reinhardtii are sub-
stantially affected by anaerobiosis. The PQ pool, whose
reduction state is one of the key signals for state transitions
(Wollman 2001), is maximally reduced in the absence of
O,, probably because the plastidic terminal oxidase as a
part of the chlororespiratory pathway cannot function
(Wollman and Delepelaire 1984). In addition, oxidation of
exogenously provided acetate tends to cause reduction of
the PQ-pool and can result in state transitions toward state
2 in the dark (Endo and Asada 1996). Having this in mind,
one has to be careful not to let the algal sample become
anoxic in the dark incubation prior to the measurement,
unless this is desired. On the other hand, if one takes
samples from the culture container to analyze S-deprived
and H,-producing C. reinhardtii cells, this might result in
some aeration of the cells, causing a change in the bioen-
ergetic status of the latter. Again, on-line measurements
within a bioreactor are much better suited for the moni-
toring of the bioenergetic status of the photosynthetic
apparatus and the cells themselves.

Screening systems for the targeted isolation
of mutants with an altered H, metabolism

Basic research on H, metabolism and efforts to increase
yields of H, production by the microalgae make use of
well-established techniques allowing forward and reverse
genetics in C. reinhardtii (Galvéan et al. 2007). To identify
genes whose products are involved in the H, metabolism of
C. reinhardtii or to create strains with optimized pheno-
types regarding H, yields, transformant libraries are
created by DNA insertional mutagenesis. This is an easy
and well-established method to mutagenize C. reinhardtii
and tag the affected genes simultaneously (Kindle 1990).

However, to identify the strains of interest, a powerful
screening system must be at hand. Here, research on both
algal hydrogenases and H, metabolism has profited from
the coupling of these processes with photosynthesis.

Three screening systems with different objectives have
been established, all of these relying on photosynthetic
activity. The first screening protocol aims at identifying
algal mutant strains with any defect affecting H, produc-
tion by making use of the fact that dark-adapted and
anaerobic Chlamydomonas cells show a transient but high
H,-production activity after a sudden dark—light shift. This
screening utilizes the characteristics of tungsten oxide,
which changes its color after being reduced by hydrogen.

The second screening system has been established both
for biotechnological reasons and optimizing the analysis of
photosynthetic H, production. It selectively screens for C.
reinhardtii strains in which the ratio of photosynthetic O,
evolution and respiratory O, uptake is lowered so that these
strains will establish anaerobic conditions in the light,
allowing them to express the hydrogenase gene and to
make use of the O, sensitive hydrogenase.

The third screening procedure was actually developed in
order to identify C. reinhardtii mutant deficient in state
transitions and is based on differential PSII chlorophyll
fluorescence in state 1 and state 2.

Chromogenic screening system using tungsten
oxide/platinum films

The chromogenic screening system makes use of the fact
that tungsten oxide powder is reduced by hydrogen atoms
to a blue form, a process which is reversible at room
temperature. An appropriate hydrogen detector is built up
from a polycrystalline tungsten oxide film with a thin
catalytic overlayer. In this film, dihydrogen molecules are
dissociated into hydrogen atoms on the catalyst surface,
and the reducing hydrogen atoms diffuse into the interior of
the tungsten oxide particles and give rise to formation of
hydrogen tungsten bronzes (Ito and Ohgami 1992).

This principle can be utilized when analyzing unicellular
green algae (and other H, producing species) with regard to
the H,-evolving capacity (Seibert et al. 1998; Ghirardi et al.
2000; Posewitz et al. 2004). To utilize these H, sensors for
the identification of algal mutants deficient in H, production,
an algal mutant library must first be created. This procedure
is described in Kindle (1990), and several new marker genes
have been identified (Lumbreras et al. 1998; Sizova et al.
2001). The algal colonies growing on selective agar plates
are then transferred to grid-divided master plates. In order to
be prepared for the chromogenic screening using the above
mentioned films, the growing clones are transferred to
square Petri dishes (120 x 120 mm, e.g., from Greiner
bio-one, www.gbo.com) in a 10 x 10 raster. One needs to
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prepare duplicates of each master plate since the screened
plate will be non-sterile after the screening. The colonies on
the plates are grown for 7-10 days in the light until they
form green, dome-shaped colonies of about 3-5 mm in
diameter (Fig. 6a). To carry out the screening procedure, the
plates are placed in an anaerobic glove box in the dark and
incubated there overnight. In the next morning, chromo-
genic films trimmed to fit in the Petri dishes are placed
directly on the colonies so that the catalytic coating touches
the cells (Fig. 6a). Now, the cells are illuminated for 3 min
with a light intensity of 50-100 pmoles photons m~2 s~ ",
The light induces the photosynthetic activity of the algae and
results in a transient photoproduction of H, by the colonies
unaffected in their H, metabolism. The H, released by the
colonies will make contact with the chromogenic layer of the
film and cause a blue staining just directly above the colony
(Fig. 6a and b). Thus, the H,-producing activity of a certain
algal colony will result in blue circles on the chromogenic
film (Fig. 6b). Accordingly, Chlamydomonas clones affec-
ted in H, evolution can be identified visually by a less-
pronounced or absent coloring of the screening plate
(Ghirardi et al. 2000). Once the blue circles are clearly
visible on the chromogenic sensor, the latter is removed
from the cells, carefully wiped to remove sticking algae and
photographed.

However, there are several problems that could arise
with this approach. First, the coated films need to be stored
carefully to avoid the loss-of-function. They are wrapped in

chromogenic

' / glass plate\
L agar plate | [

algal colonies

less H,

agar plate ]

Fig. 6 a Schematic process of using chromogenic sensors coated
with thin layers of platinum and tungsten oxide to identify C. rein-
hardtii transformants having defects in the H,-evolution pathway.
The transformant colonies are grown until they form a dome-shaped
colony of about 5 mm in diameter and are transferred into an
anaerobic glove box in the dark to induce hydrogenase gene
expression and activity, respectively. After 12 h, the chromogenic
films are placed directly on the colonies. A short (about 3 min)
illumination of the algae results in a sudden H, evolution depending
on PSII activity. The H, gas is split by the platinum layer so that the
H-atoms can interact with the tungsten oxide causing a blue color
(shown in grayshade in b; photograph courtesy of Irene Kandlen).
Algal clones with reduced or no H,-production activity can be
identified by a less-pronounced or absent coloration (marked by a
white circle in b)
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aluminium foil and stored in a dark room to avoid
destruction of any molecules by light. However, to ensure
that the screening system works, one should include several
control strains on each plate to be analyzed. As a positive
control, the C. reinhardtii wild type (e.g., strain CC-124,
wild type mt-137, which is available at www.chlamy.org/
strains.html) can be used, and it should be applied on the
screening plate at several places. As a negative control, one
could use a PSII-deficient strain (e.g., C. reinhardtii
CC-1284 FUD7 mt-, which has a deletion of the plastidic
psbA gene). Since the H, production of Chlamydomonas
cells anaerobically adapted in the dark and suddenly shifted
to the light is, to a large part, dependent on PSII activity
(Mus et al. 2005), chromogenic films above the colonies of
these PSII-deficient strains should not turn blue. To be
absolutely sure, one can also use PSI-deficient strains (e.g.,
CC-4151 FUD26 mt+); however, these are quite light
sensitive and might not grow well under the normal light
conditions applied to grow the Chlamydomonas clones.

A further point to which attention needs to be paid is the
illumination phase of the anaerobically adapted colonies.
As mentioned in the introduction, the O, gas evolved by
activated PSII will rapidly inactivate the hydrogenase
enzyme. Thus, if the illumination phase is too long or the
light intensity is too high, the H,-production phase of the
cultures is very short and the blue staining of the chro-
mogenic layer might not be intensive enough.

After potential strains have been identified, these have to
be characterized in more detail and under more reproduc-
ible conditions. This screening can identify mutants with
entirely different genetic backgrounds. It will identify
photosynthetic mutants affected in the linear electron
transport chain or in the chlororespiratory pathways,
mutants with knockouts in genes essential for the biosyn-
thesis and assembly of the FeFe-hydrogenase (Posewitz
et al. 2004), or strains unable to carry out the necessary
gene-regulatory reactions. Thus, the putative mutant strains
need to be analyzed by additional screening steps as earlier
described.

Attenuation of the photosynthesis/respiration (P/R)
capacity ratio in green microalgae as a tool
for stabilizing H, evolution and its metabolism

A second screening system has been established in order
to specifically identify C. reinhardtii mutant strains
affected in the ratio of photosynthetic O, evolution
and respiratory O, consumption (Riihle et al. 2008).
Utilization of the cell’s own respiration to consume
photosynthetically generated O, has proven to be a suc-
cessful strategy for initializing hydrogenase activity in the
algae. The balanced interaction between the two bioen-
ergetic organelles in S-deprived cells is currently the only
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available platform for the further investigation of H,
metabolism in microalgae (Melis and Happe 2001; Melis
2007), and offers the only approach available for a sus-
tained photobiological hydrogen production. It is therefore
desirable to develop transgenic microalgae in which the
photosynthesis/respiration (P/R) capacity ratio of cells
growing in nutrient-replete medium is genetically defined
not to exceed the 1:1 ratio without altering the high-
quantum Yyield of photosynthesis. C. reinhardtii, and other
green microalgae, naturally possess a photosynthesis/res-
piration (P/R) capacity ratio of about 4:1 (Melis et al.
2000; Zhang et al. 2002). Attenuating the cellular P/R
capacity ratio to a value that is equal to or less than unity,
without altering the high-quantum yield of photosynthesis,
would permit C. reinhardtii to grow photo-heterotrophi-
cally in the presence of acetate. In sealed cultures,
anaerobiosis would prevail, lifting the O,-dependent
suppression of hydrogenase gene expression, which is the
first step to permitting a light-dependent H, evolution.
Such constitutive expression of the FeFe-hydrogenase
pathway and the resulting photosynthetic H, metabolism
would occur with physiological levels of S, or other
nutrients, in the chloroplast. Accordingly, genes that
lower the capacity of photosynthesis and/or enhance the
capacity of respiration in C. reinhardtii, without altering
the high-quantum yield of photosynthesis, are of keen
interest in this field.

The creation of appropriate C. reinhardtii mutants can
be achieved by applying DNA insertional mutagenesis;
however, the isolation of strains with the desired phenotype
requires development of a specific and stringent high
throughput screening protocol.

The purpose of reaching photobiological H, production
under normal growth conditions excludes the usage of
C. reinhardtii strains with severe defects in photosynthetic
electron transport, as the latter provides electrons for H,
generation either directly (PSII) or indirectly (starch). The
common screening system which has been successfully
applied to find photosynthetic mutants, the screening for
acetate requiring C. reinhardtii strains (Spreitzer and Mets
1981), is therefore inappropriate for the aim of finding
algae with a continuous and nutrient-independent H,-pro-
duction capability.

Thus, a screening system which specifically targets algal
strains with a lowered P/R ratio was developed based on
the Winkler test used to determine the level of dissolved
oxygen in water samples (Riihle et al. 2008). The Winkler
test, which detects the presence of oxygen in four chemical
reactions, can be applied to phototrophically grown green
transformant microalgae to identify strains that are photo-
synthetically competent but do not evolve O, as the latter is
consumed by the cell’s own respiration (P/R < 1) (Riihle
et al. 2008).

To carry out this screening protocol, colonies from an
algal mutant library are transferred to 48-well plates
(Corning incorporated, costar®; Corning New York, total
well volume of 1.6 ml) containing 200 pl of TAP-medium
per well. To grow the cells, the plates are exposed to low
light for several days. To induce the same physiological
state in each well, 800 pul of fresh TAP-medium and a
sterile solid glass bead (diameter 3 mm) are added to the
individual cell suspensions in order to prepare them for the
screening. These glass beads are very efficient for mixing
algal suspensions in multi-well plates. The plates to be
screened are then placed on a shaker in the light (40—
80 phE m~2 s ") for 6 h. To “reset” the O, concentration
of each well just prior the screening procedure, the plates
are transferred to an anaerobic glove box in the dark (e.g.,
Glove BagTM, inflatable glove chamber model “X”, I’R®/
Glas-Col, www.glascol.com), which is flushed with N, or
an anaerobic tent. This anaerobic incubation of the cells in
the dark results in a complete respiratory consumption of
dissolved O,. To induce photosynthetic O, evolution of
the cells, the plates are then exposed to light
(70-100 pE m~ 2 s ') for 20-30 min. Now, the chemical
reactions of the Winkler test are induced by successively
adding 10 pI MnCl, (0.34 M) and 10 pl KI/NaOH
(0.24 M/1.2 M) to each well. In the alkaline solution,
dissolved O, will oxidize the Mn(II) ions to Mn(III) ions.
After mixing, 50 pl H3PO, (v/v 50%) are added in order to
acidify the solution and dissolve the brown manganese
precipitate. The Mn(Il) cations liberated oxidize iodide (I—)
to iodine (I,). All these steps are conducted while the plates
are still in the anaerobic environment to avoid atmospheric
O, to diffuse into the algal suspensions and falsify the
results. The subsequent steps can then be performed under
aerobic conditions. In order to visualize iodine formation,
10 pl of 4% (w/v) starch solution is supplemented to the
test solution resulting in a dark-blue color because of the
iodine intercalating in the starch helices (Fig. 7). After this
step, algal transformant strains which have produced sig-
nificantly less O, are already notable because of a less
pronounced or even absent blue color. However, to deter-
mine less-pronounced variations of the O, concentrations
in each well, the suspension is further titrated with sodium
thiosulfate until the blue color has disappeared. Sodium
thiosulfate stoichiometrically converts I, back into I—, so
that the amount of sodium thiosulfate necessary to elimi-
nate the blue color is equivalent to the previous
concentration of O, in the well (Riihle et al. 2008).

Applying this screening, several Chlamydomonas
transformants establishing anaerobic conditions in full
medium in the light have been isolated (Riihle et al. 2008).
First physiological and biochemical analyses have shown
that this procedure allows to find transformants having
diverse defects of photosynthesis, but are still able to grow
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Fig. 7 Photograph of a 48-well plate after treating the wells
according to the Winkler test. A deep blue color indicates that
normal amounts of O, were dissolved in the culture medium, whereas
the O, concentration was lower or very low in the light-blue or
uncolored wells, respectively (photograph courtesy of Thilo Riihle)

photosynthetically. Thus, it is a screening protocol also
suited for research on photosynthesis aiming at finding
genes whose knockout does not result in the loss-of-
function, but in less-pronounced impairments of the pho-
tosynthetic metabolism.

Fluorescence imaging systems for the isolation
of C. reinhardtii mutants deficient in state transitions

The growing knowledge about the changes of the photo-
synthetic electron transport chain that lead to H,
production and the status of the former during ongoing
H, generation have led to several hypotheses as to how the
H, yields of C. reinhardtii can be optimized by manipu-
lating photosynthesis. One approach is the creation of algal
transformants with reduced P/R ratios as described above
(Riihle et al. 2008). Others have stated that the cyclic
electron transport around PSI and the cytochrome bgf
complex was an additional electron sink with which the
hydrogenase has to compete, therefore lowering the H,
yields (Kruse et al. 2005). Especially the latter idea did
benefit from a computer-aided fluorescence imaging sys-
tem developed and described in detail in 1990 by Fenton
and Crofts. This setup allows the recording of images of the
chlorophyll fluorescence intensity from a field of view,
which might cover a whole plant leaf or a whole Petri-dish
with colonies of photosynthetic bacteria or microalgae.
This system has been adapted to isolate C. reinhardtii
mutant strains deficient in state transitions by measuring
the fluorescence yield of whole algal colonies on an agar
plate at room temperature (Fleischmann et al. 1999; Kruse
et al. 1999). The screening is based on the fact that PSII
chlorophyll fluorescence is inversely proportional to the
yield of PSII photochemistry and directly proportional to
the size of the light harvesting antennae associated with
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PSII (Butler 1978). Especially when excluding any influ-
ence of PSII photochemistry by adding DCMU, the
changes of the PSII antennae size upon state transition can
be directly followed by changes of chlorophyll fluores-
cence yields (Finazzi et al. 2001a, b).

These changes in fluorescence can be visualized by the
abovementioned video imaging system, which has been
described in detail, e.g., by Fenton and Crofts (1990) and
by Kruse et al. (1999). This system significantly simplifies
the whole screening procedure of even large Chlamydo-
monas transformant libraries. The generation of the latter
usually begins with transformation of the cells by a
selectable marker gene. The transformed cells are then
plated on selective agar plates. On these first plates, suc-
cessfully transformed clones grow in unorganized patterns.
Most screening procedures require the transfer of every
single colony to new master plates in an organized raster,
so that several thousand clones have to be transferred,
though only a tiny fraction of them will turn out to have the
desired phenotype.

In contrast, the fluorescence imaging system allows
screening the algal colonies already on the first, unorga-
nized agar plates, given that the colonies have
approximately the same size, which usually is the case.

Furthermore, the strategies used in order to force
C. reinhardtii cells into state 1 or state 2 are applicable on
whole agar plates. Fleischmann et al. (1999) plated the
transformed cells directly on TAP agar plates contain-
ing DCMU and incubated the plates in low light
(6 tE m~2 s™"). As mentioned above, the inhibition of PSII
photochemistry allows to directly concluding the state from
PSII fluorescence at room temperature. In these DCMU-
treated algal colonies, state 1 could then easily be achieved
by illuminating the cells with white light, resulting in the
oxidation of the PQ pool by PSI activity. State 2 was
achieved by making use of the fact that anaerobic and dark-
incubated C. reinhardtii cells have a reduced PQ pool and
therefore shift to state 2 (Wollman and Delepelaire 1984).
With an appropriate setup, whole Petri dishes can be flushed
with N, in the dark, forcing the algal colonies into state 2
(Fleischmann et al. 1999). Applying these treatments to the
agar plates harboring Chlamydomonas transformant colo-
nies, fluorescence pictures of the whole plates can be
recorded and numerically subtracted, so that the fluorescence
difference of each colony provides a measure of state tran-
sition. While C. reinhardtii wild-type colonies display strong
signals, strains deficient in state transitions show weak or
nearly undetectable signals (Fleischmann et al. 1999).

Kruse et al. (1999) used a similar technical setup, but
applied a different strategy to induce state transitions in the
microalgae. They grew the algal colonies on High Salt
Minimal medium (Harris 1989, 2009), which prevents the
spontaneous transition to state 2 that can be observed in the
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presence of acetate (Endo and Asada 1996; Finazzi et al.
2001b). For the actual screening procedure, the authors
made use of the well-known fact that PSII and PSI are
preferentially excitable by different light qualities. The
algal colonies were adapted to state 2 by preferentially
exciting PSIT with light of 4 = 620 nm. Vice versa, the
cells were forced into state 1 by exciting PSI with light of
A = 695 nm (Kruse et al. 1999).

By utilizing such a fluorescence image-based screening
system to identify C. reinhardtii cells deficient in state
transitions and subsequent analyses of the H, yields of the
identified strains, Kruse et al. (2005) found C. reinhardtii
strain Stm6. This strain was shown to be deficient in
MOCI, which is related to a mitochondrial transcription
termination factor (nTERF) (Schonfeld et al. 2004). The
phenotype of strain Stm6 includes, besides being blocked in
state 1, sensitivity toward high light, drastic changes in
composition and function of the mitochondrial respiratory
chain and the accumulation of large amounts of starch
(Schonfeld et al. 2004; Kruse et al. 2005). Most interest-
ingly with regard of the purpose of this study, C. rein-
hardtii strain Stm6 shows a higher H, evolution than its
parental strain (C. reinhardtii CC-1618) both after a dark—
light shift and upon S deprivation (Kruse et al. 2005). It is
unclear yet, which of the single altered characteristics of
the strain or a combination of all of them leads to the
higher H, yields. However, this study is a nice example of
how the study on the H, metabolism of photosynthetic
microorganisms can benefit from techniques established in
order to analyze photosynthesis.

Conclusion

Photobiological H, production by unicellular green algae
has become an important research field because of its
potential to be applied in renewable energy production. In
addition, the research already done has shown that the
analysis of this fascinating metabolism also contributed to
a deeper understanding of photosynthesis, since the latter
is drastically re-directed, especially in S-deprived H,-pro-
ducing microalgae. Investigations on this re-organization
in bioenergetics and metabolism benefited strongly from
new techniques designed in order to analyze photosyn-
thesis, as the screening for algal mutant strains with an
altered H, metabolism mostly depends on its coupling to
the photosynthetic electron transport chain. On the other
hand, methods to induce and analyze H, production in
green algae described in this article might help in char-
acterizing the photosynthetic apparatus of the cells under
special environmental conditions and/or in mutant strains
with useful alterations in the characteristics of their
photosynthesis.
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