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Abstract

Continuous photoproduction of H, by the green alga, Chlamydomonas reinhardtii, is observed after incubating the cultures
for about a day in the absence of sulfate and in the presence of acetate. Sulfur deprivation causes the partial and reversible
inactivation of photosynthetic O, evolution in algae, resulting in the light-induced establishment of anaerobic conditions in
sealed photobioreactors, expression of two [FeFe]-hydrogenases in the cells, and H, photoproduction for several days. We have
previously demonstrated that sulfur-deprived algal cultures can produce H, gas in the absence of acetate, when appropriate
experimental protocols were used (Tsygankov, A.A., Kosourov, S.N., Tolstygina, I.V., Ghirardi, M.L., Seibert, M., 2006. Hydro-
gen production by sulfur-deprived Chlamydomonas reinhardtii under photoautotrophic conditions. Int. J. Hydrogen Energy 31,
1574-1584). We now report the use of an automated photobioreactor system to compare the effects of photoautotrophic, photo-
heterotrophic and photomixotrophic growth conditions on the kinetic parameters associated with the adaptation of the algal cells
to sulfur deprivation and H, photoproduction. This was done under the experimental conditions outlined in the above reference,
including controlled pH. From this comparison we show that both acetate and CO, are required for the most rapid inactivation of
photosystem II and the highest yield of H, gas production. Although, the presence of acetate in the system is not critical for the
process, H, photoproduction under photoautotrophic conditions can be increased by optimizing the conditions for high starch
accumulation. These results suggest ways of engineering algae to improve H, production, which in turn may have a positive
impact on the economics of applied systems for H, production.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen photoproduction in green algae can be
sustained by depriving the cells of sulfate (Melis et
al., 2000; Ghirardi et al., 2000). Sulfur deprivation
causes the partial and reversible inhibition of pho-
tosystem II (PSII) water-oxidation activity in algae
(Wykoff et al., 1998), has little affect on cellular respi-
ration, and results in culture transition from an aerobic
to an anaerobic state (Melis et al., 2000; Ghirardi et
al., 2000; Kosourov et al., 2002; Zhang et al., 2002).
The establishment of anaerobiosis in a photobioreac-
tor induces the expression of two [FeFe]-hydrogenases
in algal cells (Happe and Kaminski, 2002; Forestier et
al., 2003). These enzymes redirect the flow of electrons
coming from the photosynthetic electron-transport
chain in the chloroplast from carbon fixation towards
proton reduction. As aresult, sulfur-deprived algae pro-
duce Hj for several days (Melis et al., 2000; Ghirardi et
al., 2000). During sulfur deprivation, the algal cultures
progress through the following five phases: the aero-
bic, O,-consumption, anaerobic, H,-production, and
termination phases (Kosourov et al., 2002).

Several approaches have been examined to increase
the yield of Hy in Chlamydomonas reinhardtii under
these conditions, including optimization of the light
and pH regimes in the photobioreactors (Kosourov et
al., 2003; Hahn et al., 2004; Laurinavichene et al.,
2004), addition of small amounts of sulfate back to the
culture medium during sulfur deprivation (Kosourov et
al., 2002, 2005; Zhang et al., 2002), optimization of the
medium composition (Jo et al., 2006), synchronization
of cell division (Tsygankov et al., 2002), increasing the
duration of Hy production (Fedorov et al., 2005), and
coupling of Hj production to a fuel cell for direct elec-
tricity generation (Rosenbaum et al., 2005). Recently,
Kruse et al. (2005) reported a significant increase in
the rate and duration of H, photoproduction in sulfur-
deprived mutants that are starch over-accumulators and
blocked in state transition. Another advance related
to the sulfur-deprived process came with the recent
discovery of a mutant affected in sulfate permease
activity, which is required to transport sulfate into the
chloroplast (Chen et al., 2005). This mutant may be a
candidate for H, photoproduction without the need to
deplete the culture medium of sulfate.

It should be noted that all the results reported above
were done with algae grown in the presence of acetate.

The use of acetate for industrial Hy production may
not be very practical because it can increase the cost of
the H, produced. Therefore, optimization of the system
for photoautotrophic Hy production, where acetate is
replaced with low cost or waste CO,, would represent
a significant advance. Several attempts have been made
to generate Hp under photoautotrophic conditions.
However, in all the reported experiments, the cultures
either did not establish anaerobiosis in the photobiore-
actor (Kosourov et al., 2001), required the addition of
DCMU (an inhibitor of O, evolution) for H, photo-
production (Fouchard et al., 2005), or the output of H,
was too low (a few microlitres) (Guan et al., 2004).
Recently, we showed that photoautotrophic cultures
can produce Hy continuously under sulfur-deprived
conditions when supplied with CO;, gas instead of
acetate (Tsygankov et al., 2006). The rates of H, pro-
duction and the total yields of H, under constant light
regime, however, were still low compared to our previ-
ously reported data obtained in the presence of acetate.

In the present study, we compared the rates
and yields of Hp photoproduction in sulfur-deprived
cultures of C. reinhardtii under photoautotrophic,
photoheterotrophic, and photomixotrophic conditions.
Experiments were performed in an automated photo-
bioreactor system with the pH set at 7.4 during the
aerobic phase (i.e., the first 24-25 h of sulfur depriva-
tion) by either addition of CO, gas (photoautotrophic
and photomixotrophic cultures) or phosphoric acid
(photoheterotrophic cultures) (Kosourov et al., 2002;
Tsygankov et al., 2006). It is also important to note
that all experiments were performed under the same
physiological conditions with cultures having the same
initial Chl concentration. We show that, despite the fact
that acetate increases the H,-photoproduction capacity
of sulfur-deprived algae, its presence in the medium
is not critical for Hy evolution per se. This obser-
vation could contribute to the future development of
more cost-effective Hp-production systems based on
photoautotrophic growth conditions.

2. Materials and methods

2.1. Growth conditions

Stock cultures of C. reinhardtii (Dang 137c)
were grown photoheterotrophically on a standard
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Tris—acetate—phosphate (TAP) medium (Harris, 1989)
in 250 ml erlenmeyer flasks at room temperature under
cool-white fluorescent light (~20 uEm~2s~! PAR),
and maintained by weekly dilution. The stock culture
(~10ml) was inoculated into 1.51 flat glass bottles;
and the algae were grown at 28 & 1 °C under photoau-
totrophic, photoheterotrophic, or photomixotrophic
conditions. For photoautotrophic growth with CO»
as the only carbon source, the cells were placed in
standard high salt (HS) medium (Harris, 1989) and
bubbled with ~2% CO; in air. For photoheterotrophic
and photomixotrophic growth, cells were placed in
TAP medium, containing 17.4mM acetate. In the
case of photomixotrophic growth, cultures were addi-
tionally bubbled with air containing ~2% CO;. The
CO; content in the air flow was analyzed with a
DX6100-01 gas analyzer (RMT Ltd., Russia), and it
was maintained at 24+0.5% using a TPM1 micro-
processor system (Oven, Russia). During growth on
sulfur replete media, the algae were illuminated from
two sides with cool-white fluorescence lamps, which
provided an average incident light intensity of about
25uEm~2s~! PAR on each surface of the culture
bottles.

2.2. Sulfur deprivation procedure

After reaching the late logarithmic phase
(14-18 wg Chlml~! in photoautotrophic and pho-
toheterotrophic cultures or 18-24 wg Chlml~! in
photomixotrophic cultures), the cells were harvested
by centrifugation at 2,800 x g for 5 min. Depending
on the growth conditions, the algae were washed once
by centrifugation in either HS-minus-sulfur medium
(photoautotrophic cultures) or TAP-minus-sulfur
medium (photoheterotrophic or photomixotrophic
cultures) and then re-suspended in the same medium
to a final concentration of about 14—16 wg Chlml~.
All experiments on Hy production in sulfur-deprived
cultures were done with a bioreactor system that was
described previously (Tsygankov et al., 2006). The
system consists of four photobioreactors equipped
with pH and pO; sensors. Both were connected
to a personal computer loaded with pre-installed
software (written in Pushchino) via analog—digital
converters and special controller cards. The pH of the
medium was maintained at 7.4 for the first 24-25h
of sulfur deprivation by the automated addition of

either sterile carbon dioxide (photoautotrophic and
photomixotrophic cultures) or 0.2M phosphoric
acid (photoheterotrophic cultures). The gas that was
produced was collected by fluid displacement in
upside-down graduated cylinders filled with water.
The photobioreactors were exposed to an average
incident light intensity of about 110 wuEm~2s~! PAR.
The change of light intensity from 25 wEm™2s~!
during growth to 110pEm~2s~! during sulfur
deprivation was shown to provide measurable outputs
of Hj in photoautotrophic cultures (Tsygankov et al.,
2006).

2.3. Pulse-amplitude modulated (PAM)
chlorophyll a fluorescence and Oz-evolution
measurements

Chlorophyll a fluorescence yields were obtained
in situ with a MINI PAM fluorometer (Walz, Ger-
many). An optical fiber probe was affixed onto the
surface of the illuminated glass photobioreactor mid-
way between the top and bottom of the bottle. As
mentioned above, the average ambient light inten-
sity was 110 uEm~2s~! PAR. The steady-state level
of the fluorescence under ambient light (F;) was
excited with dim red light (~0.3 wEm~2s~! at the
end of the fiber probe), modulated at 0.6 kHz (Antal
et al.,, 2003). The maximum fluorescence emission
under ambient light (F,) was induced by an 800 ms
pulse of intense white light (~15,000 uEm~2s~!
at the end of the fiber probe). Finally, the photo-
chemical activity of the algal cells was calculated
as AF/F, = (F., — F;)/F,, and recorded every
20 min.

Photosynthetic O, evolution was measured with
a Clark-type O, electrode at 28 °C. Four millilitres
aliquots of the culture were taken from the photobiore-
actor at the indicated times, equilibrated with air, and
then placed in an electrode chamber (CB1-D, Hansat-
ech Instruments Ltd., Kings Lynn, England). The
algal cultures were supplemented with 80 wl of 0.5 M
NaHCOs3 and adapted in the dark for 2 min. Oxygen
evolution was initiated by illumination with saturating
steady-state light at about 1,900 wE m~2 s~ !. The rate
of Oy evolution was calculated from the initial linear
part of the kinetic curve and corrected for the rate of
dark respiration, measured for 4 min after the end of
illumination.
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2.4. Determination of starch and acetate

Samples (1 ml of algal suspension) for starch and
acetate determination were taken directly from the
photobioreactors at the indicated times. Cells and the
media were separated by centrifugation and stored
at —70°C until all samples were ready for analysis.
Starch accumulated in the cells was determined as glu-
cose with a Glucose GOD FS kit (DiaSys, Germany)
after enzymatic hydrolysis, according to Gfeller and
Gibbs (Gfeller and Gibbs, 1984). For acetate analy-
sis, samples (0.8 ml) were acidified to pH below 2.0
using approximately 50—-100 pl of 50% H>SO4, dis-
solved in 0.5 ml ethyl ether, and centrifuged briefly to
separate the ether and aqueous phases. The samples
were frozen and then the ether layers were decanted
into small test tubes. Anhydrous NaySO,4 was added to
each tube in the amount of about one-half of the vol-
ume of the ether in order to dry the ether. The levels
of acetate in the ether-extracted samples were deter-
mined with a gas chromatograph (Tsvet 800, Russia)
and a flame ionization detector (FID), using a 2 m glass
column (2 mm i.d.). The column was filled with 10%
SP-1000/1% H3PO4 on 100/120 Chromosorb WAW
(Cat. #1841, Supelco, Inc., USA). For better resolution,
we used the following conditions: initial tempera-
ture, 100°C for 60s; final temperature, 155°C for
250 s; and rate of temperature increase, 25 °C min— 1,
Argon was used as the carrier gas with a flow rate of

30 ml min—!.

2.5. Other analytical procedures

The chlorophyll (a+b) content was assayed spec-
trophotometrically in 95% ethanol extracts by the
method of Spreitzer (Harris, 1989). Light intensities
were measured with a Li-Cor quantum photometer
(Model LI-250, Lincoln, USA).

2.6. Statistical analysis

All measurements were replicated 4—8 times with
different cultures. Any sampling was done in triplicate.
Deviation of the measurements within the triplicates
was less than 5%. Thus, the main factor responsible
for the errors was differences attributable to the inde-
pendent cultures.
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Fig. 1. The time courses for the establishment of anaerobiosis in
sulfur-deprived C. reinhardtii cultures under different growth con-
ditions. The level of O3 in the photobioreactors was monitored with
a Clark-type O, sensor. The results of typical experiments are pre-
sented, but each experimental condition was replicated 6-9 times.
The pH of the medium inside photobioreactors in this and in all
other experiments was controlled during the first 24-25h at 7.4
by the automated addition of either CO, gas (photoautotrophic and
photomixotrophic cultures) or phosphoric acid (photoheterotrophic
cultures).

3. Results and discussion

3.1. Photosystem II activity and establishment of
anaerobiosis in the photobioreactors

It is well documented that the depletion of sulfur
from the growth medium inactivates photosynthetic O»
evolution in algal cells reversibly (Wykoff et al., 1998;
Melis et al., 2000). As mentioned before, the inhibi-
tion of photosynthetic O evolution in sulfur-deprived
algae results in the transition of the culture to anaer-
obic conditions due to cellular respiration. Since the
establishment of anaerobiosis in algal cultures is impor-
tant for the expression of the [FeFe]-hydrogenases
and H» gas production, we first investigated how
different growth conditions (photoautotrophic, photo-
heterotrophic, and photomixotrophic) affect the rates
of PSII inactivation and transition to anaerobiosis.

Following the removal of sulfate from the medium,
algal cultures transition to anaerobiosis under all the
growth conditions tested (Fig. 1). The average time
for the establishment of anaerobic conditions in the
photobioreactors was 31 44 h in photoautotrophic cul-
tures, 26 =5h in photoheterotrophic cultures, and
25 +4h in photomixotrophic cultures. Note that we
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Fig. 2. Changes in photosynthetic O, evolution (A) and respiratory
capacity (B) in photoautotrophic, photomixotrophic and photo-
heterotrophic cultures after sulfur deprivation. Rates were measured
in a Clark-type O, electrode chamber with samples taken from pho-
tobioreactors as described in the Materials and methods. Note that
all samples were aerobic during the assays.

usually observed a 5-6h delay in the establishment
of anaerobiosis in photoautotrophic cultures compared
to photoheterotrophic and photomixotrophic cultures.
As expected, the transition to anaerobiosis was accom-
panied by the gradual decrease in PSII O;-evolving
capacity in the cells (Fig. 2A). In contrast, cellular
respiration was not dramatically affected by sulfur
deprivation (Fig. 2B). The relatively high rate of
respiration in photoautotrophic cultures as compared
with photomixotrophic and photoheterotrophic cul-
tures is in agreement with early observation of Heifetz
et al. (2000), who showed that the level of acetate
in the growth medium does not affect the rate of
cellular respiration in long-term experiments. The
maximum capacity of algal cells to photoevolve O,
during the aerobic phase of sulfur deprivation was
highest in the cultures grown on acetate. This param-
eter, however, was measured under saturating light
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(~1,900 kLEm~25s~! PAR) in samples removed from
the photobioreactors and equilibrated at atmospheric
O, pressure. Although this is the maximum potential
water-splitting activity of PSII in the algae, it does
not directly reflect the in situ photochemical activity
of PSII in the photobioreactors (Antal et al., 2003).
Indeed, under moderate light (110 nE m 2! PAR)
and high levels of O, in the bioreactors, dissolved O»
levels were always highest in photoautotrophic algae
during this phase (Fig. 1). Note that photoautotrophic
algae produce more O, per photobioreactor compared
to photomixotrophic and photoheterotrophic cultures,
but the former exhibit lower PSII capacity. This could
be due to the different light and O, regimes in the
photobioreactors compared to those in the Clark-type
electrode chamber.

To estimate the actual photochemical activity of
PSII in situ, we measured chlorophyll a fluorescence
in cultures inside the photobioreactors using a pulse-
amplitude-modulated (PAM) fluorometer (Antal et al.,
2003). Fig. 3A shows that photochemical activity of
all algal cultures obtained under the ambient light
(AF/F],) declined during sulfur deprivation. The grad-
ual decrease in A F/F), during the first 20-25h of the
experiment (the aerobic phase) was more pronounced
in the photomixotrophic cultures, while the photoau-
totrophic and photoheterotrophic cultures maintained
higher photochemical activities over most of this time
period. The decrease in AF/F), during the aerobic
phase was the result of the larger increase in F; com-
pared to F}, observed with all cultures (Fig. 3B and
C). The prominent rise of the steady-state fluorescence
yield (F;) under the ambient light, especially in pho-
tomixotrophic cultures, can reflect the gradual increase
in the reduction state of the plastoquinone (PQ) pool.
It is not clear at this point where the extra reductants
accumulating in the PQ pool originate. It is possible
that the extra reductants reflect increased cyclic elec-
tron transport (state 2), or an accumulation of NADPH
in the chloroplast, even in the presence of higher starch
synthesis (see Section 3.3 below). This could happen
since NADPH is not being used for anabolic pro-
cesses, which are down regulated in the absence of cell
growth under sulfur-deprived conditions. During the
aerobic phase of sulfur deprivation, starch content in
photoheterotrophic algae can increase more than eight-
fold (Tsygankov et al., 2002; Zhang and Melis, 2002;
Zhang et al., 2002). Our current experiments show



Table 1

The effect of different growth conditions (A: photoautotrophic, H: photoheterotrophic and M: photomixotrophic) on Hy photoproduction in C. reinhardtii cultures and on the
utilization of acetate and starch in cells during their adaptation to sulfur deprivation

Aerobic phase O;-consumption phase Anaerobic phase®
A M H A M H A M H
Acetate uptake (+) or 0.00 9.21 £0.82 6.95 £ 1.78 —0.05 £ 0.02 2.02 £ 0.49 232+£123 -0.75£0.29 0.43+0.62 0.68 £0.50
release (—)
(mmol1~1)
Starch accumulation 097+£0.06 1.51 £0.12 1.00 £ 0.16 —0.17 £ 0.07 0.16 £ 0.04 0.18 £0.06 —042+£0.17 —-1.02+0.2 —0.72+0.22

(+) or degradation

(=)

(mmol glucose1~1)
Proposed yield of

starch conversion to

hydrogen® (%)

Hydrogen
photoproduction
(mmol1~1)

~21 (52)° ~37 (32)° ~10 (8)¢

1.1£04 45£1.6 09+0.8

Values represent an average of 4—6 experiments for acetate and starch measurements and 68 experiments for H yields (&£ is the standard error).
2 Defined from the beginning of anaerobiosis until the end of H, production.
b Assuming that 1 mmol glucose can generate 12 mmol H.

¢ Efficiency in parenthesis was calculated with the correction for acetate uptake or release.
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Fig. 3. Changes in the photochemical activity of PSII (AF/F}),
F, and F; in photoautotrophic, photomixotrophic, and photo-
heterotrophic cultures after sulfur deprivation. All parameters were
measured in situ with a MINI PAM fluorometer.

that the accumulation of starch is most pronounced in
photomixotrophic cultures (Table 1). This also corre-
lates with the faster inactivation of PSII photochemical
activity (Fig. 3A).

The establishment of anaerobiosis in the photo-
bioreactors is followed by a sharp decline in AF/F,
under all growth conditions (Fig. 3A). The decline in
A F/ F, under photoheterotrophic conditions occurred
immediately upon the onset of anaerobiosis in the pho-
tobioreactors, and took less than 20 min in agreement
with Antal et al. (2003). The loss of photochemi-
cal activity in photoautotrophic and photomixotrophic

cultures, on the other hand, usually took more than
20min to occur. Antal et al. (2001) suggested that
the sharp drop in photochemical activity reflects the
over-reduction of the PQ pool as a result of anaerobio-
sis in sulfur-deprived cells. PQ pool over-reduction is
known to cause the temporal inactivation of PSII under
different stress conditions (Chemeris et al., 1996).
Additionally, the decline in A F/F/, can indicate tran-
sition of the photosynthetic machinery from states 1
to 2, which indeed occurs under anaerobic conditions
(Finazzi et al., 1999). State transition, a reversible
migration of a fraction of the light harvesting antenna
from PSII to PSI, is driven by a protein kinase, which
is activated under reducing conditions (Bennett, 1991).
In Chlamydomonas the transition to state 2 induces
a switch from linear to cyclic electron flow and can
even result in the physical isolation of PSII from PSI
(Finazzi et al., 2002). Increased cyclic electron trans-
fer has been confirmed recently in the sulfur-deprived
cc124 strain (Finazzi, personal communication), and
may also occur in the 137C strain used in this work.
After the sharp decline, AF/ Fr/n started to increase
again (Fig. 3A). The restoration of increased levels
of photochemical activity may indicate the appearance
of a terminal acceptor and the partial restoration of
the linear electron transport flow from PSII (Antal et
al., 2003) due to a partial shift back to state 1. Since
the expression of hydrogenases only begins after the
sharp decline in photochemical activity and it takes
time for the culture to attain maximum Hj-production
activity, the utilization of reductants at this point is
most probably driven by competitive processes. After
a short period of increase, the photochemical activity
(AF/F]) started to decline again. This is probably
caused by the continued degradation of PSII com-
plexes under sulfur deprivation and anaerobiosis. It is
interesting to note that the photochemical activity of
photoautotrophic cultures remains higher than that of
the other two cultures during this period, although no
dissolved O, was detected in the medium (Fig. 1) in
either case.

3.2. Hydrogen photoproduction

In the past, studies of Hy metabolism in sulfur-
replete green algae revealed the stimulatory effect
of acetate on H» photoproduction (Healy, 1970;
Bamberger et al., 1982; Gibbs et al., 1986). As pointed
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out by Gibbs et al. (1986), the effect of acetate is
rather complex and dependent upon the reactions of the
glyoxylate and the citric acid cycles. Both cycles can
conceivably provide reductants to PSI through a dicar-
boxylic acid shuttle and the NADPH-plastoquinone
oxido-reductase enzyme. Since the glyoxylate and the
citric acid cycles are located in the cytoplasm and
mitochondria, respectively, the evolution of H; in the
chloroplast may represent an effective way for releas-
ing the metabolism of the whole cell from the excess
reducing power observed under anaerobic conditions.

In sulfur-deprived algae, the effect of acetate on
H> production is even more complicated. Previous
experiments showed that C. reinhardtii cells uptake
acetate only during the aerobic and O;-consumption
phases but suggest that the cells do not utilize it
during the Hj;-production phase (Melis et al., 2000;
Tsygankov et al., 2002; Kosourov et al., 2003). Despite
this observation, the rates of H, production by sulfur-
deprived algae were assumed to depend significantly
on the presence of acetate in the medium. Several
attempts to generate measurable amounts of H, under
photoautotrophic conditions met with little success
(Zhang and Melis, personal communication; Kosourov
et al., 2001). Nevertheless, other researchers (Guan
et al., 2004) showed that the sulfur-deprived marine
green alga, Platymonas subcordiformis, can produce
H, under photoautotrophic conditions after 30h of
dark anaerobic incubation. However, as expected, the
rates of Hy production were very low (a few wlh™1).
More recently, Fouchard et al. (2005) observed Hj
photoproduction in photoautotrophic cultures of C.
reinhardtii treated with DCMU, an inhibitor of elec-
tron transport and O evolution from PSII. All these
results suggested that perhaps appropriate conditions
needed to be found to optimize photoautotrophic
H, production under physiological conditions and
led us to develop a protocol that resulted in much
higher rates of H, production than previously reported
(Tsygankov et al., 2006). For better transition to
anaerobiosis and improved Hj-production rates, the
protocol requires the proper set of light and CO;-
supply regimes in the photobioreactors. In the present
study we applied this protocol to photoautotrophic,
photoheterotrophic and photomixotrophic cultures (see
Section 2), except that CO, gas was not supplied to
photoheterotrophic algae during the aerobic phase. In
all cases, the pH was controlled at 7.4 by the micro-
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Fig. 4. The effect of photoautotrophic, photomixotrophic, and
photoheterotrophic growth conditions on Hy photoproduction in
sulfur-deprived cultures. The results of typical experiments are pre-
sented (for average amounts of H, produced, see the data in Table 1).

processor system during the first 24-25h of sulfur
deprivation.

As shown in Fig. 4, C. reinhardtii cultures were able
to produce Hj under all growth conditions. Hydrogen-
gas production in the photobioreactors, measured by
the displacement of water in inverted graduated cylin-
ders, appeared around 8h after the establishment of
anaerobiosis in photomixotrophic cultures, around 10 h
in photoheterotrophic cultures, and almost 15h in
photoautotrophic cultures. In fact, photoheterotrophic
algae had been shown previously to start to produce
H» soon after the establishment of anaerobiosis (Antal
et al., 2003). However, it takes time to saturate the
culture liquid with Hj (the solubility of Hy in water
under the atmosphere of pure Hy is 754 nmolml~! at
28°C) and build enough pressure to displace water
in the collecting system. Therefore, the 7h delay
in the start of visible Hy photoproduction in pho-
toautotrophic cultures compared to photomixotrophic
cultures could be explained by their lower rate of Hj
production. The initial rates of visible Hy production
were about 2.8ml(hD~! in photoautotrophic cul-
tures, ~4.0ml (h 1)_1 in photoheterotrophic cultures,
and ~6.9ml(hl)~! in photomixotrophic cultures.
The highest output of Hy (4.5+1.6mmoll~") was
observed in cultures grown both on acetate and
CO; (photomixotrophic growth) (Table 1). Photoau-
totrophic cells produced about 1.1+ 0.4 mmoll~!
under these conditions. The H; output of about
4.5mmol 1~ (~100ml1~") in photomixotrophic cul-
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tures is close to the previously reported yield of Hy
in experiments done with photomixotrophic cultures,
grown photosynthetically in the presence of acetate
and CO; under moderate light intensities, but with-
out COy (photoheterotrophically) during the initial
stages of sulfur deprivation (Melis et al., 2000; Zhang
et al., 2002; Kosourov et al., 2002). It is impor-
tant to emphasize that the photoheterotrophic cells in
our current work derived CO, only from the respira-
tion of acetate and, thus, were carbon dioxide limited
both during growth and the aerobic phase of sulfur
deprivation. Carbon dioxide deficiency is known to
reduce linear electron transport in chloroplasts and
causes inhibition of the Calvin cycle (Demeter et al.,
1995). The latter may be one of the reasons for the
lower Hy output in these cultures (about 1 mmoll~1)
compared to the photomixotrophic ones, because less
starch is synthesized. The photoautotrophic cultures
in the current experiments were placed under the
same conditions as in our previous work (Tsygankov
et al.,, 2006) and exhibited similar Hj-production
yields.

3.3. Starch accumulation, acetate uptake and
hydrogen photoproduction

Hydrogen photoproduction in green algae depends
on two metabolic pathways, which provide reduc-
tants for the hydrogenase-catalyzed reaction. The first
involves the photosynthetic water-splitting process of
PSII and subsequent transport of electrons from water
to the [FeFe]-hydrogenases through PSI. The second
mechanism depends on the metabolic oxidation of
organic substrates that are coupled to PSI and the
[FeFe]-hydrogenases through the plastoquinone pool
(Gfeller and Gibbs, 1984; Gibbs et al., 1986). Accord-
ing to Gibbs, acetate and starch could be the main
substrates providing electrons for Hp production in
green algae. Under sulfur-deprived conditions, how-
ever, it appears that algae do not uptake acetate (Melis et
al., 2000), and sustained H; production requires some
catabolism of starch either for the removal of O, pro-
duced by PSII or for the direct donation of electrons to
the process (Ghirardi et al., 2000; Zhang et al., 2002;
Kosourov et al., 2003). Therefore, the accumulation
of starch in the cells at the beginning of sulfur-
deprivation seems to be a key factor for sustaining
H, photoproduction, especially in photoautotrophic

cultures (Fouchard et al., 2005; Tsygankov et al.,
2006).

The high output of H, in photomixotrophic cultures
was accompanied by high levels of starch accumula-
tion in the cells. Indeed, there was a clear correlation
between starch accumulation and H,-production levels
among all independent experiments conducted (data
not presented). Table 1 shows that starch in pho-
tomixotrophic and photoheterotrophic algae not only
increased during the aerobic phase but also during
the O,-consumption phase (however, at much slower
rates). In contrast, photoautotrophic cultures transition
to anaerobiosis after the start of starch degradation.
Assuming that the highest possible solubility of O,
in water at 28 °C is about 1,152 pwmol 1_1, the estab-
lishment of anaerobiosis in a 11 photobioreactor will
require the consumption of about 0.19 mmol of glu-
cose. Comparison of this value with data presented
in Table 1 shows that the transition to anaerobio-
sis in photoautotrophic cultures could be driven by
the respiration of stored starch alone during the
O;-consumption phase. On the other hand, the estab-
lishment of anaerobiosis in photomixotrophic and
photoheterotrophic algae must depend mostly on the
respiration of acetate during this phase. Taking these
results into account, we conclude that the low effi-
ciency of Hp production in photoautotrophic cultures
compared to cultures supplied with acetate is due to
the need to start respiring starch earlier, during the O;-
consumption phase. Utilization of acetate as the major
substrate for respiration allows the cells to accumu-
late extra starch. This can be seen as an increase in the
level of starch during the O,-consumption phase, and it
also explains the highest accumulation of starch in pho-
tomixotrophic cultures. It should be noted also that the
overall uptake of acetate during the aerobic and O-
consumption phases was higher in photomixotrophic
cultures compared to photoheterotrophic cultures. The
high utilization of acetate under photomixotrophic con-
ditions can be attributed to the high photosynthetic
activity observed in these algae (Fig. 2A). The lat-
ter can provide algal cells with extra ATP, which is
important for assimilation of acetate (Gibbs et al.,
1986).

The establishment of anaerobiosis in the photobiore-
actors increases the consumption of starch under all
growth conditions (Table 1). This provides the algal
cells with energy through both the fermentation and



S. Kosourov et al. / Journal of Biotechnology 128 (2007) 776-787 785

Hj;-production pathways. Again, the overall consump-
tion of starch was highest when acetate was added to
the cultures, because cultures with acetate accumulate
more starch during the aerobic and Oj-consumption
phases. Earlier, we demonstrated that fermentation
competes with H, photoproduction for reductants orig-
inating from starch degradation (Kosourov et al., 2003).
Therefore, the high yield of H, has to be associated
with high conversion efficiency of starch to Hp and
the low yields of fermentation products. Although we
did not measure all the fermentation products in the
present work, we can say that the high output of acetate
in photoautotrophic algae during the anaerobic phase
shows the dominance of fermentation over H, pho-
toproduction in these cultures. Indeed, the calculated
efficiency of starch to Hy conversion in photoau-
totrophic algae almost doubles, if we subtract from
this value that part of the starch converted to acetate
(Table 1) This means that the efficiency of Hy photo-
production under photoautotrophic conditions can be
increased by either the artificial inhibition of competi-
tive fermentation pathways or optimizing the ambient
conditions favorable to H, photoproduction. It is clear
at this point that additional experiments are required for
totally understanding the mechanism of H, production
under photoautotrophic conditions and to manipulate
the different metabolic pathways to improve Hy pho-
toproduction.

4. Conclusions

This work demonstrates that sulfur-deprived C.
reinhardtii are capable of prolonged H» photopro-
duction under photoautotrophic, photoheterotrophic,
and photomixotrophic growth conditions. Thus, algal
cells demonstrate similar responses to sulfur starva-
tion, independent of the presence or absence of acetate
in the medium. They accumulate starch during the short
aerobic phase; inactivate PSII-driven, water-oxidation
activity; establish anaerobiosis in photobioreactors;
express [FeFe]-hydrogenases; and photoproduce H».
Differences can be found only in the length of these
physiological phases and some quantitative changes in
metabolic responses.

We also showed that both acetate and CO, are
required for the most rapid inactivation of PSII and the
highestlevel of H, photoproduction (photomixotrophic

cultures). While carbon dioxide is important for starch
accumulation, acetate serves as the direct substrate for
respiration during the aerobic phase of sulfur depriva-
tion and, thus, contributes to the faster establishment
of anaerobiosis in the photobioreactors. Additionally,
utilization of acetate can provide the cells with extra
carbon for starch accumulation (Gibbs et al., 1986;
Ball et al., 1990). Although the metabolism of acetate
in green algae is still poorly understood, there is evi-
dence that photoassimilation of acetate occurs through
the operation of the glyoxylate and citric acid cycles.
While the citric acid cycle may increase the intracellu-
lar level of CO; favorable to its photoassimilation, the
glyoxylate cycle is directly coupled to the conversion of
succinate to carbohydrates. Despite the fact that acetate
increases subsequent H; photoproduction in pho-
tomixotrophic cultures, its presence is not necessarily
critical for the process to occur. Finally, the efficiency
of H, photoproduction in sulfur-deprived photoau-
totrophic algae might be increased by optimizing the
conditions for high starch accumulation during the aer-
obic phase and for more efficient utilization of starch
during the O;-consumption and H, production phases.
The latter might be archived either by modifying the
design of the photobioreactors to prevent the effect of
shading and the over accumulation of O, in the system
or by molecular engineering the metabolic processes in
cells.
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