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ABSTRACT 

Photoproduction of H2 by green algae utilizes electrons originating 
from the photosynthetic oxidation of water and does not require meta- 
bolic intermediates. However, algal hydrogenases are extremely sensi- 
tive to 02, which limits their usefulness in future commercial 
H2-production systems. We designed an experimental technique for the 
selection of O2-tolerant, H2-producing variants of Chlamydomonas rein- 
hardtii based on the ability of wild-type cells to survive a short (20 min) 
exposure to metronidazole in the presence of controlled concentrations 
of 02. The number of survivors depends on the metronidazole concen- 
tration, light intensity, preinduction of the hydrogenase, and the pres- 
ence or absence of 02. Finally, we demonstrate that some of the selected 
survivors in fact exhibit H2-production capacity that is less sensitive to 02 
than the original wild-type population. 

Index Entries: Hydrogen; green algae; Chlamydomonas; oxygen; 
metronidazole. 

Abbreviations: ATP, adenosine triphosphate; cw15, cell wall-less 
strain of Chlamydomonas reinhardtii; DCMU, 3-(3,4-dichlorophenyl)-l,1- 
dimethylurea; Fd, ferredoxin; Is0, inhibitor concentration that decreases 
the rate of an enzymatic reaction to 50% of the rate measured in the 
absence of the inhibitor; MNZ, metronidazole, [1-(2-hydroxyethyl)-2- 
methyl-5-nitroimidazole]; NADP, nicotinamide adenine dinucleotide 
phosphate; NADPH, reduced form of NADP; V0, initial rate of an 
enzymatic reaction; WT, wild-type. 
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INTRODUCTION 

There are three major classes of organisms that photoproduce Ha: 
photosynthetic bacteria, cyanobacteria, and green algae. Photosynthetic 
bacteria utilize reductants other than water to produce H2, in a reaction cat- 
alyzed by the enzyme nitrogenase. Whereas this reaction is energy inten- 
sive, requiring at least 4 ATP/H2 produced, it is also quite functional when 
waste reductant is available (1). Cyanobacteria also produce H2 via a nitro- 
genase enzyme system. In this case the source of reductant is H20, but the 
reaction involves the formation of a metabolic intermediate. As a result, the 
quantum yield of H2 production is rather low, in the order of one H2/9-10 
quanta (2). Green algae do not synthesize nitrogenase; rather, H2 produc- 
tion in these organisms is catalyzed by the hydrogenase enzyme. Algal H2 
production does not require ATP input nor the generation of metabolic 
intermediates. Consequently, a higher theoretical quantum yield of one 
H2/4 quanta is possible (2). Recent work with mutants of Chlamydomonas 
reinhardtii lacking Photosystem I suggests that an even higher quantum 
yield of one H2/2 quanta may be attainable with green algae (3). 

The desired characteristics of a photobiological Ha-production 
system are: 

1. Use of water as the source of reductant, 
2. Solar-driven, 
3. High efficiency of solar energy conversion, 
4. Durable and self-replicating, 
5. H2 production at high equilibrium pressure, and 
6. Cost-competitiveness (4). 

By these criteria, the use of green algae appears to be a promising 
alternative. On the other hand, the current practical limitations of green 
algae in a photobiological Ha-evolving system include: 

1. The sensitivity of its hydrogenase to 02, 
2. The occurrence of a dark back reaction between 02 and H 2 (i.e., the 

oxyhydrogen reaction), 
3. Competition between the CO2-fixation and the Ha-production 

pathways for electrons from HaO, 
4. The low equilibrium pressure of H2 release, and 
5. Saturation of H2 production capacity at low light intensity. 

A biological approach to address the hydrogenase Oa-sensitivity issue 
in green algae was developed about 20 yr ago by McBride et al. (5). The 
approach used a positive selection technique based on the reversible H2 
uptake reaction catalyzed by algal hydrogenases. Mutants were selected 
under this photoreductive pressure and increasing concentrations of 02. 
These conditions require algal cells to utilize H2 as a source of reducing 
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equivalents to fix CO2 in the presence of DCMU, an inhibitor of electron flow 
from Photosystem II and hence, from water. Consequently, cells with hydro- 
genase sensitive to low oxygen concentration starve to death, whereas cells 
with an O2-tolerant hydrogenase grow. Oxygen-tolerant mutants of C. rein- 
hardtii obtained by this technique could produce H2 in the presence of up to 
8% 02. Unfortunately, the mutants exhibited high levels of the oxyhydrogen 
back reaction (5) and were not maintained in culture for further study. 

It is clear that novel approaches will be required to obtain algal hydro- 
genases that are stable in the presence of 02. We have addressed this prob- 
lem by developing and examining a new technique based on the application 
of selective pressure under H2-producing, rather than H2-utilizing condi- 
tions. One of the potential advantages of this approach may be in elimination 
of the high rates of oxyhydrogen reaction observed in the old experiments. 
In this paper the authors describe the new selection procedure and report 
on the results of preliminary experiments done to test its validity in select- 
ing for O2-tolerant, H2-producing organisms. Results suggest that applica- 
tion of this type of selective pressure, combined with mutagenesis, has the 
potential for yielding H2-producing algal mutants with increased tolerance 
to 02. These organisms may prove useful in future commercial photo- 
bioreactors for the continuous production of H2 under aerobic conditions. 

MATERIALS AND METHODS 

Cell Growth 
Wild-type (WT) C. reinhardtii (137mt § was obtained from Prof. S. 

Dutcher at the University of Colorado, Boulder. A cell wall-less strain, 
cw15 (CC-400 mt§ was acquired from Dr. E. Harris at the 
Chlamydomonas Genetics Center, Duke University. Wild-type cells were 
grown photoautotrophically in Sager's minimal medium (6). The cw 15 
strain required Sueoka's high salt medium, modified according to 
Vladimirova and Markelova (7). Both cultures were grown in a chamber at 
25~ under 8 W / m  2 fluorescent illumination and continuous bubbling 
with a mixture of 1.7% CO2 and air. Cells were harvested by centrifugation 
at 1000g for 10 min. Wild-type and cw15 cells were also'grown on plates 
containing 1.5 and 0.8% agar, respectively. 

H2-Production Selection Technique 
Harvested cells were resuspended in a small volume of resuspension 

buffer (50 mM potassium phosphate buffer, pH 7.2, containing 3 mM 
MgC12) (8) at a final concentration of about 200 ~tg Chl . mL -I (9). 
Chlorophyll concentrations were determined by extracting the pigment 
using 95% ethanol and assaying spectrophotometrically (6). In order to 
induce the hydrogenase enzyme, the cell suspension was made anaerobic 
by bubbling argon for 30 min. Maintenance of anaerobic condition was 
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insured by the addition of a glucose/catalase/glucose oxidase oxygen- 
scrubbing system (10). This two-enzyme system reduces any available 02 
to water. C. reinhardtii cells cannot use glucose as a carbon source for 
growth (6). The mixture was incubated at room temperature for 4 h in the 
dark (11) and transferred to 4~ for overnight storage. 

For H2-production selection, anaerobically-treated cells were added 
to a selective medium containing different concentrations of metronida- 
zole and I mM sodium azide (12). The azide inhibits endogenous catalase 
activity. All procedures were done under sterile conditions. The selection 
medium was also made anaerobic by argon bubbling before introduction 
of the cells. Oxygen was then added to the medium by syringe through a 
gas-tight septum to achieve final concentrations of O2 in the gas phase 
(ranging 0-10%), as required. The final cell suspension was exposed to 
light of controlled intensity (Fiber-Lite High Intensity Illuminator, model 
170-D, Dolan-Jenner Industries) for 20 rain. The cells were pelleted out 
using an IEC clinical centrifuge, washed once with phosphate buffer, and 
then once with the resuspension buffer (5 mM potassium phosphate buffer 
containing 1 mM CaC12 and 1 mM Mg2SO4). Undiluted and sequential 
dilutions of each sample were plated on minimal medium and incubated 
in a growth chamber under low light levels. Survival rates were deter- 
mined by counting the number of colonies detected on each plate follow- 
ing the treatment, and estimating the percentage of survivors with respect 
to the number of cells used in the MNZ treatment. 

H2-Evolution Measurements 
Anaerobically-treated cells were added to a small volume of the assay 

buffer (50 mM MOPS, pH 6.8) (9) to a final concentration of about 15 ~tg Chl 
�9 mL -1. The medium, in the assay chamber of a two-electrode apparatus 
(Clark-type, YS15331), was adjusted to different initial concentrations of 02 
before introduction of the cells. H2 evolution was induced by illumination 
with saturating light from the same lamp described above except that a 
heat filter consisting of a 1% solution of CuSO4 was used. The data were 
recorded on a strip-chart recorder and initial rates were calculated from 
the initial slopes of each curve. Initial O2 concentrations were also deter~ 
mined from the recorded 02 concentration measured at the time when the 
cells were introduced into the chamber. Gas concentrations were corrected 
for their decreased solubility in aqueous solution at Golden, CO, located 
1580 m above sea level. 

RESULTS AND DISCUSSION 

The hydrogen-production selective pressure that we have employed 
in this work is based on the toxic effect of metronidazole (MNZ) on photo- 
synthetic organisms. Metronidazole is a heterocyclic compound with a low 
redox potential (Em = -325 mV at pH 6.9) (13) that is normally used to treat 
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infections caused by protozoa and anaerobic bacteria (14). In these organ- 
isms, MNZ is a strong oxidizer of ferredoxin, in a reaction catalyzed by the 
reversible hydrogenase (14). Its toxic effect is a result of one of its reduced 
intermediate states. The site of action of MNZ in photosynthetic organisms 
is restricted to chloroplasts, where it oxidizes light-reduced ferredoxin 
(13). Schmidt et al. (13) have proposed that the subsequent reoxidation of 
reduced MNZ by molecular 02 yields a superoxide radical (15), which then 
disproportionates into H202 (16). Consequently, the toxicity of MNZ was 
attributed to the generation of H202. Long exposure (up to 24 h) to MNZ 
has been used to select for Chlamydomonas mutants defective in photosyn- 
thetic electron transport function (13). 

Ferredoxin (Fd) is a key electron carrier, located on the reducing side 
of photosystem I, and it provides the reducing equivalents to a variety of 
pathways. The most prevalent pathway, of course, is through NADP, 
which in turn is coupled to CO2 fixation. Among the other Fd-dependent 
pathways is hydrogenase-catalyzed H2 production. This pathway, of 
course, is inoperative during phototrophic growth because of inactivation 
of the enzyme by 02 produced during the water-splitting process. It is rea- 
soned that, since MNZ toxicity depends on the accumulation of reduced 
Fd, an organism with an active hydrogenase will be less sensitive to MNZ 
toxicity in the absence of CO2, because an alternative pathway for electrons 
from Fd is available. 

Based on the aforementioned information, a treatment to select for 
potential O2-tolerant, H2-producing organisms was designed. Cells were 
first incubated in the presence of MNZ at different concentrations of 02 for 
a short period of time in the light and then grown on minimal agar 
medium to determine survival rates. The authors examined the effect of 
the following treatment parameters on the rate of survival: MNZ concen- 
tration, light intensity (which limits the rate of accumulation of reduced 
Fd), preinduction of the hydrogenase enzyme, and O2 concentration in the 
selection medium. The authors tested both WT and a cell wall-less strain 
(cw15) of C. reinhardtii, taking into consideration that future work may 
require the use of genetic transformation, if they succeed in isolating a 
mutant containing an O2-tolerant hydrogenase. The choice of the cw15 
strain was based on the observation that the absence of the cell wall 
increases the efficiency of genetic transformation (17). 

Figure 1 shows the effect of increasing concentrations of MNZ and 
light intensity on the number of cw15 Chlamydomonas cells surviving the 
selective treatment. The light intensities examined were 17.5, 50 (Fig. 1A, 
first experiment), 200, and 400 (Fig. 1B, second experiment) W / m  2. The 
selective pressure was applied for 20 rain to anaerobically-treated cells 
(containing an initially active hydrogenase), and O2 was added at 2.8%. 
Oxygen inhibits most of the hydrogenase activity in both WT and cw15 
cells at this concentration. The maximum concentration of MNZ used in the 
treatment (58 mM) was determined by the solubility of MNZ in aqueous 
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Fig. 1. Effect of MNZ concentration and light intensity on the number  of sur- 
vivors from two selective experiments. (A) Selection was done using cw15 cells in 
the presence of varying concentrations of MNZ and 2.8% 02, at either 17.5 or 50 
W / m  2. (B) Selection was done as above, under  either 200 or 400 W / m  2. Symbols 
represent individual data points. 

medium. It is clear from Fig. 1 that MNZ toxicity is a function of the light 
intensity, consistent with the theory that the extent of killing depends on 
the rate of electron transport. It is interesting that the curves in Fig. I do not 
fit an exponential function, which suggests that factors other than MNZ 
concentration are limiting the rate of killing (see the hydrogenase induction 
experiment as shown in Fig. 2). Figure 1 also shows the degree of variabil- 
ity of the results obtained from different experiments. The data obtained 
by exposure of cells to 50 W / m  2 in the first experiment (Fig. 1A) are very 
similar to the data obtained with 200 W / m  2 in the second experiment (Fig. 
1B). It is possible that the phase of growth at which cells were harvested for 
each experiment is responsible for the variability. Treatment done in the 
presence of light intensities above 200 W / m  2 (Fig. 1B) caused an increase in 
temperature that may have affected the number of survivors detected even 
in control samples not exposed to MNZ. 
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Fig. 2. Effect of anaerobic pre-induction of hydrogenase on the number of cw15 sur- 
vivors. Cells submitted to the MNZ selective treatment were either preinduced by 
anaerobic incubation or not induced, as described in the Materials and Methods 
section. The treatment was done in the presence of 2.8% O2 and 200 W/m 2. 

The third parameter that we checked was the effect of hydrogenase 
induction on the number of survivors. The experiment was done with 
preinduced and uninduced cw15 Chlamydomonas cells subsequently treated 
with different concentrations of MNZ in the presence of 2.8% 02 and illu- 
minated for 20 min at 200 W / m  2. Figure 2 shows that MNZ killing in the 
absence of a preinduced hydrogenase is exponential. However, pre- 
induction of the hydrogenase causes a loss of exponential killing, consistent 
with the results in Fig. 1. This demonstrates that the effect of MNZ is limited 
in cells that have an active hydrogenase, confirming the hypothesis that 
hydrogenase-catalyzed H2-production provides enough of an alternative 
sink for electrons from reduced Fd to mitigate the effects of MNZ. 

Thus far the authors have found that their proposed selection tech- 
nique depends on the concentration of MNZ, on the amount of accu- 
mulated reduced Fd (and thus on the electron transport rate), and on the 
presence of an active hydrogenase. They next examined the effect of 02 
concentration on the rate of survival. Oxygen is expected to inactivate the 
hydrogenase in a concentration-dependent manner, thus increasing the 
toxicity of MNZ. Figure 3 shows the result of adding 10% 02 to the gas 
phase of the selection medium on the degree of survival of cw15 
Chlamydomonas cells treated with MNZ and exposed to 200 W / m  2 light 
for 20 min. Whereas the increase in 02 concentration in the gas phase 
appears to increase the sensitivity of MNZ-dependent killing, the magni- 
tude of increase is not as pronounced as might be expected. One possibil- 
ity is that internally generated photosynthetic 02 production is affecting 
the MNZ treatment in part, and the impact of externally-set 02 is super- 
imposed on it. 
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Fig. 3. Effect of 02 concentration in the gas phase of the selective treatment vial on 
the number of survivors. MNZ incubation was done using cwl5 cells, either under 
completely anaerobic conditions, or in the presence of 10% added 02 in the gas phase 
of the selection medium. The light intensity was 200 W/m 2. 

Finally, confirmation of the validity of the authors' proposed tech- 
nique to select for O2-tolerant, H2-producing organisms comes from mea- 
surement of the O2-sensitivity of H2-production by some of the surviving 
isolates from two different selection experiments, compared to their 
parental strains. In order to establish baseline values, they initially deter- 
mined the 02 sensitivity of H 2 production by WT and cwl5 cells. Initial 
rates of H2 evolution were measured, as described in the Materials and 
Methods Section, as a function of the initial concentrations of 02 in the 
assay medium. Given the variability of measuring rates of H2 evolution 
from day to day (probably because of the condition of the cells at the time 
of harvest), the data from each experiment (from 5 to 10 points) were fitted 
to a single exponential decay equation from which the authors estimated 
V0, the rate of H2 evolution in the absence of O2, and Is0, the initial 02 con- 
centration that causes a 50% decrease in the initial rate of I-t2 evolution 
compared to V0. The V0s estimated from each experiment were then used 
to normalize the data obtained from all the experiments. The data in Fig. 4 
show that as the initial concentration of 02 increases, the rate of H2 evo- 
lution by cw15 (Fig. 4A) or WT cells (Fig. 4B) decreases exponentially. The 
normalized V0 values for the cw15 and WT strains were, respectively, 22 
and 27 ~tmol H 2 . mg Ch1-1. h -1 and the estimated Is0s were 0.300% + 0.028% 
and 0.394% + 0.068% 02. 

Because of the variability in rates measured on different days, the 
authors always determined the 02 sensitivity of H2 production for sur- 
vivors from different MNZ experiments and their respective parental 
strains on the same day. The results from two selection experiments are 
reported on Table 1. Experiment 1 was done with preinduced cw15 and 
WT cells treated with 58 mM MNZ in the presence of 2.8% 02. There were 
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Fig. 4. Normalized rates of H2 evolution measured with preinduced (A) cw 15 or (B) 
WT cells injected to an assay medium preset to the indicated initial concentrations of 
02. H2 concentration in the assay medium was measured immediately after cell injec- 
tion and the procedure included a 2-min interval prior to illumination to allow the cells 
to acclimate. No H2 production was observed during this 2-min time. See the Materials 
and Methods section for a description of the experimental conditions and data analysis. 

6 cw15 survivors, of which two were  tested. Both showed increases in the 
I50 for 02 compared to their parental strains. One particular survivor, iden- 
tified as D5, had an estimated Is0 2.3 times higher than its parental  strain. 
The other survivor, despite a higher I50, had a decreased V0 rate of H2 evo- 
lution, perhaps indicating lower rates of electron transport. MNZ treat- 
ment  of WT cells in Experiment 1 yie lded five survivors. Two of them 
showed increases in I50 in the order of 50% compared to their parental  
strain. The rates of H2 evolution by one of the survivors was very low, but  
the other had rates comparable to those of its parental strain. Experiment 2 
was done only with  WT cells following preinduction of the hydrogenase  
and MNZ treatment in the presence of 5% 02. All of the four tested sur- 
vivors out of a total of six had low rates of H2 evolution. Two of them had  
I50s in the order of their parental strain, whereas the other two exhibited 
small increases in their Is0s. 
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Table 1 
H2-Production Results from Two Selection Experiments done 

with cw15 and WT Chlamydomonas reinhardtii cells ~ 

I50 for 02 % Vo % 

Experiment Organism of control of control 

Experiment I cw 15 (D5) 233 100 
(2.8% 02) cw15 153 20 

WT 152 100 
WT 163 12 

Experiment 2 WT 100 23 
(5% 02) WT 138 44 

WT 168 21 
WT 100 5 

qlae cells were preinduced and subsequently treated with 58 mM MNZ for 20 min 
under 200 W/m 2 illumination in the presence of either 2.8% 02 or 5% 02. Survivors from 
the two experiments were plated, and selected clones were transferred to liquid medium 
and grown photoautotrophically for 3 d. Preinduced cells were used in measurements of 
H2-evolution rates in the presence of different initial 02 concentrations as in Fig. 4. 
Estimated V0 and I50 values for H2 production obtained for each survivor were compared 
to values determined with control parental WT and cw15 cells on the same day. 

The results  using the selection technique descr ibed in this paper  
indicate that it is possible to select for Chlamydomonas isolates that exhibit 
H2-production capability that is less sensitive to 02 than the WT popula-  
tion. However ,  MNZ treatment  can also select for mutants  impaired in 
electron transport, as observed previously (5,13). Although H2-production 
selective pressure is a valid option for reaching the long-term goal, the 
authors conclude that they need to improve the screening procedure  to 
deselect for electron t ransport  mutants .  Their assay for 02 sensitivity, 
based on measur ing  the I50 of H2 product ion in the presence of 02 is time- 
consuming and subject to variability. Once this is done,  H2-production 
selection in combination with  mutagenesis  could lead to the identification 
of mutants  that are tolerant to even higher concentrations of 02. The ulti- 
mate  goal is to develop a mutan t  that produces H2 at -1 atmosphere,  wi th  
rates equivalent  to the conversion of 10% of the incident  light energy, and 
unde r  atmospheric  aerobic conditions. A mutant  wi th  these propert ies 
wou ld  demonstra te  the commercial  feasibility of this approach. 
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