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Abstract

Chlamydomonas reinhardtii cultures, deprived of inorganic sulfur, undergo dramatic changes during adaptation to the nutrient stress

[Biotechnol. Bioeng. 78 (2002) 731]. When the capacity for Photosystem II (PSII) O2 evolution decreases below that of respiration, the

culture becomes anaerobic [Plant Physiol. 122 (2000) 127]. We demonstrate that (a) the photochemical activity of PSII, monitored by in situ

fluorescence, also decreases slowly during the aerobic period; (b) at the exact time of anaerobiosis, the remaining PSII activity is rapidly

down regulated; and (c) electron transfer from PSII to PSI abruptly decreases at that point. Shortly thereafter, the PSII photochemical activity

is partially restored, and H2 production starts. Hydrogen production, which lasts for 3–4 days, is catalyzed by an anaerobically induced,

reversible hydrogenase. While most of the reductants used directly for H2 gas photoproduction come from water, the remaining electrons

must come from endogenous substrate degradation through the NAD(P)H plastoquinone (PQ) oxido-reductase pathway. We propose that the

induced hydrogenase activity provides a sink for electrons in the absence of other alternative pathways, and its operation allows the partial

oxidation of intermediate photosynthetic carriers, including the PQ pool, between PSII and PSI. We conclude that the reduced state of this

pool, which controls PSII photochemical activity, is one of the main factors regulating H2 production under sulfur-deprived conditions.

Residual O2 evolved under these conditions is probably consumed mostly by the aerobic oxidation of storage products linked to

mitochondrial respiratory processes involving both the cytochrome oxidase and the alternative oxidase. These functions maintain the

intracellular anaerobic conditions required to keep the hydrogenase enzyme in the active, induced form.
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Abbreviations: Chl, chlorophyll; F0, the initial level of Chl fluorescence

under modulated measuring light in dark-adapted cells; Fi, initial peak in

the fluorescence induction curve; Fm and FmV, maximal saturating light

pulse-induced fluorescence levels in dark- and light-adapted cells,

respectively; Ft, steady state level of Chl fluorescence in light-adapted

cells; PAR, photosynthetically active radiation; PQ, plastoquinone; PSI and

PSII, the two photosystems found in cyanobacteria, algae, and plants; QA

and QB, the primary and secondary quinone acceptors associated with PSII;

Rubisco, ribulose bisphosphate carboxylase/oxygenase; SHAM, salicyl

hydroxamic acid

* Corresponding author. Tel.: +1-303-384-6279; fax:+1-303-384-6150.

E-mail address: mike_seibert@nrel.gov (M. Seibert).
The ability of eukaryotic microalgae to metabolize H2

after a dark, anaerobic induction period was discovered

about 60 years ago [1,2]. The enzyme catalyzing this

activity, a reversible [Fe]-hydrogenase, is inactivated by

trace amounts of O2 [3] that is coevolved during photosyn-

thesis. Thus, light-dependent H2 production by green algae,

including Chlamydomonas reinhardtii, is observed for only

a very short period of time after anaerobic induction.

Several years ago, Wykoff et al. [4] found that incubating

cells that were deprived of inorganic sulfur for up to 120

h resulted in the progressive reduction of photosynthetic

capacity due to the inactivation of Photosystem II (PSII) O2-
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evolution activity by up to 95%. Subsequent work [5,6]

investigated this effect more thoroughly and showed that

after 1–2 days of adaptation to sulfur-deprived conditions,

C. reinhardtii cells could produce volumetric amounts of H2

gas for a few days under continuous illumination. The key

observation made was that, when the rate of photosynthetic

O2 evolution declined below the rate of cell respiration, the

culture could generate an anaerobic environment in the

light. Under these conditions, the hydrogenase enzyme

was induced and/or activated, and the onset of H2 produc-

tion followed after several hours [5,6]. However, the par-

ticipation of PSII in this process was unclear.

The work of Kosourov et al. [7] demonstrated that the

process involved the sequential transition through the fol-

lowing five physiological phases: O2 evolution, O2 con-

sumption, anaerobic, H2 photoproduction, and termination.

Recently, we showed that PSII photochemical activity

dramatically decreased between the O2-consumption and

anaerobic phases [8]. Based on measurements of redox

potential, we suggested that these changes occurred imme-

diately after the culture went anaerobic. However, dissolved

O2 concentrations were not measured. Furthermore, the

actual mechanisms involved in and the time course for the

decrease in PSII activity in sulfur-deprived cells during cell

transition to the anaerobic state as well as the role of PSII in

H2 production were not fully investigated.

Sulfur-deprived cultures become anaerobic due to O2

consumption, and anaerobiosis is essential for both inducing

the expression of the [Fe]-hydrogenase and maintaining the

function of the enzyme. Oxygen consumption in C. rein-

hardtii is catalyzed by the mitochondrial cytochrome c, the

mitochondrial alternative, and the chloroplast plastoquinone

(PQ) oxidases. However, the role of the different terminal

oxidases in the process of O2 consumption in sulfur-de-

prived cultures was not examined.

The objectives of the current work were to (a) specifi-

cally correlate the observed decrease in PSII photochemical

activity in sulfur-deprived cultures with the dissolved O2

concentration during transition to the anaerobic phase, (b)

investigate the factors responsible for down-regulating PSII

activity, and (c) examine which of the three respiratory

pathways are responsible for maintaining intracellular an-

aerobiosis prior to and during H2 photoproduction.
2. Materials and methods

C. reinhardtii strain Dangeard C137+ was grown in

Tris-acetate-phosphate (TAP) medium (pH, 7.0) under

continuous cool-white fluorescent light. Late-log cells were

pelleted three times by centrifugation and resuspended in

the same medium, from which inorganic sulfur (TAP-S)

was omitted, as described previously [5]. The cells were

then incubated under continuous fluorescent illumination

(200–250 AE m� 2 s� 1 PAR) in cylindrical reactor vessels

(600 ml) with a rotating glass rod and Teflon impellers for
mixing. A magnetic bar was attached at the bottom of the

rod to couple it to an external stirring motor, and the rate of

mixing was 60–80 rpm. The vessels were sealed using a

silicon stopper with an outlet tube inserted through it for

gas collection. The gas produced by the cells was collected

in an inverted graduated glass cylinder by water displace-

ment. To determine the precise moment of H2-photopro-

duction onset, we measured the percentage of H2 contained

in the gas phase (f 7 ml) at the top of the vessel

immediately after anaerobiosis by gas chromatography.

The dissolved O2 and redox potential of the medium were

measured as before [7]. Chlorophyll concentrations were

obtained spectrophotometrically in 95% ethanol cell

extracts by the method of Spreitzer [9]. The capacity for

respiratory O2 consumption was measured with a Clark

electrode at 25 jC under aerobic conditions (0.17 Amol/ml

O2) after removing the samples from the culture vessel and

equilibrating them with air for 5 min.

Chlorophyll fluorescence measurements were obtained

with a portable PAM-2000 fluorometer (Walz, Germany),

using the so-called Pulse-Amplitude-Modulation (PAM)

measuring principle. In situ measurements of fluorescence

yield (k>710 nm) were done with an optical fiber probe

affixed closely onto the surface of the illuminated glass

reactor vessel. The measurements were recorded every 15

min over the total period of sulfur deprivation. An 0.8-s

saturating actinic excitation pulse (k>710 nm, 6000 Amol

m� 2 s� 1 PAR) from an 8 V/20 W halogen lamp was

applied on top of weak modulated probe flashes (3-As pulses
from a 655-nm light-emitting diode [LED] at frequencies of

600 Hz or 20 kHz) The following parameters were recorded:

(a) F0, the fluorescence yield of dark-adapted cells, mea-

sured only in the presence of the weak probe flashes; (b) Fm,

the fluorescence yield of the same cells, following the

application of a saturating actinic pulse; (c) Ft, the fluores-

cence yield of the cells, exposed to the ambient actinic

illumination in the reactor vessels (200–250 AE m� 2 s� 1

PAR), measured with the weak probe flashes; and (d) FmV, the
fluorescence yield of illuminated cells, as in (c), following

application of a saturating actinic pulse. The efficiency of

photochemical conversion of absorbed light energy (the

photochemical activity) in PSII was calculated both after

dark adaptation, where Fv/Fm = (Fm�F0)/Fm, and under

steady state actinic light illumination, where DF/FmV=
(FmV�Ft)/FmV [10]. The kinetics of fluorescence induction

was also measured with the PAM 2000 fluorometer (655 nm

actinic light, 250 Amol m� 2 s� 1 from an LED array for 2 s)

following different periods of dark adaptation.

As mentioned above, the sulfur-deprivation process

involves O2-evolution, O2-consumption, anaerobic-adapta-

tion, H2-production, and termination phases. They proceed

over different periods of time, depending on the residual

sulfur concentration (at the time of sulfur removal), chloro-

phyll and biomass contents in the culture [7], pH of the

culture medium [11], and other factors. This is why the

beginning of the anaerobic phase is observed at different
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times after sulfur deprivation in different experiments. Thus,

in this paper, the observed changes in cell parameters during

the sulfur-deprivation process (excluding (Figs. 1, 2, and 4))

are expressed relative to the indicated physiological stage of

the cultures.
3. Results and discussion

Our previous inhibitor experiments demonstrated that the

vast majority (80%) of the electrons driving H2 photopro-

duction in sulfur-deprived algae come from water (i.e.,

electrons from water are transported from PSII to PSI) with

the subsequent reduction of ferredoxin and hydrogenase

[6,11]. The remaining 20% come from the partial oxidation

of storage products, which are used to reduce the PQ pool

and subsequently transferred to PSI in the light [5,11]. For

this reason, we used PAM fluorescence techniques to
Fig. 1. Time course of several physiological parameters and the amount of H2

conditions. (A) In situ fluorescence parameters Ft (open squares), DF/FmV (solid ci

pO2 (� ), redox potential, Eh (asterisks), and H2 gas collected in an inverted gradu

0 h; r.u. = relative units.
investigate the changes in PSII photochemical activity

during the sulfur-deprivation process and have correlated

these changes with the H2-production capability of the

cultures.

During the O2-evolution and O2-consumption phases (the

first 15 h in the experiment shown in Fig. 1A), neither the

Chl concentration (not shown, but set at 11 Ag/ml at the time

of sulfur deprivation) nor the in situ-monitored fluorescence

parameter, FmV, changed significantly. However, since the

fluorescence parameter, Ft, slowly increased during this

same period, the photochemical activity of PSII (DF/FmV),
declined from 0.57 in the middle of the O2-evolution phase

to 0.44 at the end of the O2-consumption phase (Fig. 1A).

These results are consistent qualitatively with previous

observations showing that the capacity for O2 production

by PSII, the amount of light-reducible QA, and the rate of

electron transport from PSII to PSI decrease during sulfur

deprivation [4,5]. However, in contrast to the experiments of
produced in C. reinhardtii cells during incubation under sulfur-deprived

rcles), and FmV (open triangles) as a function of time. (B) Dissolved oxygen,

ated cylinder (solid squares). Incubation in sulfur-deprived medium started a
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Wykoff et al. [4], Melis et al. [5], and Zhang et al. [12], we

measured the activity of PSII in situ without removing the

cells from the anaerobic environment of the photobioreactor

and monitored the activity quite frequently (every 15 min

and, in some cases, more often). This revealed an additional

rapid change in PSII activity [8].

Fig. 1A shows that, between 15 and 16 h after the start of

sulfur deprivation (in this experiment), there was a rapid

( < 5 min) reduction of the in situ measured photochemical

yield of PSII (DF/FmV) from 0.4 to 0.1. Our earlier note

showed that, under different initial conditions of cell culti-

vation, the in situ measured activity of PSII could even drop

to zero after the rapid decrease in photochemical yield [8].

The loss of the photochemical activity was due both to a

rapid reduction in FmV and a rapid increase in Ft. The former

could be the result of increases in nonphotochemical

quenching of PSII, and the latter is due to a sharp increase

in the number of active PSII centers with reduced QA caused

most likely by the rapid reduction of the PQ pool. It is very

important to note that in Fig. 2 (an expanded view of data

from Fig. 1A,B), the observed rapid reduction of the PSII

photochemical activity begins at the exact time that the O2

concentration in the culture suspension reached zero. The

redox potential of the culture medium also started to decline

around this time (Fig. 1B) but not nearly so fast as the O2

concentration and the PSII photochemical activity. Thus, our

earlier suggestion [8] that the PSII activity decrease occurs

after the onset of anaerobiosis is further refined here by

direct measurements of dissolved O2 concentrations.

After about 1 h of anaerobiosis, the PSII photochemical

activity gradually increased again from 0.05 and reached

0.085 over the next 2 h. No additional large changes were

observed after 20 subsequent hours of anaerobiosis and H2

production (Fig. 1A). Volumetric measurements of H2 gas

accumulation, such as those presented in Fig. 1B, cannot

document the exact time at which H2 photoproduction starts
Fig. 2. Expansion of the timescale seen in Fig. 1 emphasizing the transition of th

medium started at 0 h.
due to the low sensitivity of the method. To precisely

determine the onset of H2 production, we measured the

concentration of H2 in the gas phase of the reactor vessel as

a function of time (Fig. 2). Trace quantities of H2 (0.002%)

were detected as early as 10 min after the onset of anaero-

biosis. The rate of H2 accumulation in the gas phase

increased from 0.04 Al of H2 per minute within the first

10 min of anaerobiosis up to 1.0 Al/min at the end of the

second hour of anaerobiosis. This was accompanied by the

moderate increase in the value of DF/FmV mentioned above.

Gas collection in the inverted graduate cylinder started after

about 4 h of anaerobiosis (Fig. 1B), and the rate of H2

accumulation was constant until at least 22 h after the

beginning of anaerobiosis. These results suggest that the

algae actually start to produce H2 very shortly after the

establishment of anaerobiosis, but that it takes time for the

cultures to attain maximum hydrogenase activity [11,13].

Apparently, it also takes a couple of hours to saturate the

algal suspension with H2 (the solubility of H2 in water is 17

ml per liter at 30 jC) and then build up enough gas pressure

to displace the water in the gas collection system. In the

current study, the observed recovery or up-regulation of the

PSII activity under anaerobic conditions directly correlates

with the onset of H2 production. This correlation confirms

that PSII, and consequently residual water-splitting func-

tion, is the source of most electrons for H2 production under

these conditions [6,8,11].

If the algal cells were aerated in the dark in situ after 22

h of anaerobiosis, one can see in Fig. 3 that the PS II activity

(Fv/Fm) increases rapidly from 0.07 (in this experiment) to

0.14. The Fv/Fm ratio further increased to a value of 0.22

after another hour of aeration. However, if the algal cells

were aerated under ambient light just after the onset of

anaerobiosis, the PSII photochemical activity (DF/FmV) in-

creased almost to the level observed just prior to anaerobi-

osis over a period of 30 min (see inset A, Fig. 4). Fig. 4 also
e algae from aerobic to anaerobic conditions. Incubation in sulfur-deprived



Fig. 3. Changes in the chlorophyll fluorescence parameter Fv/Fm recorded

in situ under dark conditions 22 h after the beginning of the H2-production

phase. The arrow indicate the point when aeration of the algae began.
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shows that the maximum level of PSII photochemical

activity reactivation, observed after culture aeration in the

bioreactor, decreases with time during the H2-production

phase, most likely due to degradation of the photosynthetic

apparatus. Furthermore, Fig. 4 shows that the culture returns

to anoxic conditions very rapidly after aeration is stopped.

This means that the rate of respiration is high during the H2-

production phase, confirming the results shown in Table 1

(note that lower ambient illumination [100 AE m� 2 s� 1]

was used in this experiment and that the bioreactor design

was different than in the other experiments). These results

clearly demonstrate that the rapid in situ anaerobic inacti-

vation of PSII photochemical activity is partially reversible

by O2 under both dark and light conditions, in contrast to

the slower inactivation of PSII observed during the O2-

consumption phase of sulfur deprivation as seen in Fig. 1A

and described previously [4,5,12].
Fig. 4. Time course of the in situ fluorescence parameter, DF/FmV, in sulfur-depriv

arrow) of culture aeration, whereas the horizontal arrows indicate the time at whic

time scale when the culture first transitioned to anaerobic conditions, followed by

become anaerobic than the experiments shown in Figs. 1 and 2.
We conclude that the onset of anaerobiosis in sulfur-

deprived cultures causes (a) the reversible down-regulation

of PSII activity and (b) the induction of hydrogenase

expression, which partially relieves the down regulation of

PSII. Both responses seem to be regulated by the over-

reduction of the PQ pool. Indeed, PQ pool overreduction is

known to accompany the establishment of anaerobiosis in

dark, sulfur-replete cultures as well [14], and it has been

used to explain the irreversible loss of PSII activity in

eukaryotic algae following exposure to high temperature

[15] or lack of nutrients other than sulfur [15–17].

Next, we investigated the correlation between the redox

state of the PQ pool, the establishment of anaerobiosis, and

the down-regulation of PSII in more detail, using fluores-

cence induction measurements at different points during

sulfur deprivation. In such measurements, the rise from the

F0 to the Fi level (the so-called OI transition) reflects an

increase in the concentration of reduced QA in QB-nonre-

ducing PSII centers and in the PSII centers with QAQB
2�

and QAQBH2 states accumulated during the previous

adaptation period [18,19]. The Fi level is followed by a

slower rise of the fluorescence yield to a saturating level,

and this reflects the subsequent reduction of the PQ pool at

high light. The fluorescence-induction curves in Fig. 5

were directly measured in the reactor vessel with control,

aerobic, sulfur-replete cells (A) and with sulfur-deprived

cells during the aerobic O2-evolution phase (B), the

aerobic O2-consumption phase (C), and the (anaerobic)

H2-production phase (D). The kinetic curves were recorded

in situ with both light-adapted samples (curves 1) or

following dark adaptation (curves 2) of either 60 min

(A), 10 min (B), or 1 min (C and D). The dark adaptation

times were chosen in each case (after preliminary experi-
ed C. reinhardtii cells. Arrows indicate the start (up arrow) and end (down

h the culture transitions to anaerobic conditions. Inset A is expansion of the

aeration. In this experiment, it took a longer time for the algal suspension to



Table 1

Contributions of the mitochondrial cytochrome oxidase [CO], the mitochondrial alternative oxidase [AO], and chlororespiration [CR] to the total respiration

rate of C. reinhardtii cells during sulfur deprivation

Phase of sulfur depletion Rate of respiration

(Amol O2 mg Chl� 1 h� 1)

% KCN inhibition

(% CO)

% SHAM inhibition

(% AO)

% (KCN+SHAM)

inhibitiona
Putative % PQ oxidase

(% CR)b

Start of sulfur depletion 36F 6c 58F 9 14F 13 89F 2 11

Start of anaerobic phase 32F 7 33F 15 0.3F 0.3 92F 5 8

Start of H2 production phase 30F 10 27F 12 16F 10 92F 8 8

During H2 production 21F 5 20F 15 23F 18 93F 8 8

End of H2 production 18F 10 28F 19 43F 38 98F 3 3

The respiratory rates were measured with cells that were taken directly from the glass reactor vessel at different times after sulfur deprivation, equilibrated with

air, and incubated with the indicated inhibitors for 5 min. The rates were measured when the O2 concentration in the medium was 0.17 Amol/ml O2. Final

concentrations of KCN and SHAM were 5 and 4 mM, respectively.
a The values in columns 3 and 4 were obtained with either KCN or SHAM, while the values in column 5 were obtained with both inhibitors present in the assay

medium at the same time. Note that columns 3 and 4 do not add up to column 5 (see text).
b These values were obtained by subtracting the values in column 5 from 100% (not by subtracting the sum of columns 3 and 4).
c Means represent a minimum of three independent experiments. Errors represent average deviations from the mean.
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ments, not shown) to allow the Fi level to reach a

maximum value. Control samples (Fig. 5A) displayed

well-resolved F0 and Fi levels. Sulfur-deprived cultures

showed a gradual increase in F0 as a function of the time

under sulfur-deprived conditions (Fig. 5B–D). The relative

Fi level (compared to the light saturated level) in light-

adapted cells also increased during the O2-evolution (B),

O2-consumption (C), and H2-production (D) phases, indi-

cating a gradual accumulation of QB-nonreducing centers

in PSII. In all cases, dark-adapted samples (curves 2) had

higher Fi values as compared to the respective light-

adapted cells. These higher Fi levels could be caused by

an increase in PSII centers with QAQB
2� and QAQBH2

states due to PQ-pool reduction in the dark via the
Fig. 5. Chlorophyll fluorescence induction curves in control C. reinhardtii (A) a

consumption (C), and H2-production (D) phases. The fluorescence kinetic curve

without previous dark adaptation of more than a few seconds (curves 1) or after dif

were 60 min (A), 10 min (B), and 1 min (C, D); see the text for more explanatio
NAD(P)H–PQ oxidoreductase, which in turn resulted from

organic substrate degradation in the chloroplast stroma.

In addition, dark-adapted, sulfur-deprived samples

(curves 2 in Fig. 5B–D) showed a characteristic dip after

Fi, followed by a subsequent rise in the fluorescence level to

a saturating level, which was not observed in the

corresponding light-adapted samples (curves 1 in Fig.

5B–D). This dip could be due to rapid PQ-pool reoxidation

following light-induced activation of electron transfer be-

tween PSII and PSI in the dark-adapted samples.

All of the above results suggest that the PQ pool

becomes progressively more reduced with time after sulfur

deprivation in the light by electrons from the stroma. We

further confirmed these observations by fluorescence in-
nd in sulfur-deprived algae cells (B–D) during the O2-evolution (B), O2-

s were recorded while the cells were illuminated with actinic light either

ferent periods of dark adaptation (curves 2). Periods of algae dark adaptation

n. All fluorescence induction kinetic curves were recorded in situ.
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duction experiments in which anaerobic samples were

either illuminated with far red light or aerated just prior

to the measurements. Both treatments can oxidize the PQ

pool before the fluorescence measurement is taken, and, in

both cases, the treatments decreased the Fi level of dark-

adapted samples to the level of light-adapted samples (data

not shown).

Furthermore, at the point of anaerobiosis resulting from

sulfur deprivation, there is not enough O2 in the cells (O2 is

absent in the media since we cannot measure it there, but not

necessarily absent inside of the cells, because some PSII

activity remains) to reoxidize intermediary electron carriers,

including the PQ pool by PSI or by the putative PQ oxidase.

Moreover, PSI cannot further efficiently dispose of electrons

from the pool [the hydrogenase is not active yet (Figs. 1 and

2), there is little Rubisco to utilize photosynthetically

generated electrons [12], and there are no other electron

acceptors present in the medium (e.g., NO3
�, SO4

2�)]. In

these cultures, the PQ pool is reduced both by electrons

from water through the PSII pathway and by substrate

degradation in the chloroplast stroma through the

NAD(P)H–PQ oxidoreductase. Thus, when sulfur-deprived

cells undergo transition to anaerobic conditions, the rate of

PQ-pool oxidation must abruptly decline since there is no

place for the electrons to go. Hence, the PQ pool stays

reduced, and this causes the rapid inactivation of PSII

photochemical activity (because the reaction centers are in

the so-called ‘‘closed’’ state where electrons cannot transfer

further down the photosynthetic chain from QA).

The fact that an anaerobic state occurs in sulfur-deprived

cultures even in the presence of limited PSII activity implies

that the cultures must have a functional system to efficiently

remove O2 from the medium. In mitochondria, both the

cytochrome oxidase and the alternative oxidase catalyze the

last steps in the transport of reductants from NADH and

FADH2 to O2, the terminal electron acceptor. The cyto-

chrome oxidase pathway produces three ATP molecules per

pair of electrons transported, whereas the alternative oxidase

is usually active under conditions that require less ATP/

NADH (since its operation generates only two ATP mole-

cules per pair of electrons). The mitochondrial cytochrome

oxidase in C. reinhardtii is inhibited by KCN, CO, and

sodium azide, while the alternative oxidase is specifically

affected by salicyl hydroxamic acid (SHAM). The existence

of a chloroplast respiratory electron transport process (chlor-

orespiration) in green algae was first proposed by Bennoun

[20] to explain the effect of respiratory inhibitors on

chlorophyll fluorescence transients. The chlororespiratory

chain allows for the transfer of reductants (i.e., NADPH)

generated by substrate degradation in the chloroplast stroma

to the PQ-pool via the NAD(P)H–PQ oxidoreductase [21].

It also provides for the oxidation of the PQ pool by

dissolved O2 through the action of a PQ oxidase [22]. The

chloroplast PQ oxidase is not inhibited by SHAM and only

slightly affected by KCN, but it can be inhibited specifically

by propyl gallate [22].
By measuring the influence of respiratory inhibitors,

added separately or together, on the rates of dark respiration,

we tried to estimate the relative contributions of each of the

three oxidases to the consumption of O2 at different times

after sulfur deprivation. The actual contributions of the three

oxidases to the scavenging of O2 in situ depend on many

factors such as their relative KMVs for O2 and the rate of

diffusion of O2 from the chloroplast to the mitochondria.

Thus, the inhibitor studies that follow may not directly

reflect the actual situation in the photobioreactor, but they

do indicate that changes in the relative activities of the three

oxidases occur during sulfur deprivation.

Table 1 shows that sulfur deprivation gradually inhibits

the rates of dark respiration in C. reinhardtii. At the start of

sulfur deprivation, the cytochrome oxidase and the alterna-

tive oxidase contributed, respectively, about 58% and 14%

to the overall respiratory capacity of the cells, measured in

the presence of 0.17 Amol/ml O2. We observed a decline in

the activity of the cytochrome oxidase to a range of 20–

28% during the H2-production phase of sulfur deprivation.

The alternative oxidase activity declined to almost 0 at the

start of the anaerobic phase, but appeared to increase up to

43% thereafter. As has been previously reported, the spec-

ificity of the inhibitors is not 100%, and it was necessary to

investigate the combined effects of the two inhibitors to

determine the actual contributions of the different oxidases

to respiration [23]. When added together, KCN and SHAM

inhibit 89% of the rate of respiration at the start of sulfur

deprivation. That level of inhibition slightly increases at the

start of the anaerobic phases but remains constant thereafter.

Taken together, these results suggest that (a) the alternative

oxidase is preferentially expressed under stress conditions as

has also been observed in phosphate- and nitrogen-depleted

C. reinhardtii [24] and tobacco cells [25] and (b) the

chlororespiratory PQ oxidase appears to contribute relative-

ly little to O2 consumption in the chloroplast during sulfur

deprivation.

We attempted to verify this latter point by measuring the

effect of propyl gallate on dark O2 consumption. Our first

observation was that the concentration of propyl gallate

required to maximally inhibit respiration varied from 10

mM to 25 AM as a function of the incubation time in sulfur-

deprived medium (not shown), suggesting that the cells

become more permeable to the inhibitor when sulfur-de-

prived. The maximum inhibition by propyl gallate actually

decreased during sulfur deprivation in parallel with the

increased inhibition of the alternative oxidase. Secondly,

when propyl gallate was added in combination with KCN,

the total inhibition of respiration was not as large as that

observed when KCN+SHAM was added. This is consistent

with the fact that the PQ oxidase is a minor pathway in the

respiratory consumption of O2 as we demonstrated in Table

1. Finally, the combined effect of KCN and propyl gallate

decreases as a function of the sulfur deprivation treatment,

further suggesting that the PQ oxidase pathway becomes less

effective during the H2-production phases of the process.
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In summary, changes of PSII activity in C. reinhardtii

cells deprived of inorganic sulfur are characterized by

complicated dynamics during the course of cell adaptation

to the nutrient stress. We conclude that (a) the reduced state

of the PQ pool is the primary factor controlling the photo-

chemical activity of PSII, which in turn regulates the

remaining PSII water-splitting capacity in the algae and

thus electron transport to hydrogenase and (b) the cultures

are maintained anaerobic in the light during H2 production

primarily by the activity of the mitochondrial oxidases. The

detailed mechanism as to how the redox state of the PQ pool

actually down-regulates photosynthetic electron transport

will be the subject of future work.
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