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� Photosynthetic electron transport

can be tuned for H2 production in

Chlamydomonas.

� It was achieved by partial inhibi-

tion of the Cytochrome b6f

complex.

� DNP-NT and DBMIB inhibitors

were used at suboptimal

concentrations.

� This results in extended H2 pro-

duction for 15 and 30 days

respectively.

� Periodic surges with high rates of

H2 evolution were also detected.
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Periodic surges of H2 evolution were observed in the wild-type strain CC-5325 of the green

unicellular alga Chlamydomonas reinhardtii in the presence of the electron transport in-

hibitors dibromo-6-isopropyl-3-methyl-1,4-benzoquinone (DBMIB, 3.5 mM) and 2,4-

dinitrophenylether and iodonitrothymol (DNP-INT, 0.6 mM). Addition of DBMIB partly

inhibited the electron transfer from Cytochrome b6f complex to Photosystem I, over-

reduced the plastoquinone pool, gradually inhibited photosystem II and created anoxic

conditions in cells. During 30 days of anaerobic incubation, continues H2 photoproduction

with a minimum rate of 1 ml/L of culture per day was accompanied with additional out-

bursts of H2 evolution. The first noticeable peak of H2 evolution was observed on day 6 of

incubation, with maximum rate of 23 ml of H2 per L of culture per day. It was repeated on

day 9 and day 22 with the 2 and 4 times lower rates respectively. Addition of DNP-NT

showed similar effect by inducing the H2 photoproduction for 15 days, albeit at much

lower rates. Contribution of the direct and indirect pathways to the H2 production is shown
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by fluorescence, thermoluminescence and electron paramagnetic resonance spectroscopy.

It is proposed that photosynthetic electron transport in combination with photorespira-

tion, chlororespiration and starch accumulation can switch on and off between photo-

synthetic, H2 producing and survival modes of cell metabolism. Controlled switching

between these modes could potentially maintain the long lasting photosynthetic H2 pro-

duction in the wild-type of Chlamydomonas.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Molecular hydrogen (H2) stands out as a unique energy carrier.

It is known as an efficient and the clean fuel with great po-

tential contribution to the future sustainable energy land-

scape [1]. Biological H2 photoproduction using green

microalgae could be an integral part of this contribution [2e4].

Green unicellular photosynthetic algae such as Chlamydomo-

nas reinhardtii retained capacity to photoproduce H2 at certain

environmental conditions. This process is catalyzed by fast

turnover FeeFe hydrogenase (HydA) which is directly coupled

to the light-driven photosynthetic reactions [5,6].

Oxygenic photosynthesis towhich all green algae belong, is

driven by two photosystems, Photosystem II (PSII) and PSI

(Fig. 1). PSII uses absorbed photons to initiate the electron

transfer along the thylakoid membrane by extracting elec-

trons fromwater and by reducing the plastoquinone (PQ) pool

[7]. The redox reactions are continued at the cytochrome (Cyt)

b6f complex which acts as a redox intermediator between PSII

and PSI [8]. PSI further energizes electron transfer by using

energy of absorbed photon to reduce small soluble stromal

protein ferredoxin (Fd) [9]. Photosynthetic electron transfer

chain (PETC) is accompanied with the increase of proton (Hþ)
concentration across the thylakoid membrane in the lumen

by reactions in PSII and Q-cycle in Cyt b6f complex [10].

The fate of electron from Fd is determined by how cells

behave under changing environmental conditions. Electron

delivery to Calvin-Benson-Bassham (CCB) cycle through the

ferredoxin NADPþ oxidoreductase (FNR) and NADPþ reduction

completes the linear electron transfer which is the major

pathway for carbon assimilation and sustaining the life cycle

[11]. Some Fd electrons are diverted to the cyclic electron flow

driven by PSI which could be quite high in Chlamydomonas

[12,13]. At certain over-reduced conditions, such as anaero-

biosis, the electron pressure in the thylakoid membranes can

be relieved by diverting electrons from Fd to HydA and pro-

duction of molecular H2 (Fig. 1).

Production of H2 by HydA is light-driven by PSI through two

distinct pathways. In the direct pathway, electrons are deliv-

ered from the water splitting activity of PSII. In the indirect

pathway, electrons are supplied from the degradation of car-

bohydrates and also delivered to the PQ-pool in the thylakoid

membrane (Fig. 1) [4,14e17]. The direct pathway is the most

attractive for implementation in renewable energy projects

since it has least energy losses during the H2 generation and

uses water as an electron source.
In the nature, however, H2 photoproduction in Chlamy-

domonas is transient and ceases within a few minutes of

illumination. There are two reasons for this. Once the electron

transport is fully operational under illumination, electron

transfer to HydA is outcompeted by the reduction of FNR, thus

directing electron flow toward the CCB cycle [18]. And subse-

quently, O2 produced by PSII irreversibly inactivates HydA

[19,20]. The inferior competitiveness of HydA with NADPH

production, and the O2 sensitivity are two main obstacles for

sustainable microalgal H2 photoproduction.

In Chlamydomonas which is used as a model organism for

H2 production these obstacles can be at least partially over-

came by down-regulation of the PSII activity either by nutrient

deprivation [16,20e26] or mutagenic approach [17,27e29].

Although some robust mutants, such as pgr5 {Steinbeck, 2015

#54} or hpm91 [30], in combination with certain upgrading

strategies like addition of safe O2 scavengers to media culture

[31,32] or enhanced chloroplast-mitochondria crosstalk [33]

have improved H2 production to some extent, the maximum

light to H2 conversion efficiency is still far from the theoreti-

cally desirable yield of 13% [4]. Commercial viability of large-

scale H2 photoproduction requires reaching comparable effi-

ciencies which are not yet available at the moment [3,34].

In order to achieve higher efficiency of photosynthetic H2

production, several strategies could be employed. S-depriva-

tion as a model approach allowed to determine several

important pre-conditions for the continued H2 production in

Chlamydomonas [21]. These conditions are interdependent

and could be listed as the following: (i) decrease of the PSII O2

evolution activity and increase in the cell's respiration rate; (ii)

establishing of the anoxic conditions in the cells; and (iii)

establishing of the over-reduced conditions in the chloroplast

[25,35e37]. It is possible to achieve these conditions by simply

tuning the electron transfer in the thylakoid membrane

through the adjustment of the PSII and PSI activity. As was

shown by us the imbalance of the PSI/PSII ratio which creates

a bottleneck for the PSII mediated electron flow by the lower

PSI content in the C3mutant in Chlamydomonas creates such

conditions. This mutant was able to photoproduce H2

continuously for more than 6 weeks [37] without any addi-

tional manipulations in a single-stage process.

Potentially, tuning of the inter photosystem electron

transfer could allow sustainable and efficient H2 production

also in the wild type (WT) Chlamydomonas. One possible

crucial point in the electron transfer chain for such regulation

is Cyt b6f complex [38,39]. In this study, we used dibromo-6-

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijhydene.2023.06.050
https://doi.org/10.1016/j.ijhydene.2023.06.050


Fig. 1 e H2 photoproduction pathways in green microalgae and the effect of DBMIB-treatment. Yellow arrows indicate the

direct pathway, during which electrons evolving from water splitting in PSII are transferred towards Fd and then reach

HydA, to be consumed during H2 production. Indirect pathway is shown by red arrows and indicates electrons delivered

from starch degradation to the PQ-pool. The presence of the small concentrations of DBMIB or DNP-INT, by blocking some

available Qo-sites results in gradual increase of the reduction level of the PQ-pool, which is proved to be the key factor for

promotion of H2 production in our study. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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isopropyl-3-methyl-1,4-benzoquinone (DBMIB) inhibitor

which, at effective concentration (>10 mM), is known to block

the PETC entirely and thus, fully inhibit the H2 production

[40,41]. Herewe employ sub-optimal concentrations of DBMIB,

in order to induce a controlled increase in reduction level of

the PQ-pool and subsequently induce only a partial inhibition

of PETC which will be most favourable for the H2 production.

Similar results were obtainedwith another inhibitor at the Cyt

b6f complex, 2,4-dinitrophenylether of iodonitrothymol (DNP-

INT).
Materials and methods

Strains and growth conditions

Chlamydomonas reinhardtii wild-type CC-5325 strain, obtained

from the Chlamydomonas Resource Center (http://www.

chlamycollection.org), was maintained in plates with stan-

dard solid Tris acetate phosphate (TAP) medium [42] con-

taining 1.5% agar. The pre-cultures were grown in liquid TAP

medium in 300 ml conical glass flasks. After reaching a con-

centration of ~20 mg Chl/ml (corresponding to 6� 106 cells/ml),

indicated concentrations of DBMIB (from 1 mM stock solution
in ethanol), were added to the culture which was then

immediately transferred into the sealed bio-reactors (air-tight

flasks, 300ml culturewith 20ml gas headspace) and incubated

at 25 �C under the white light of 60 mE m�2 s�1 intensity, as

batch cultures, for the long-term experiments. Daily H2 mea-

surement from the head space was performed for 30 days.

For experiments with DNP-INT inhibitor, similar growth

conditions were used. WT culture C-5325 at a Chl concentra-

tion of ~20 mg/ml was subjected to 3 different concentrations

(0.6, 3.5 and 5 mM) of the inhibitor. Daily H2 measurement from

the head space was performed for 15 days.

Measuring P700þ absorption changes

Kinetics of the P700 oxidation were measured with the

PAM101/102 fluorometer equipped with the ED-P700DW unit

(Heinz Walz GmbH, Germany) to monitor absorption changes

at 810 nm using 870 nm as a reference wavelength. Actinic

light was provided by PAM102 unit at 650 nm. Cell cultures at a

concentration of 20 mg Chl/ml were dark adapted for 5 min

before the measurements. Zero absorption (absence of P700þ)
was measured in the presence of 5 mM ascorbate without

application of the actinic light. Maximum absorption (fully

oxidized P700, P700þ) wasmeasured under illumination in the
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presence of 10 mM DBMIB and 2 mM ferricyanide. Different

concentrations of DBMIB were added from the stock solution

before the measurements.

Characterization of the H2 productivity of the cultures

H2 and O2 gas quantifications from the headspace of bio-

reactors were performed as described previously [35e37]. For

the 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) test, in

the days 6, 9 and 22 after DBMIB-treatment, H2 producing

cultureswere anaerobically aliquoted into 6 small sealed vials,

in 3 of which 20 mM of DCMU was added. After 3 h of light

incubation of all the vials, H2 production rate wasmeasured in

the presence and absence of DCMU.

Chl content, flash-induced fluorescence and thermolumi-

nescence measurements were performed according to pub-

lishedmethods previously [35e37]. Quantifications of PSII and

PSI were done by electron paramagnetic resonance (EPR)

measurements with Bruker BioSpin EMX-micro spectrometer

equipped with EMX-Premium bridge and an ER4119HS reso-

nator as described previously [36,37,43]. The onlymodification

was that the full oxidation of the P700þ in cells treated with

DBMIB was achieved in the presence of 17 mM ferricyanide

and under illumination. Respiration and O2 evolution rates in

control or H2 producing culture cells were measured at Chl

concentration of 20 mg/ml at 25 �C with a Clark-type electrode

after 3 min dark-adaptation. It was measured in the dark for

2 min followed by 3 min measurement under saturated white

light.

Determination of the starch content

The starch content in cells at different time intervals after

DBMIB treatment was estimated by a starch-specific enzy-

matic method [44]. Briefly, 10 ml aliquots of culture were

harvested and centrifuged at 2450�g for 10 min. Resulted

pellets were collected by 500 ml lysis buffer (50 mM Tris-HCl

(pH ¼ 8) and 1% Triton X-10) and after addition of 300 ml

glass beads (0.7 mm), cell disintegration was performed using

beadbeater (Benchmark Scientific D2400-E, USA) with 3 cycles

of 30 s at 2200�g. Resulted cell lysates then were used for the

quantification of reduced sugars through the dinitrosalicylic

acid color reaction, according the previously published

method [45]. The concentration of starch was estimated

through a calibration curve, created by Sigma-pure potato

starch digested with a-amylase.
Results

Inhibition of the PSI-driven electron transport by DBMIB
treatment

Partial inhibition of the photosynthetic electron transport in

Chlamydomonas cells was studied with the addition of

different concentrations of DBMIB. DBMIB is a well-known

inhibitor which is blocking the plastoquinole binding at the

Qo-site of the Cyt b6f complex at the effective concentration of

10 mM [46]. The effect of the DBMIB inhibition was measured

by oxidation of P700, the primary donor in PSI (Fig. 2). Upon
illumination, oxidation of the P700 could be observed by

monitoring the absorption changes in the far-red region [47].

In the presence of 10 mM DBMIB and 2 mM ferricyanide, the

maximal oxidation level of P700 was established after ~1.2 s

(Fig. 2A, red trace) since all reduction from the PSII activitywas

blocked by DBMIB. The absence of the P700þ signal, i.e. no

oxidation was determined in the dark and the presence of

5 mM of ascorbate (black trace). The addition of different

concentrations of DBMIB established different steady-state

levels of P700þ which indicate different partial inhibition of

the PETC (Fig. 2A). Inhibitory effect of DBMIB was not linear

(Fig. 2B), however, we could estimate that 25%e75% inhibition

of the electron transport to PSI was achieved by addition of

DBMIB in the range of 0.04e5 mM concentration. Thus,

different concentrations of DBMIB from this range were used

in the investigation of their possible effect on the H2 produc-

tion in Chlamydomonas cells.

DBMIB induced long-term H2 production in Chlamydomonas
cells

Our next step was to find out if the addition of DBMIB in the

concentration range which partially inhibited the PSI reduc-

tion have any effect on the H2 production. The results are

shown in Fig. 3. In the control culture incubated in closed

bioreactors without any additions we observed no detectable

H2 production for more than two weeks. During the third

week, just an insignificant amount of the H2 release was

detected (Fig. 3A, black trace). The addition of DBMIB initiated

considerable H2 production, which was concentration

dependent. At very low concentrations, the H2 production

started after just a few days: at 40 nmol on the sixth day and at

200 nmol on the fifth day (pink and dark green traces). The

production continued reaching 25 and 33 ml H2/L of culture

after 30 days of incubation respectively. The highest H2 pro-

duction was achieved in the presence of 3.5 mM DBMIB, which

started almost immediately and could be sustained for 30

days, reaching the total amount of ~68 ml H2/L of culture

(Fig. 3A, blue trace). At higher concentrations of DBMIB, the H2

production was again delayed and decreased, Fig. 3A (see red,

light green and dark blue traces for concentrations of 5, 7.5

and 10 mmol of DBMIB).

Interestingly, the H2 production in the presence of DBMIB

not showed expected saturation behavior. A typical example

can be observed at the optimal concentration of 3.5 mmol. The

H2 production started on the second day and four distinguish-

able outbursts of the H2 production rate were observed during

30 days of anaerobic cultivation. The first, smallest peak was

observed on the third day and followed by the largest peak on

the sixth day (Fig. 3B). This maximum peak of H2 production

rate was followed by two smaller peaks, appeared at the days 9

and 22 (Fig. 3B). The peaks half-width was about 2e3 days. It

should be noted that aminimumH2 production rate (about 1ml

per L of culture per day) was maintained in between (Fig. 3B).

This peculiar behavior of the H2 production under DBMIB in-

hibition in Chlamydomonas cells was reproducible and this

experiment was replicated in different cultures. However, it

should be mentioned that the number of the H2 production

peaks and their position were very much dependent on the

DBMIB concentration (not shown).

https://doi.org/10.1016/j.ijhydene.2023.06.050
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Fig. 2 e Light-induced P700þ absorbance changes in cells of Chlamydomonas in the presence of different concentrations of

DBMIB. A, Kinetics of P700 oxidation measured in the dark and the presence of 5 mM ascorbate (black) or under illumination

in the presence of 18 nM (orange), 75 nM (green), 150 nM (pink), 5 mM (blue) and 10 mM DBMIB (red trace). The last red trace

was measured also in the presence of 2 mM ferricyanide. The arrow indicates the onset of illumination. B, DBMIB

concentration dependence of the steady state level of P700þ achieved after 1.2 s of illumination. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3 e Long-term H2 production by WT cells of Chlamydomonas, under the standard growth condition, induced by DBMIB

addition. A, Total H2 production (ml H2 per liter of culture) in the presence of different concentrations of DBMIB. B, H2

production rate by Chlamydomonas cells exposed to 3,5 mmDBMIB, an optimal concentration for the H2 production. The red

arrows indicate time points for cell harvesting to use the next experiments. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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Effect of the low concentration of DBMIB on the acceptor side
of PSII

Inorder to investigate themechanismbehind theappearanceof

these surges in the H2 production rate, the cells were harvested

at several different time points (shown by red arrows in Fig. 3B)

for further functional analysis. While in the presence of 3.5 mM

of DBMIB about 70%of the electronflow through PSI is inhibited

(Fig. 2B), a similar effect was observed on the electron flow

through PSII. We used flash-induced fluorescence decay mea-

surements which are very informative on the acceptor side re-

actions in PSII [48e50] and were used in the characterization of
H2-producing Chlamydomonas cells before [36]. In the control

cells, fluorescence decay kinetics was indicative of the fast

forward electron transfer from QA
� (Fig. 4A, open circles) which

constitutedmore than85%of thekinetics (Table1). Theaddition

of 20 mM of DCMU effectively blocked forward electron transfer

and the fluorescence decay was much slower and reflected

recombination between QA
� and the S2 state of the water

oxidizing complex (Fig. 4A, open squares, Table 1). Noticeably,

fluorescence decay measured immediately after DBMIB addi-

tion (3.5 mM) indicated only a partial inhibition of the forward

electron transfer (Fig. 4A, open triangles). 53% of the fast decay

phase of 646 msec is attributed to the QA
� to QB electron transfer

https://doi.org/10.1016/j.ijhydene.2023.06.050
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Fig. 4 e A, The flash-induced fluorescence decay traces from Chlamydomonas cells in the absence of any additions (circles),

the presence of 10 mM DCMU (squares) or 3.5 mM DBMIB (triangles). Each trace represents the average of measurements in

three independent samples. The lines represent exponential decay fitting (see Table 1) and the arrows indicate the position

where the light flash was applied. B, Thermoluminescence curves from Chlamydomonas cells in the absence of any

additions (solid black line), in the presence of 10 mM DCMU (dashed black line) or 3.5 mM DBMIB (dotted black line). Each

curve represents the average of measurements in three independent samples. Green and blue lines represent Gaussian

deconvolution of contributions from the Q- and B-bands respectively. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

Table 1 e Half-times and amplitudes of the flash-induced variable fluorescence decay kinetics in Chlamydomonas cells
shown in Fig. 4A. The decays were analyzed the exponential decay components as described in Ref. [36].

Sample t½,1, msec Ampl1, % t½,2, msec Ampl2, % t½,2, msec Ampl2, %

control (no add.) 0.084 ± 0.005 59 ± 6 1.5 ± 0.1 27 ± 5 3239 ± 486 14 ± 4

3.5 mM DBMIB 0.646 ± 0.039 53 ± 3 174 ± 28 21 ± 2 2647 ± 347 26 ± 2

10 mM DCMU e e 101 ± 68 45 ± 2 1019 ± 68 55 ± 2

Table 2 e Chl and fluorescence characteristics of
Chlamydomonas cells during incubation for 30 days
under the H2 producing conditions in sealed bioreactors
in the presence of 3.5 mM DBMIB.

Sample Total Chl (mg/ml) Chl a/b FV/FM

day 0 20.0 2.27 0.71

day 3 32.2 2.21 0.47

day 6 36.2 2.19 0.41

day 8 44.8 2.00 0.51

day 9 58.0 2.03 0.45

day 10 50.2 1.71 0.28

day 22 27.2 1.68 0.55

day 30 15.5 1.11 0.09
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while themiddle phase (21%, 174ms) could contain a fractionof

decay that corresponds to QA
� to the QB which has to be bound

first (Table 1) [48e50]. Thus, more than 50% of the electron

transfer from PSII (from QA
�) was still active in the presence of

3.5 mM of DBMIB.

Similar results were obtained with thermoluminescence

measurements (Fig. 4B). Two peaks were observed: at 33 �C
and 14 �C (solid line). The dominating 33 �C peak corresponds

to the B-band of the QB
�-S2 state recombination and reflects an

active acceptor side [36,51,52]. The small shoulder at 14 �C
(35% of the total intensity) represents the Q-band of the QA

�-S2
state recombination and becomes the only remaining at 16 �C
after the addition of DCMU (dashed line, Fig. 4B).

In the presence of 3.5 mM of DBMIB a few changes were

observed. First, the overall intensity decreased significantly

due to the quenching which is a general effect of the quinones

on the luminescence from PSII. Second, the B- and Q-bands

become closer to each other (30 �C and 23 �C, respectively) and
third, relatively higher intensity of the Q-band shoulderwhich

together indicate the more reduced but still active state of the

acceptor side of PSII (Fig. 4B, dotted line) [51].

PSII analysis of the DBMIB effect during H2 production

The long-term incubation of Chlamydomonas cells with

partially inhibited PETC in the presence of DBMIB resulted in
the H2 production as shown in Fig. 3. Table 2 shows that in the

course of this process the total amount of chlorophyll (Chl) in

the culture increased from 20 to 58 mg/ml during first 9 days

and then decreased to 15 mg/ml on day 30. This indicates that

cells were still growing in the first 9 days albeit at a lower rate

than at the normal conditions. The Chl a/b ratio was also

gradually decreasing from 2.27 to 1.11 at the same time,

indicating changes in the antenna composition of PSII, mainly

as decrease of the Chl b containing antenna complexes such

as LHCII. In addition, the FV/F0 ratio which indicates the

quantum photochemical yield of PSII was also decreasing

from 0.71 to less than 0.1 during this period of 30 days with

https://doi.org/10.1016/j.ijhydene.2023.06.050
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exception of two time points at days 8 and 22 when it bounced

back to 0.51 and 0.55 respectively (Table 2). This reflects

changes in the F0 and FM values (Fig. 5A). The F0 value slightly

increased from 0.47 to 0.57 in the first 3 days of incubation in

closed bioreactors and then started to decrease reaching a

very low level of 0.15 at day 10 and then again increased to 0.20

during next 20 days. This increase could be considered as

significant if the decrease of the total amount of Chl during the

same time is considered (Table 2). The FM value was

constantly decreased from 1.3 to 0.2 during 30 days of incu-

bation with one exception at day 22 (0.35, Fig. 5A).

The decrease in the FV/F0 ratio was accompanied with

changes in the flash-induced variable fluorescence decay ki-

netics (Fig. 5A). The starting sample (showedmore than 55% of

the fast decay phases indicating partial forward electron flow

from in the presence of 3.5 of DBMIB (Fig. 4A and Table 1).

These kinetics didn't significantly change during next 9 days

(Fig. 5A, SI Fig. 1, black traces). These kinetics were different

from those measured in the presence of DCMU, where elec-

tron transfer from QA
� was completely blocked, although the

kinetics in the presence of DBMIB become slower if compared

samples from day 0 to day 9 (red traces, SI Fig. 1). Since day 10

there was no difference in the kinetics measured either in the

presence or absence of DCMU, indicating completely blocked

acceptor side of PSII. One exception was day 22 where some

difference was observed reflecting partial reactivation of the

electron transport from PSII centers. At day 30 no variable

fluorescence was observed under any conditions (SI Fig. 1).

Similar changes were observed with thermoluminescence

measurements (Fig. 5B). The prevailing B-band was observed

during 9 days of incubation, although its intensity was

decreasing after day 3 when it was at its maximum. Inter-

estingly, it was lowest at days 6 and 9, where the first and

second peaks of the H2 production were observed (Fig. 3B and

5B and SI Fig. 2). After that, the bands measured in the pres-

ence of 3.5 mM DBMIB and in the presence of 10 mM DCMU
Fig. 5 e A, The flash-induced fluorescence decay traces from Ch

H2 producing conditions in sealed bioreactors in the presence o

concentration. Each trace represents the average of measureme

curves from Chlamydomonas cells during 30 days of incubation

the presence of 3.5 mM DBMIB. Traces are normalized to the Ch

measurements in three independent samples.
became indistinguishable e at day10 at 26 �C and day 22 at

21 �C (Fig. 4B and SI Fig. 2). At day 30 all thermoluminescence

bands were absent (Fig. 5B and SI Fig. 2).

EPR characterization of PSII and PSI during H2 production

EPR spectroscopy is a very useful tool for the estimation of the

amount of photosystems under different conditions. The

amount of PSII is estimated on the basis of fully induced

tyrosine (Tyr) D
ox radical while the amount of PSI is estimated

on the basis of fully induced P700þ radical as described in

Ref. [43]. It has been done before for Chlamydomonas cells

during the H2 production [37]. We also performed these

measurements during the incubation of Chlamydomonas

cells under the H2 producing conditions in sealed bioreactors

in the presence of 3.5 mM of DBMIB.

At day 0 cells show standard amounts of PSII and PSI as

could be judged from the corresponding spectra (Fig. 6A).

Almost equal amount of both photosystems was observed

resulting in a PSII/PSI ratio of 0.84 (Fig. 6D). PSII and PSI behaved

differently during 30 days of incubation. The amount of PSII

decreased to less than 60% until day 8, then increased during

days 9 and 10 to more than 90% and then decreased again to

59% and 40% at day 22 and day 30 respectively (Fig. 6B and C,

green bars). In contrast, the amount of PSI is first decreased to

60% at day 6 and then started to increase, especially signifi-

cantly during days 9 and 10 (tomore than 400%), reaching 436%

at day 22 and 532% at day 30 respectively (Fig. 6B and C, red

bars). These changes resulted in a steady increase of the PSI/

PSII ratio from day 8 to almost 11 at day 30 (Fig. 6D).

Direct vs indirect pathway in the DBMIB treated cells

To estimate the contribution of PSII in producing H2 at each

peak of the H2 production, the DCMU test was performed

[35,53e55]. DCMU is another well-known inhibitor which
lamydomonas cells during 30 days of incubation under the

f 3.5 mM DBMIB. Traces are normalized to the Chl

nts in three independent samples. B, Thermoluminescence

under the H2 producing conditions in sealed bioreactors in

l concentration. Each trace represents the average of
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Fig. 6 e EPRmeasurements showing TyrD
ox (green spectrum) and P700þ (red spectrum) from Chlamydomonas cells under the

H2 producing conditions in sealed bioreactors in the presence of 3.5 mM DBMIB in day 0 (A) and day 9 (B). C, Changes in the

amount of PSII (measured as TyrD
ox (green bars) and PSI (measured as P700þ (red bars) under the H2 producing conditions for

30 days in the presence of 3.5 mM DBMIB. The amount of both photosystems at day 0 were taken as 100%. D, Changes in the

PSI/PSII ratio under the H2 producing conditions for 30 days in the presence of 3.5 mM DBMIB. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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effectively blocks PSII electron transport at the QB-site. Ac-

cording to our results (Fig. 7A), the addition of DCMU inhibited

more than 72% of H2 production at the first peak on day 6. In

contrast, at the second and third peaks on day 9 and 22, only

around 6% and 19% of the H2 production respectively was

suppressed by PSII-inhibition. This indicates that on day 6,

more than 70% of produced H2 came from the direct pathway,

whereas produced H2 in the second and third peaks was

almost entirely PSII-independent, mediated by the indirect

pathway (Fig. 7A).

Taking into account that during the indirect pathway,

starch degradation is the main source of electrons for the H2

production, we measured the level of starch accumulation at

the same time points as above. We observed more than 50%

decrease of the starch amount after DBMIB addition on days 6

and 9, if compared to control (Fig. 7B). This decrease is a

consequence of starch degradation in the cells. However, on
day 22, the starch level was detected to be even higher than in

the control cells (Fig. 7B). This increase could be attributed to

hyper-accumulation of starch in response to the nutrient

starvation of Chlamydomonas cells, after being in batch cul-

ture for more than 3 weeks [56,57].

In order to obtain more insight about the circumstances of

the H2 production outbursts, we also measured the net O2

evolution rate in day 3 and 6 after the DBMIB addition. The net

O2 evolution rate is considered as the difference between the

rates of gross O2 evolution and O2 uptake (respiration) under

illumination and was measured in mmol O2/ml of

culture � min. The average net rate of O2 evolution in the

control cells was 5.6 mmol O2. This net rate was decreased to

1.7 mmol O2 on day 3 and to �5.1 mmol O2 on day 6 after the

DBMIB treatment (not shown). Thus, during the peak of H2

production, respiration completely overtook the O2 evolution

by PSII in Chlamydomonas cells.
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Fig. 7 e A, H2 production rate of DBMIB-treated cultures in the presence vs in the absence of DCMU inhibitor (20 mM). B,

estimated starch content of DBMIB-treated cells, measured under H2-producing condition, in 3 different time points

corresponding to the peaks of H2 production rate.
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DNP-INT-induced long-term H2 production in
Chlamydomonas cells

There is another electron transport inhibitor which also acts

at the Qo-site of Cyt b6f complex, DNP-INT. Addition of 0.6 and

3.5 mM of DNP-INT resulted in H2 production for at least 15

days (Fig. 8). The best result was achieved in the presence of

0.6 mMofDNP-INTwith themaximal rate of ~4ml of H2 per L of

culture per day achieved on the day 7 of incubation (inset in

Fig. 8), which was more than 5 times lower than highest rate

achieved in the presence of DBMIB (Fig. 3B). There could be

two reasons for this difference. Firstly, these inhibitors,
Fig. 8 e Long-term H2 production by WT cells of

Chlamydomonas, under the standard growth condition,

induced by DNP-INT addition at concentration of 0.6 mM

(blue), 3.5 mM (red) and 5 mM (black). Inset shows the H2

production rates. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web

version of this article.)
although having the same binding side in the Cyt b6f complex,

have different chemical nature and correspondingly could

have different life-time inside of the cell environment. Sec-

ondly, it has been recently reported that DNP-INT is not able to

completely block electron transfer to PSI but rather effectively

slows down this reaction [58]. These could lead to different

rates of the inter-photosystem electron transfer and corre-

spondingly, to the different mode of the H2 photoproduction

in the presence of DNP-INT.
Discussion

Sustainable H2 production in green microalgae

To achieve a commercially viable green H2 production, the

ideal solution would be to achieve (i) an efficient, (ii) sustain-

able H2-photoproduction (iii) in a simple scalable model using

WT strains of greenmicroalgae such as Chlamydomonas. Use

of genetically modified strains with manipulated PETC, or

enhanced tolerance of HydA to O2, although practical, could

also be questionable for large scale applications. According to

a recent study, utilization of the GMOs for biofuel production

is still a big concern for experts and stakeholders [59].

In the current study we utilized these solutions to achieve

H2 production inWT strain CC-5325 of Chlamydomonas for 30

days, in a single-stage mode. Our main approach to achieve

this was to re-tune the electron flow to final acceptors (Fig. 1).

Regulation of the photosynthetic electron flow is already a

quite complex process in Chlamydomonas [40,60,61] and

additional de-regulation should not add more complications

for sustaining process on the long run without sacrificing the

cell viability. It should lead to the restricting of the PSII activity

and increase of the reduction level of the PQ-pool. Under such

conditions the prolonged H2 production is expected [25,35,36].

In our previous study we achieved this by decreasing the

amount of PSI, thus hindering the electron flow and creating

the “bottleneck” at the Cyt b6f complex [37]. In this study, we

https://doi.org/10.1016/j.ijhydene.2023.06.050
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achieved this by addition of the small concentrations of Cyt

b6f inhibitors to the media culture of WT Chlamydomonas.

It is known that at effective concentrations of DBMIB

(>10 mM) the electron transfer to PSI is halted and H2 produc-

tion in S-deprived cultures of Chlamydomonas is almost

completely inhibited [53e55]. We anticipated that after addi-

tion of small concentrations of DBMIB, some of the available

Qo-sites in Cytb6f would be occupied, leading to the decrease

of the electron flow to PSI, increase of the reduction level of

the PQ-pool and subsequently partial quenching of electron

transport from PSII. The down-regulation of PSII activity will

establish the microoxic condition which will, in turn, activate

HydA and end up in prolonged H2 evolution.

Our findings confirmed the principle of these assumptions,

when different levels of PSI oxidation, PQ-pool reduction and

PSII activity were detected after the DBMIB treatment (see

below). However, the outcome of this treatment was much

more complicated. We observed that there was no linear cor-

relation between the DBMIB concentration and the level of PSI

oxidation (Fig. 2B). Externally induced changes in the PETC,

involved internal interactions within the cells which were fol-

lowed by intrinsic regulatory mechanisms to maintain a

partially operational PETC and to retain its integrity for at least

30 days (Fig. 3).

This duration of H2 productivity in WT strain is quite un-

precedented and ended up in a high total H2 yield. This pro-

duction period in DBMIB treatedWT, is comparable with what

was previously reported for the C3 mutant [37]. However, the

total produced H2 and themax H2 production rate, obtained in

this study, were respectively 1.3 times and 6.7 times higher

than what was shown in the C3 mutant (Krishna et al., 2019).

3.5 mM DBMIB turned out to be the optimal concentration for

this sustained H2 photoproduction (Fig. 3A). However, the

nature of this photoproduction was not steady, with several

surges of H2 evolution with high rates present (Fig. 3B), indi-

cating complex intracellular reactions.

Suggested mechanism for H2 production in DBMIB-treated
cells

The H2 production rate in the presence of 3.5 mM DBMIB was

not constant during the whole 30 days period of cells incu-

bation. The maximum rate was obtained 6 days after the

addition. Comparing the results of fluorescence decay mea-

surements, thermoluminescence (Fig. 5) and EPR analysis

(Fig. 6) with the results of DCMU test (Fig. 7A) we can conclude

that on day 6, the amount of PSII is still quite high (65% of

control, Fig. 6C) and these PSII centers exhibit quite active

forward electron transfer (Fig. 5, SI Figs. 1 and 2). Together

with similar amount of PSI (Fig. 6C), PSII mediates more than

70% of H2 production, via the direct biophotolysis of water

(yellow arrows in Fig. 1). Although reduction level of the PQ-

pool was also high as also shown by the fluorescence and

thermoluminescence measurements, this amount of stable

and active PSII on day 6 should produce enoughO2 to suppress

the HydA activity, while the maximum rate of H2 production

was ascertained on this day.

Themeasured net O2 evolution rate and the starch content

could explain this contradiction. Indeed, by detecting a higher
rate of O2 consumption than O2 evolution, together with a

diminished starch content (down to 50%, Fig. 7B), we can as-

sume an up-regulated photorespiration on the day 6 after

addition of DBMIB to Chlamydomonas cells. Photorespiration

which arises from the oxygenase activity of Rubisco [62], is

known as a wasteful process which diminishes CO2 fixation,

and thus decreases the starch content. In a recent study it was

shown that the thioredoxin-mediated regulation of photo-

respiration takes place in response to the redox state of

chloroplast [63]. Accordingly, we can propose that DBMIB

addition induces up-regulation of photorespiration, when

thioredoxin is reduced as a consequence of the redox state of

the PQ-pool. In addition to establishment of anoxia, this pro-

cess would be accompanied with down regulation of the CO2

fixation, thus increasing the electron allocation to HydA,

resulting in a high H2 production rate during the first outburst

(days 5e7, Fig. 3B). The following termination of the H2 pro-

duction, observed in the day 8, could be explained by relaxa-

tion of the electron pressure after 3 consecutive days of H2

production at a high rate. In addition, the increased presence

of O2 due to reactivated PSII contributed to this step. Similar

mechanism could be responsible for the single peak of H2

production in the presence of DNP-INT (Fig. 8). This pre-

sumption is in line with the physiological role of the H2 pro-

duction in Chlamydomonas as an energy dissipating pathway

under anaerobic and/or reduced condition [64,65].

In addition, another mechanism, involving chlororespira-

tion, catalyzed by the plastid alternative oxidase (PTOX), could

lead to the DBMIB-induced microoxic conditions. Recently, it

was shown that PTOX is induced in response to the reduced

state of the PQ-pool and inactivated upon relief of extra

electrons [66]. Our assumption is that PTOX activity is induced

after 6 days of DBMIB addition, when PQ-pool is reduced

enough, establishing a microoxic condition for HydA while

PSII still remains quite active. Then, as a consequence of the

PQ-pool being relieved of extra electrons, PTOX is inactivated,

leading to a decline in H2 production rate on day 8.

Shortly after this sharp decrease, the second peak of H2

production appears, lasting for only one day. We propose that

soon after relieving the reductive conditions by the first

outburst of H2 release (on day 8) and thus, favoring electrons

redirection back to CCB cycle, the reducing conditions were

recreated in the thylakoid membrane and stromal compart-

ment. In this case the majority of electrons which were

available from the starch degradation, contributes to the

second outburst of the H2 production via the indirect pathway

(day 9, Figs. 5 and 6C and D), as was shown by the DCMU test

(~95%, Fig. 7A).

Then, after some time (on day 10), electron flow to HydA

would be outcompeted by FNR again. Nevertheless, a mini-

mum H2 production rate (1 ml H2 per L culture � day) was

maintained for the whole incubation period, with a third

small outburst of H2 appearing on day 22 (Fig. 3B). The last

outburst was accompanied with accumulation of starch dur-

ing last 11 days (Fig. 7B), when again the PSII-independent

pathway turned to be in charge of H2 production (more than

80%), while remaining PSII (~60%, Fig. 6C) were still able to

deliver about the rest of 20% of electrons to HydA on day 22

(Fig. 7A).
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Conclusions

The present study demonstrated that Cyt b6f complex plays an

important role in modulating the redox state of the PQ-pool

and in initiation and maintaining the H2 production in Chla-

mydomonas. By regulation the PETC at the Cyt b6f complex

level, other metabolic reactions in chloroplast such as

photorespiration and starch accumulation can be switched on

and off, placing cells between photosynthetic, H2 producing

and survival modes of metabolism. Introducing and main-

taining such control mechanism in Chlamydomonas reinhardtii

could break ground for long lasting direct and efficient H2

photoproduction with potential for the industrial scale-up

applications.
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