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Microalgal H2 photoproduction has the potential of being an affordable method for pro-

ducing this alternative fuel; however extreme sensitivity of hydrogenase enzyme to

photosynthetic O2 naturally prevents large-scale H2 production upon illumination.

Although a two-phase sulfur deficiency method has been established to deal with this

incompatibility, its time and cost demanding, so that this model is not commercially

scalable. Despite much research has been conducted, no proper economic alternative for

the sulfur deprivation model, with higher or even same productivity and sustainability, has

been presented till now. Herein we propose a simple and viable alternative, through

introducing a chemical O2 scavenger system, called oxysorb, to algal cultures.

Oxysorb, in non-cytotoxic concentrations (including 50 or 100 mM sodium ascorbate

and 5 ppm cupric sulfate) for CC124 as well as pgr5 cultures (containing 30 mg/ml chloro-

phyll) showed a fast, safe and persisted O2 removal capacity, initiating H2 production in the

sulfur-containing cultures, either in photoheterotrophic or in autotrophic conditions. Total

H2 production obtained with CC124 and pgr5 cultures, containing 100 mM oxysorb, was 2

e5.5 times higher than sulfur-deprived ones (measured in a small closed system). This

higher H2 productivity in the oxysorb approach was achieved due to anoxia establishment

with no ROS production and without impacting PSII activity.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The ever-increasing demand for energy has highlighted the

necessity to develop clean renewable sources of energy as

alternatives for fossil fuels [1]. Hydrogen is among the most

attractive alternative fuels, because having a wide range of

applications [2,3], being the cleanest kind of combustible fuels

(releasing only water as end product) [4] and having high
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energy content [5]. At present, only 5% of industrially pro-

duced H2 is generated from clean and renewable sources [6].

That's why recently, H2 photoproduction via photosynthetic

microorganisms, particularly green microalgae, considered

among the least energy-intensive methods with no CO2

emission, has attracted much attention. Using microalgae for

biohydrogen production has many marginal advantages

including CO2 sequestration [7,8]; bioremediation of waste-

water when it is used as culture medium to grow algal
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biomass [9]; obtaining high-value metabolites like lipids

[10e12] and biopharmaceuticals [13e15], depending on the

kind of microalgae species.

In microalgae, FeeFe hydrogenase catalyzes the conver-

sion of electrons and protons to hydrogen through two po-

tential pathways, both of which depend to photosynthetic

apparatus directly or indirectly. In the direct pathway, elec-

trons resulting from water splitting (operated by PSII) are

transferred from ferredoxin to hydrogenase. In the indirect

pathway, plastoquinone pool mediates electron transfer,

coming from carbohydrates degradation, towards hydroge-

nase [16]. Photoproduction of H2 by both pathway is a very

transient process and ceases within several minutes of illu-

mination, as photosynthetic oxygen (evolved by PSII) sup-

presses hydrogenase gene expression and the enzyme activity

[17,18].

To cope with the O2 challenge, genetic engineering has

been used to generate O2-tolerant hydrogenases [19e21],

however these geneticmanipulationswere accompaniedwith

declining enzyme activity. Other strategies have been put

forward to prevent O2 production via PSII down-regulation.

One approach, employed during several studies, was genetic

manipulation of PSII, to generate strains with attenuated O2

evolution activity. Despite improved H2 production potential,

these strains had a slow growth rate [22e26]. Inducing

reversible inhibition of PSII (due decreasing the turnover rate

of D1 protein) via sulfur [27], phosphorus [28], magnesium [29]

or potassium [30] deprivation, is the other approach to this

end. The two-phase sulfur deficiency model is currently

known as the most successful method for microalgal H2

photoproduction in the lab scale.

For scaling up of this model, the major drawback is the

need to separate the biomass generation and H2 production

phases, including changing the cultivation media, which is

time and cost demanding process. As another downside, since

sulfur deprivation is associated with acute nutritional and

oxidative stress, sulfur-deprived cells are practically in the

stationary growth phase, therefore H2 production in this way

is not commercially sustainable [31,32]. Moreover, due to

diminished photosynthetic electron transfer (originated from

water splitting), sulfur depleted cultures have the inherent

low conversion efficiency. The theoretical limit of photosyn-

thesis drivenH2 production in a wild type strain is about 13.4%

and under sulfur deficiency light-driven H2 production rea-

ches values of about 0.2% [33], which is not a commercially

favorable yield.

It is suggested that a prolonged higher yield of H2 produc-

tion would be achievable if the O2 obstacle could be managed

without PSII interruption. In agreement, some techniques

have been presented based on O2 consumption, rather than

preventing its evolution, which revealed various range of

improvement on H2 yield as compared with sulfur deficiency

method. One proposed scheme in this regard is exploiting co-

cultures of C. reinhardtii and bacteria like Azotobacter chroo-

coccum [34]and Bradyrhizobium japonicum [35], as O2 consumer.

Inducing heterologous expression of O2-sequesters such as

leghemoglobin [36,37] and the pyruvate oxidase enzyme in

microalgae [38] was another suggested approach. Attaining

high yield H2 production by utilizing some reducing agents or
O2 scavengers was the other recently proposed strategies in

this field [39,40].

The existing gap is that none of above-mentioned models

could prolong H2 production for more than several days (max.

6 days). So there is a need to establish a method with com-

mercial maturity for microalgal H2 photoproduction in mega-

scale.

Our aim was to obtain a simple, sustainable and economic

method for stable and continuous higher yield H2 photopro-

duction, based on photosynthetic O2 consumption via com-

plementing the media culture with an O2 absorbent. The idea

behind this project got inspired from “oxysorb” which is an

excellent O2-absorbing system, widely used in food and drug

industry for depleting packages of O2 up to 90%, within several

minutes (recorded as a patent in 1994) [41]. Oxysorb is a water-

soluble chemical compound, containing sodium ascorbate (as

reducing agent) and a small amount of cupric sulfate (as

catalyzer), which catalyze reducing O2 to H2O, within

following reactions, where “AA” is ascorbate salt and “DHAA”

is dehydroascorbate:

AAþ2Cu2þ /DHAAþ2Cuþ þ2Hþ (1)

2Cuþþ2O2 /2Cu2þ þ2O2
e (2)

2O2
� þ2Hþ þCu2þ /O2 þH2O2 þCu2þ (3)

H2O2 þCu2þ -AA/Cu2þ-DHAAþ2H2O (4)

AAþ1/2O2 /DHAA þ H2 O (5)

The prominent advantage of oxysorb in comparison with

the other O2 scavengers, is fast reducing O2 without produc-

tion of any radicals. Ascorbate-copper complex catalyzes H2O2

detoxification to water rapidly, without any hydroxyl radical

formation. Since in this procedure, copper is only cycling be-

tween Cuþ and Cu2þ and never being consumed, only trace

amount of that is needed (around 3e5 ppm), and therefore the

total oxygen removal capacity of system is directly deter-

mined by ascorbate concentration.

In this study, we investigated the possibility of employing

the oxysorb system for induction of anoxia in cultures of

Chlamydomonas reinhardtii, to facilitate H2 production in a

continuous mode, as a potential alternative for sulfur defi-

ciency method. This approach was evaluated by using a wild

type (CC124) as well as a pgr5 mutant strain (which has much

higher H2 production ability) under photoheterotrophic and

autotrophic conditions.
Material and method

Strains and growth conditions

CC124 (wild type) and pgr5 (generated via DNA insertional

mutagenesis by Johnson et al., 2014 [42]) strains were main-

tained in TAP medium (Harris, 1989 [43]), pH 7.0, containing

1.5% agar at 25 �C, under constant irradiance, with light in-

tensity of 60 mE m �2 s �1. In order to preparing pre-cultures

https://doi.org/10.1016/j.ijhydene.2019.05.038
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for every assessment, the strains were cultured either pho-

toheterotrophically in standard TAP, or autotrophically in

HSM (High Salt Minimal medium), into 300 ml conical glass

flasks, on a rotary shaker (120 rpm), at above mentioned light

and temperature condition.

H2 production measurement in a small close system

Cultures were grown in normal TAP/HSM medium to chloro-

phyll (chl) concentrations of 20e30 mg/ml (corresponding

approx. 6e9 106 cell/ml as determined by a hemocytometer),

to be further used for H2 assessment in a small close

measuring system. All treatments including different oxysorb

concentrations (sodium ascorbate and cupric sulfate), sulfur

free TAP (as positive control) and normal TAP/HSM medium

(as negative control), were performed in 15 ml gas-tight vials

and hermetically sealed with rubber septum, shaking on a

rotary shaker (120 rpm), under 60 mEm�2 s�1 illumination, at

25 �C.
In the case of supplementing with oxysorb, stock solutions

were prepared every time freshly. Sodium ascorbate and

cupric sulfate solutions were sterilized by filtration through a

0.2 mm syringe filter separately, and immediately before

sealing were added to cultures in intended concentrations. If

indicated, DCMU (30 mM final concentration) was added 48 h

after sealing. For applying sulfur deficiency, cells werewashed

3 times and resuspended (3000�g, 5 min) with sulfur free TAP.

The gas composition (O2% and H2%) in the headspace of

various cultureswas analyzed every 24 h, within twoweeks by

gas chromatography (GC-2010, Shimadzu). Each experiment

was done in triplicate, and also with 3 biological replicates.

The amount of produced H2, as ml per liter of culture, was

calculated in regard to cell suspension (10 ml) and head-space

(5 ml) volume in the experimental vials. For another indicator,

maximum H2 production rate (mmol H2/mg chl h) was esti-

mated for every treatment, based on the initial linear increase

in H2 amounts and chlorophyll content of the respective cul-

ture (25 mg/L).

Chlorophyll content and photochemical efficiency of PSII
measurement

An aliquot of 300 ml of each sample was taken by syringe

through rubber septum. Chlorophyll extraction was per-

formed in absolute methanol by centrifuging in 14000 rpm for

1 min (minispin plus, Eppendorf). Then chlorophyll concen-

tration was calculated from absorption measurement of su-

pernatant at 652 and 665 nm against a blank of absolute

methanol [44].

Maxi Imaging PAM chlorophyll fluorometer (Heinz Walz

GmbH) was employed for fluorescence measurement in

room temperature. Effective PSII quantum yield [Y (II) ¼
(Fm�-F)/Fm�] was determined after 20 min dark adaptation,

where Fm� and F are maximum and minimum fluorescence

respectively.

Immunoblots analysis

Discontinuous 10% SDS-PAGE gels were used to analyze

whole cell samples (40 mg total protein, measured by Pierce
BCA™ Protein Assay Kit), according to Laemmli (1970) [45].

Then gels were blotted onto nitrocellulose membrane

(Hybond ECL membrane, GE Healthcare), and was incubated

with antibodies against PSAD (1:1000), PSBA D1 (1:2500,

Agrisera) and ATPB CF1 (1:10000, Agrisera) [46,47]. Anti-

rabbit (Invitrogen) was employed as secondary antibody,

and signal detection was done by enhanced chemical

luminescence (ECL).
Results

Effect of oxysorb on cell growth

In order to investigate the feasibility of oxysorb employ-

ment for microalgal H2 photoproduction, we first focused

on defining the useable concentrations of oxysorb, which

are not cytotoxic for the two strains of C. reinhardtii used

(CC124, pgr5). As the total chl concentration of Chlamydo-

monas cultures increases linearly during cell growth [48],

measuring the chl content can be utilized as a marker for

cell growth.

In a first set of experiments, constant amount of cupric

sulfate (5 ppm), but variable concentrations of sodium

ascorbate (as determinative factor) were evaluated.

Measuring of chlorophyll content, in oxysorb exposed cul-

tures of wild type, indicated that sodium ascorbate in

concentrations of 200 mM (and more, data not shown),

either with or without copper, is cytotoxic. Medium and low

doses (100 and 50 mM respectively) has no negative effect

on cell growth (Fig. 1-A). Furthermore, treating Chlamydo-

monas cultures with 5 ppm CuSO4 caused a drastic

decrease in cell growth rate, however, the same concen-

tration of this metal salt in the presence of 50 or 100 mM

sodium ascorbate was not toxic for the cells.

In the regard of pgr5 mutant, similar to wild type, medium

concentration of oxysorb (100mM)was non-toxic, while lower

concentrations showed stimulatory effect on cell growth

(Fig. 1-B). Albeit the cell growth rate in anaerobically cultured

pgr5 cells was significantly lower than wild type in the same

condition (Fig. 1-A, B).

Oxygen removal capacity of non-cytotoxic concentrations of
oxysorb

Analyzing oxygen amounts in the head-space of gas-tight

vials (by GC) indicated that complementing the media with

non-toxic concentrations of oxysorb (50, 100 mM) resulted in

fast depleting of oxygen in the culture medium. Photo-

heterotrophic cultures of CC124 aswell as of pgr5 strains in the

presence of 100 mM oxysorb reached anoxia faster as

compared to sulfur-deprived cultures (Fig. 2-A, B). Notably,

anaerobiosis persisted during twoweeks of measuring period,

without the need to re-add oxysorb. In pgr5 cultures, for both

treatments (oxysorb and sulfur deprivation), anoxia was

reached faster than wild type.

Both non-toxic concentrations of oxysorb, were able to

remove O2 from photo-autotrophically cultured CC124 and

pgr5 strains in HSM medium, and sustained microoxic con-

dition (Fig. 2-C, D).

https://doi.org/10.1016/j.ijhydene.2019.05.038
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Fig. 1 e Chlorophyll content of CC124 (A) and pgr5 mutant

(B) in the presence and absence of oxysorb. Treatments

includes sulfur free TAP (as positive control), normal TAP

(as negative control) and different concentrations of

oxysorb. In the all oxysorb treatments, copper amount is

constant (5 ppm), while sodium ascorbate differs between

samples. Data represent mean ± SEM from at least 3

biological repeat.
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H2 production capability of oxysorb-exposed cultures

Supplementing TAP as well as HSM medium either with

100 or with 50 mM oxysorb, initiated H2 production in the

sulfur containing cultures. Wild type and also pgr5,

cultured in TAP medium containing 100 mM oxysorb

produced respectively 3.5e5.5 times (Fig. 3-A), and 2e2.5

times (Fig. 3-B) more hydrogen than corresponded sulfur-

deprived cultures. In the TAP medium including oxysorb,

both strains prolonged H2 production within two weeks of

assessment period, however it was accompanied by some

fluctuations. As presented in Table 1, while maximum

amount of produced H2 by wild type in sulfur free TAP
medium was 16.35 ± 2.75 ml/L, it arrived to

71.25 ± 1.95 ml per liter of culture in the oxysorb exposed

one. As anticipated, H2 production efficiency of pgr5

mutant was far higher than of wild type, either with two

phase model (128.8 ± 11.95 ml/L culture) or with oxysorb

mode (283.3 ± 12.2 ml/L culture).

The oxysorb approach removed O2 (Fig. 2-C,D) and trig-

gered H2 production in autotrophic condition although to a

lesser extend as observed in TAP medium (Fig. 3).

Photoautotrophic cultures of pgr5, which showed the

highest hydrogen production ability (Fig. 3), were used to

do some further investigations. Additional data revealed

that at least 5 ppm cupric sulfate is required for H2 pro-

duction (Fig. 4-A). Moreover, the data indicated that not

only the absolute concentrations of sodium ascorbate, but

also oxysorb concentration in proportion to cell density is

important for H2 production. As is displayed on Fig. 4-B,

the oxysorb method triggered efficient H2 production in

cell suspensions with a chlorophyll concentration at

25 mg/ml chlorophyll.

PSII contribution on H2 production by oxysorb approach

In order to determine the contribution of PSII in H2 photo-

production via oxysorb model, DCMU was added to oxysorb

treated cultures two days after treatment, to induce acceptor-

side inhibition of PSII. The disruption of linear electron flow by

DCMU, blocked H2 photoproduction almost completely (Fig. 5-

A). In oxysorb treatments, around 90% from total volume of

produced hydrogen by DCMU including cultures, displayed in

Fig. 5-A, was produced prior to addition of.

DCMU. This suggests that in oxysorb exposed cultures; PSII

is stable, mediating H2 production through direct

biophotolysis.

For an independent confirmation, immunoblots ana-

lyses revealed that neither PSII nor PSI stability was

negatively affected by oxysorb system. As seen in Fig. 5-C,

the amount of the D1 protein (a PSII reaction center

subunit) in oxysorb including cultures of both studied

strains were significantly higher than of sulfur-deprived

ones. This effect got more prominent by the time, and is

more pronounced in wild type as compared to the pgr5

mutant. Notably, in CC124 cultures, there was almost no

detectable amounts of the D1 protein in the sulfur-

deprived cells; while the amounts of this protein in oxy-

sorb exposed sample was nearly unchanged in compari-

son to the first day of experiment. Immunoblotting studies

by specific antibodies for PSAD protein (a PSI reaction

center subunit) revealed that, in addition to PSII, PSI also

was more stable in the presence of oxysorb, specially

compared with sulfur-deprived cells (Fig. 5-C).

Quantum efficiency of PSII was monitored daily in anaer-

obically cultured cells under different treatments. As is shown

in Fig. 5-B, in wild type,maximumphotochemical efficiency of

PSII in the oxysorb containing culture was far larger than that

in sulfur free culture. In the regard of pgr5, however in sulfur

deficiency during first three days, PSII efficiency remained the

same, and declined afterwards. In contrast, themaximumPSII

yield in oxysorb-exposed cultures of pgr5 was slightly lower

but stable.

https://doi.org/10.1016/j.ijhydene.2019.05.038
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Fig. 2 e Oxygen percentage in the head space of Chlamydomonas cultures under different treatments. (A, B) CC124 and pgr5

strains respectively, cultured in TAP medium; (C) wild type in HSM; and (D) pgr5 in HSM. Data show mean ± SEM (n ¼ 3).
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Discussion

In the present study, anoxia and sustained H2 production was

established via the addition of oxysorb directly into the media

culture for almost two weeks. Our results, indicated that

oxysorb treated cultures were able to produce 2e5 timesmore

H2 than sulfur-deprived cultures, without need of N2 flushing.

Oxygen reduction is recently considered as a promising

alternative for sulfur deprivation method of microalgal

hydrogen production. In this line M�arquez-Reyes et al. (2015)

induced anoxia through cysteine addition to the media,

however, cysteine did not keep anaerobiosis and high yield of

H2 production for more than 40 h [39]. In an independent

attempt performed by Nagy et al. (2018), sulfur containing

cultureswere shifted tomicrooxic condition by the addition of

glucose, glucose oxidase and ascorbate to medium, which

resulted into higher H2 production compared to sulfur-

deprived cultures, but only for 24 h. They also improved H2

production in another experimental setup, by introducing a

chemical O2 absorbent (a mixture of iron and NaCl powder,

which was used in food industry prior to oxysorb presenta-

tion) into the head space of bottles above the cultures. With

this system, CC124 cultures produced 200 ml/L hydrogen

(sustained for 4 days), based on inducing hydrogenase activity
by anaerobically-dark acclimation (4 h). However in this sys-

tem, keeping anaerobiosis and H2 production required daily

N2 flushes [40].

O2 removal efficiency of oxysorb was stronger and more

sustainable as compared with all aforesaid applied O2 scav-

engers. In fact, oxysorb (100 mM) could establish anoxia fast

and maintain it during almost two weeks, needless to N2-

flushing for removing produced O2.

In the oxysorb system, the copper ion plays a SOD-like role,

accelerating AA oxidation and O2 reduction, which is a slow

reaction per se. In turn, Cu2þ converts the resulted superoxide

radical quickly to H2O2. As H2O2 is stable, the AA-Cu2þ com-

plex transforms it to water rapidly, without releasing any

hydroxyl radical (refer to related reactions, in the introduction

section) [41].

On the other hand, Cu2þ in the presence of AA didn't
negatively affect microalgal cell growth; however as previ-

ously reported by Li et al. (2018), even trace amounts of Cu2þ

(1e3 ppm) alone, were toxic formicroalgal cells and decreased

chl content by 7 times [49].

In this way, Oxysorb established andmaintained anoxia in

photoheterotrophic and photoautotrophic cultures without

any ROS production and with no detrimental effect on cell

growth.

https://doi.org/10.1016/j.ijhydene.2019.05.038
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Fig. 3 e Hydrogen percentage in the head space of Chlamydomonas cultures exposed to different treatments. (A, B) CC124

and pgr5 strains respectively, cultured in TAP medium; (C) wild type in HSM; and (D) pgr5 in HSM. Data show mean ± SEM

(n ¼ 3).
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Promoted H2 production by oxysorb approach as compared
with sulfur deficiency model

Oxysorb (in the concentration of 100 mM) by its fast and safe

O2 removal capacity, prolonged and improved H2 production

in wild-type as well as in mutant cultures in both growth
Table 1eA comparative view onmaximumH2 production capa
against oxysorb approach, under photoheterotrophic as well a
the cultures included 100 mM sodium ascorbate and 5 ppm cu
biological repeat.

Strain Treatment To

ml/L culture mm

CC124 TAP-S 16.35 ± 2.75

TAP þ oxysorb 71.25 ± 1.95

HSM 0

HSM þ oxysorb 5.6 ± 1.4

pgr5 TAP-S Pgr5 128.8 ± 11.95

TAP þ oxysorb 283.3 ± 12.2

HSM 0

HSM þ oxysorb 12.25 ± 2.32
condition. According to our results, lower concentrations of

oxysorb (50 mM) were not sufficient to keep anoxia and

allowing efficient of H2 production.

In HSM cultures (unlike to TAP), despite induction of

anoxia by oxysorb employment, H2 production was signifi-

cantly lower as compared to TAP conditions (refer to Figs. 2
bility of CC124 and pgr5mutant by sulfur deprivationmodel
s autotrophic condition. In the case of oxysorb treatment,
pric sulfate. Data represent mean ± SEM from at least 3

tal amount/max rate of H2 production

ol/ml culture mmol/mg chl. mmol/mg chl./h
(max. rate)

0.77 ± 0.13 25.66 ± 4.33 0.93 ± 0.01

3.39 ± 0.09 139.6 ± 3.2 2.05 ± 0.08

0 0 0

0.27 ± 0.06 10.7 ± 2.1 0.11 ± 0.003

6.19 ± 0.56 250 ± 18.66 3.35 ± 0.24

11.43 ± 0.5 460 ± 16.64 4.1 ± 0.21

0 0 0

0.58 ± 0.11 23.3 ± 3.26 0.89 ± 0.02

https://doi.org/10.1016/j.ijhydene.2019.05.038
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Fig. 4 e Optimum concentration of oxysorb ingredients and cell density to achieve optimal H2 production by pgr5 cultures in

photoheterotrophic condition. (A) Effect of various concentrations of copper on H2 production potential of oxysorb treated

cultures. (B) Impact of oxysorb concentration in proportion to cell density, on efficacy of H2 production. Data show

mean ± SEM (n ¼ 3).

Fig. 5 e Contribution of PSII on H2 production activity of CC124 and pgr5 strains, in the oxysorb approach compared with

sulfur deprivation mode. (A) Maximum volume of H2 produced by sulfur-deprived and oxysorb exposed cultures, in the

presence and absence of DCMU (30 mM final concentration). H2 volume displayed in DCMU containing samples is mainly

produced before adding DCMU (B) maximum PSII quantum yield, measured anaerobically (on gas-tight flasks) after 20 min

dark adaptation (T is 100 mM oxysorb, and N.TAP is normal TAP medium). (C) Immunoblots analysis of the PSII-subunit

PSBA D1 and the PSI-subunit PSAD during various time intervals, corresponded to primary picks of H2 production. ATPase

subunit ATPB served as loading control. Samples represent 40 mg total protein extract from sulfur depleted, oxysorb

exposed (100 mM) and normally cultured (in normal TAP) strains of CC124 and pgr5. For A and B, data present mean ± SEM

(n ¼ 3).
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Table 2 e Difference between the total amounts of
evolved H2 detected by small close, against open
measuring system (water displacement). Making a
comparison between the data earned by two systems for
total volume of produce H2 by sulfur-deprived CC124/pgr5
indicates the lower capacity of close system in this regard
[53].

Strain Total H2 volume (mmol/mg chl./h)

Small closed system Open system

CC124 0.93 1.75

pgr5 3.35 7

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 1 7 8 3 5e1 7 8 4 417842
and 3). This could be explained by existing intense competi-

tion between hydrogenase and FNR (Ferredoxin-NADPþ

Reductase) for photosynthetic electrons. In this scenario,

NADPH formation for CO2 fixation is the main competitor

pathway for H2 production [40,50,51], in particular as FNR is

about 70-fold more abundant as compared to HydA1 [52].

In the both growth condition (TAP/HSM), either with oxy-

sorb or with sulfur deficiency method, H2 production was far

higher in the pgr5 mutant as compared to wild type. Because

in pgr5, in addition to its faster transition to anaerobiosis, a

prolonged residual PSII activity (refer to Fig. 5, Steinbeck et al.,

2015 [53]) results in an enhanced electron supply towards

hydrogenase. Thus underpinning, that the pgr5 strain is a

potent H2 producer [53].

Our investigations indicated that for oxysorb treatment

(100 mM sodium ascorbate and 5 ppm CuSo4), a cell density

corresponded to 25 mg/ml chlorophyll should be used to reach

the optimum H2 production. As already reported [54], treat-

ment of lower dense culturewith 100mM sodium salt induced

salt stress responses, concomitantly pallmeloid formation (as

a defensive response to salt stress) was more abundant in

oxysorb-treated cultures with lower cell density.

Notably, the volume of produced H2, detected by a small

close measuring system (used in current study), was nearly 2

times lower than as compared to conventional measuring

systems (Table 2) [53]. As H2 is accumulated in the head space

of sealed flasks, end product feedback inhibition of hydroge-

nase enzyme is another factor limiting H2 production [40].

Thus higher H2 yields could be envisioned by optimizing

oxysorb model in an open system.

PSII integrity in oxysorb containing cultures is maintained,
mediating H2 production via direct biophotolysis

In the oxysorb system in contrast to sulfur deficiency PSII is

normally active and is the main electron supplier for hy-

drogenase. This is indeed validated by the DCMU experiment,

the immunoblotting data as well as by the PSII quantum ef-

ficiency data.

Interestingly,Nagy et al. (2016) reported, that inC. reinhardtii,

sulfur deprivation increased theendogenous ascorbate content

about 100-fold to reachmMrange,which in turn inactivates the

Mn-cluster of PSII; leading to donor-side induced photo-

inhibition and PSII reaction center degradation [55]. However,

in the presence of cupric sulfate this effect seems to be stalled.

Oxysorb appears to protect both photosystems due to fast

declining free-O2 amounts, which minimizes ROS production.
Altogether, our data support the conclusion that oxysorb

promotes H2 production based on its O2 removal capacity. In

this scenario, hydrogenase is induced via oxysorb-mediated

oxygen depletion while PSII remains active, allowing effi-

cient electron transfer to hydrogenase for improved H2

production.
Conclusion

In the present study, the oxysorb system was established as

a strong O2 scavenger allowing H2 production in sulfur-

sufficient cultures of C.reinhardtii. Oxysorb in the medium

concentration (including 100 mM sodium ascorbate and

5 ppm cupric sulfate), which was non-toxic for C. reinhardtii

cultures (containing 25e30mg/ml chlorophyll), permitted

effective O2 removal capacity and thus initiated H2 photo-

production in the sulfur containing cultures of both studied

strains, either in TAP or in HSM medium. Under photo-

heterotrophic condition, total amount of hydrogen produc-

tion (measured by small close system) by wild type and pgr5

mutant, with oxysorb method was respectively 3.5e5.5 and

2e2.5 times higher than sulfur deficiency mode. In fact

oxysorb allowed a noticeable improvement in H2 production

due to its ability to induce anoxia without impacting PSII.

Therefore increasing the light to H2 conversion efficiency

significantly.
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