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Abstract

Hydrogen is a highly promising energy source with important social and economic implications. The ability of green algae
to produce photosynthetic hydrogen under anaerobic conditions has been known for years. However, until today the yield
of production has been very low, limiting an industrial scale use. In the present paper, 73 years after the first report on H2-
production from green algae, we present a combinational biological system where the biodegradation procedure of one
meta-substituted dichlorophenol (m-dcp) is the key element for maintaining continuous and high rate H2-production (.100
times higher than previously reported) in chloroplasts and mitochondria of the green alga Scenedesmus obliquus. In
particular, we report that reduced m-dcps (biodegradation intermediates) mimic endogenous electron and proton carriers
in chloroplasts and mitochondria, inhibit Photosystem II (PSII) activity (and therefore O2 production) and enhance
Photosystem I (PSI) and hydrogenase activity. In addition, we show that there are some indications for hydrogen production
from sources other than chloroplasts in Scenedesmus obliquus. The regulation of these multistage and highly evolved redox
pathways leads to high yields of hydrogen production and paves the way for an efficient application to industrial scale use,
utilizing simple energy sources and one meta-substituted dichlorophenol as regulating elements.
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Introduction

Energy is one of the fundamental and vital to our survival

elements in nature [1]. The energy balance adjusts all physical and

chemical processes, from the simplest to the most complicated

ones. Biodegradation, a series of oxidation-reduction reactions

catalyzed by microorganisms, is one of them [2]. Fundamental

research for the understanding of the biodegradation mechanism

requires the determination of the factors involved in the energy

balance of the system, which can contribute to novel ways, either

for energy accumulation, or for the production of higher energy

substances [2].

The utilization of energy depends on the chemical reactions

involved during the biodegradation of a chemical compound, such

as phenolic compounds. During the above process, the type

(electron donor or acceptor) [3], the position (ortho-, meta- or

para-substitution) and the number of the substituents in the

phenolic ring [3,4,5] have a large effect on the energy

requirements. The cells initially obtain the available energy

needed to remove the halogen and then carry out the fission of

the phenolic ring [6,7]. Finally, the influx of energy depends on

light and carbon availability, both of which are externally

controlled parameters [5].

The production of energy in green algae takes place mainly in

two valuable organelles, the mitochondria and the chloroplasts.

Mitochondria house the mechanism that produces ATP through

cytochromic and alternative respiratory electron transport chains

[8,9]. The cytochrome pathway utilizes complexes I (NADH

dehydrogenase), II (succinate dehydrogenase), III (cytochrome bc1)

and IV (cytochromic oxidase). The electron transfer activity of

complexes I, III and IV is used to pump protons across the inner

membrane, from the matrix into the intermembrane space. The

resulting proton gradient drives the synthesis of ATP by complex

V (ATP synthase). When electron flow through the cytochrome

pathway is compromised, electrons are diverted towards the

alternative oxidase, branched at the level of ubiquinone. When the

alternative oxidase is exclusively used, electron flow and proton

pumping are only coupled for electrons entering through complex

I. Two of the three energy coupling sites are not in use and as a

result the produced ATP is lower than the corresponding of the

cytochromic pathway [8].

Chloroplasts house the photosynthetic apparatus that produces

ATP via the linear or the cyclic electron transport chains [10] and

additionally through chlororespiration [11,12,13] and photosyn-

thetic hydrogen production [14,15,16,17,18]. During chlorore-

spiration, a NADH dehydrogenase complex (NDH), showing

homologies with mitochondrial complex I, transfers electrons from

NADH to a quinone (presumably plastoquinone) whose reduced

form would in turn be oxidized by oxygen by a plastid terminal

oxidase (PTOX) [11,12,13]. Chlororespiration is unlikely to make
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a significant contribution to ATP synthesis in the light in mature

chloroplasts but in immature or non-photosynthetic plastids, the

contribution may become important. However, the NDH

component of the chain may have a role in cyclic electron flow

in the light, possibly directly or by poising the intersystem electron

transfer chain in an appropriate state for cyclic electron transfer

via ferredoxin-mediated pathways [19].

Photosynthetic hydrogen production by green algae was firstly

reported using Scenedesmus obliquus in seminal experiments

performed by Gaffron [14]. Light-mediated hydrogen production

is attributed to a hydrogenase enzyme with high specific activity,

under anoxic conditions. The photosynthetic apparatus in green

algae is essential for the generation of hydrogen. The energy

provided by light facilitates the oxidation of water molecules, the

release of electrons and protons and the endergonic transport of

these electrons to ferredoxin. Ferredoxin under anoxic conditions

serves as a physiological electron donor to hydrogenase, and thus

links the hydrogenase to the photosynthetic electron transport

chain [14,15,16,17,18]. Electrons for hydrogen photoproduction

are supplied by the photosynthetic electron transport chain,

originating either from water oxidation by photosystem II (PSII)

(as explained above) and/or from the metabolic oxidation of

endogenous substrate in the chloroplast via its attendant electron

flow to the plastoquinone (PQ) pool [20]. The highest rates of

hydrogen production are typically observed in the light after

anaerobic induction [15,21]. When deprived of sulfate nutrients,

the activity of PSII in Chlamydomonas reinhardtii declines [22] to the

point where O2 consumption by respiration is greater than the rate

of photosynthetic O2 evolution [23,24]. Sealed cultures under

these conditions become anaerobic in the light and produce

hydrogen gas for several days.

The present contribution is a new insight in the bio-hydrogen

production, since it is merging two theoretically separate topics,

‘‘biodegradation of toxic one meta-substituted dichlorophenols (m-

dcps)’’ and ‘‘bio-hydrogen production’’ resulting in higher

hydrogen productivities (.100 times higher than previously

reported) in chloroplasts and mitochondria of the green alga

Scenedesmus obliquus. We provide a new energy accumulating

biotechnological system, which is based on controlling the energy

flow by utilization of the biodegradation of m-dcps. In particular,

we present that reduced m-dcps (biodegradation products) mimic

endogenous electron and proton carriers in chloroplasts and

mitochondria, inhibit PSII activity (and therefore O2 production)

and enhance Photosystem I (PSI) and hydrogenase activity. This

biodegradation-controlled method leads to very high yields of

hydrogen production by the green alga Scenedesmus obliquus.

Materials and Methods

Organism and Growth Conditions
Cultures of the unicellular green alga Scenedesmus obliquus, wild

type D3 [25] were grown in liquid culture medium (modified

Bishop & Senger medium) [26]. The culture medium of Scenedesmus

cultures consists of KNO3 8 1023 M, NaCl 8 1023 M,

Na2GPO4.2G2O 1023 M, NaG2PO4.2G2O 3 1023 M,

CaCl2.2H2O 1024 M, MgSO4.7H2O 1023 M, Fe(III)-citrate

1023 M, Fe2(SO4)3.7H2O 7.5 1026 M, H3BO3 4.5 1025 M,

MnCl2.4H2O 8 1026 M, ZnSO4.7H2O 7 1027 M, MoO3

1027 M and CuSO4.5H2O 3 1027 M. Mother cultures were

cultivated for one week, in controlled temperature (30uC) and light

(150 mmol m22 s21) conditions. They were continuously perco-

lated with air for CO2 supply and sedimentation avoidance.

Subcultures with an initial concentration of 1.5 mL packed cell

volume (PCV) (mL culture)21 [OD550nm: 0.540, dry weight:

0.3 mg (mL culture)21, chlorophylls: 3 mg (mL culture)21, number

of cells: 4.5 105 (mL culture)21] were distributed into 100 mL

hermetically with septa closed bottles (diameter 5 cm, height

9.5 cm) and grew mixotrophically (28 1023 M glucose) [26] for all

the experimental procedures. The final culture volume in each

bottle was 50 mL. The experiments were performed in a

temperature controlled room (30uC) under a light intensity of

50–60 mmol m22 s21. One meta–substituted dichlorophenol [m-

dcps: 2,3-dichlorophenol (2,3-dcp), 2,5-dichlorophenol (2,5-dcp)

and 3,4-dichlorophenol (3,4-dcp)] (SIGMA CHEMICAL CO, St.

Louis, MO) was dissolved in methanol and added in a

concentration of 0.15 mM in each hermetically closed bottle with

culture [the final concentration of methanol in the cultures was

0.01% (v/v)]. The corresponding methanol amount was added

also to the control cultures (absence of m-dcp). The entire m-dcp

incubation time was 5 days.

The conditions of the glucose doping cultures experiments were

identical to the above conditions with the exception of glucose (28

1023 M) presence also in the mother cultures.

For the sulphur depletion treatments any sulphur source was

removed from the treatment medium at the onset of the

experiment. All other conditions were identical to the standard

ones. In the culture medium of Scenedesmus obliquus sulphur exists in

sulphate form of several salts [MgSO4.7H2O, ZnSO4.7H2O,

CuSO4.5H2O and Fe2(SO4)3.7H2O]. In order to avoid further

nutrient depletion (besides sulphur) the appropriate ions were

supplied in the form of non-sulphur containing salts (MgCl2.6H2O

8.2 1024 M, ZnCl2 3.3 1027 M, CuCl2.2H2O 2 1027 M and

FeCl3.6H2O 7.71 1026 M).

Each treatment included three independent bottles and two

samplings were carried out of each individual bottle using sterile

syringes without opening the bottles.

Determination of Growth
The culture’s growth rate was estimated by measuring the

packed cell volume (PCV) of the culture according to the method

of Senger and Brinkmann [27]. The PCV of a cell suspension was

determined by centrifugation at 1500 g for 5 min using haema-

tocrite tubes and expressed as mL PCV (mL culture)21.

Fluorescence Induction Measurements
The Handy Plant Efficiency Analyser, PEA (Hansatech

Instruments, Kings’s Lynn, Norfolk, UK) was used for the

fluorescence induction measurements. The maximum yield of

photochemistry (Fv/Fm), the functional antenna size per active

reaction center (ABS/RC), the dissipation energy per active

reaction center (DIo/RC) and the density of active photosynthetic

reaction centers (RC/CSo) were measured according to the JIP

method of Strasser and Strasser [28]. This method is based on the

measurement of a fast fluorescence transient with a 10 ms

resolution in a time span of 40 ms to 1 s. Fluorescence was

measured at 12-bit resolution and excited by three light-emitting

diodes providing a saturated light intensity of 3000 mmol m22 s21

of red (650 nm) light. The Handy PEA data sampling operates at a

maximum frequency of 100 kHz only for the first 300 ms and then

the frequency decreases. This method allows the dynamic

measurement of a photosynthetic sample at a given physiological

state. For the fluorescence induction curves the algal cells were

incubated with m-dcps or 3-(39,49-dichlorophenyl)-1,1-dimethy-

lurea (DCMU) at room temperature and recorded with a

saturating red light pulse of 3000 mmol m22 s21 after dark

incubation for 5 min [29].
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High Performance Liquid Chromatography (HPLC)
Analysis of Phenolic Compounds

For the phenolic compounds analysis, culture samples were

centrifuged for 5 min at 1500 g and the supernatants injected

into HPLC, according to the isocratic method of Lovell et al.

[30]. The analyses were performed with a Shimadzu Liquid

Chromatography apparatus (LC-10AD) equipped with a SPD-

M10A diode array detector (Shimadzu SPD-M10A) and a

Figure 1. Impact of m-dcps toxicity on mixotrophic Scenedesmus obliquus cultures grown in the presence of 0.15 mM of m-dcps. (A)
Growth kinetic of cultures treated with different m-dcps [in terms of mL PCV (mL culture)21]. (black diamond) control, (black square) 2,3-dcp, (grey
triangle) 2,5-dcp and (discontinuous line) 3,4-dcp. (B) Photosynthetic parameters after the first incubation day with various m-dcps [(black diamond)
control, (black square) 2,3-dcp, (grey triangle) 2,5-dcp and (discontinuous line) 3,4-dcp]. Fv/Fm: photosynthetic efficiency (STDEV: 0.001–0.012), ABS/
RC: functional antenna size (STDEV: 0.5–1.5), RC/CSo: density of active reactions centers (STDEV: 1.5–5), DIo/RC: dissipation energy per active reaction
center (STDEV: 0.5–1.1). (C) Maximal photosynthetic (dark grey) and respiratory (light grey) rate of Scenedesmus cultures after the first incubation day
with different m-dcps. (D) Scanning electron microscopy of Scenedesmus cells from cultures treated with different m-dcps. D1: control, D2:2,3-dcp,
D3:2,5-dcp and D4:3,4-dcp.
doi:10.1371/journal.pone.0049037.g001
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narrow-bore column (C18, 2.16150 mm, 5 mm particle size

hypersil, SUPELCO). The mobile phase was methanol:water:-

acetic acid (50:49:1) at a flow rate of 0.2 mL min21. Detection

was by absorbance at 280 nm. The quantification of the

compounds was based on the absorbances of known quantities

of phenolic compounds.

Polarographic Measurements
Maximal photosynthetic and respiratory rates were deter-

mined polarographically at 30uC with a Clark type electrode

system (Hansatech Instruments, Kings’s Lynn, Norfolk, UK)

according to the method of Delieu and Walker [31]. The

actinic light (500–550 mmol m22 s21) was generated with a

light source (MILLE LUCE M1000) and its intensity was

measured with a sensitive PAR/temperature sensor (Hansa-

tech, Quantitherm). The infrared part of the applied irradi-

ation was filtered by inserting a 2% CuSO4 - containing

cuvette (4 cm path length) into the light beam. The cell

suspension was adjusted before each measurement to 10 mL

PCV (mL culture)21. This method allows the dynamic

measurement of the maximal microalgal ability to produce

and consume oxygen in ideal conditions (atmospheric air – no

light limitation).

Measurements of COX capacity, AOX capacity and PTOX
activity

Cytochrome oxidase (COX) capacity, alternative oxidase

(AOX) capacity and plastid terminal oxidase (PTOX) activity

were measured polarographically in the presence of the AOX

inhibitor salicylhydroxamic acid (SHAM), the COX inhibitor

potassium cyanide (KCN) and the inhibitor of AOX and PTOX

n-propyl gallate (nPG) for a period of 10 min prior to measure-

ments.

COX and AOX exist in the same organelle (mitochondrion), so

if we block one pathway we measure the capacity of the other and

not the electron flow of the blocked one [32]. Measurements for

COX capacity were carried out using the inhibitors SHAM and

PG, for AOX capacity using KCN and PG, while for PTOX

activity using KCN and SHAM, as described by Andronis and

Roubelakis-Angelakis [33]. Alternatively, PTOX activity can be

measured using SHAM for AOX inhibition followed by PG

insertion for estimating the residual PTOX activity, according to

Cournac et al. [34,35]. Both PTOX activity estimation procedures

led to similar results.

Isolation of Mitochondria
For the preparation of mitochondria the cultures were

centrifuged for 5 min at 1500 g and the pellets were then

resuspended in ice-cold mitochondria suspension buffer

(20 mM MOPS-KOH pH 7.5, 300 mM sucrose, 1 mM

EDTA, 1 mM MgCl2, and 0.2% w/v BSA) in a 1:4 ratio.

Tissue was homogenized using glass beads (ø 0.2 mm) and

broken 4 times for 1 min in a cell mill (Biospec, OK, USA).

The homogenate was centrifuged at 200 g for 5 min to

separate the organelles (supernatant) from the rest of the cell

constituents. The supernatant was centrifuged at 2000 g for

5 min to obtain a mitochondrial suspension (supernatant). The

mitochondrial suspension was centrifuged at 12000 g for

10 min to pellet the mitochondria. The mitochondria pellet

was resuspended in 2 mL suspension buffer, and was then

purified using a percoll gradient (10, 21, 27, 45 and 60%

percoll in 20 mM MOPS-KOH, pH 7.5, 0.2% BSA) at

30000 g for 30 min using a Beckman SW28 swing bucket

rotor in a Beckman L8-M ultracentrifuge stopped without

brake. The purified mitochondria were then washed in

suspension buffer [33].

Polarographic Measurements in Isolated Mitochondria
The possible position of m-dcps in the mitochondrial

electron transport chain was confirmed polarographically with

a Clark type electrode system (Hansatech Instruments, Kings’s

Lynn, Norfolk, UK). Fresh mitochondria preparates (0.25 mg

mL21) were used and measured in the absence and presence of

each m-dcp in oxidized or reduced form (determined by

ascorbate), in the presence or absence of 100 mM rotenone

(Complex I – rotenone sensitive) or/and 10 mM antimycin

(Complex III – antimycin sensitive) according to the method of

Heinen et al. [36].

Isolation of Thylakoids
For the preparation of thylakoid membranes the cultures

were centrifuged for 5 min at 1500 g and the pellets then

resuspended in 20 mM HEPES-buffer, pH 7, containing 5%

glycerol (v/v). The suspension was mixed with glass beads (ø

0.2 mm) and broken 4 times for 1 min in a cell mill (Biospec,

OK, USA). The homogenate was filtered through a sintered

glass filter funnel to separate the glass beads, and centrifuged

for 2 min at 500 g to remove unbroken cells and debris. The

supernatant was centrifuged for 30 min at 13000 g. The pellet

consisted of two layers. The upper green layer, enriched in

Table 1. Growth of mixotrophic Scenedesmus cultures incubated for five days in hermetically with septa closed bottles without
[control (5 days)] and with different m-dcps.

Treatments OD550
a)

DW
[mg (mL)21]

Number of cells
(*105)c)

Chlorophylls
[mg (mL)21]

PCV
[mL (mL)21]

Control (day 0) 0.540 0.30 4.5 3.0 1.5

Control (day 5) 7.250b) 4.0 60.0 26.1 20.1

2,3dcp (day 5) 1.900b) 1.0 16.1 0.41 5.2

2,5dcp (day 5) 1.770b) 0.98 14.9 0.36 4.9

3,4dcp (day 5) 1.400b) 0.78 11.9 0.31 3.9

a)OD was measure with a specific absorbance cuvette (1065645 mm).
b)OD values higher than 0.8 were measured and calculated after the appropriate sample dilution.
c)Number of cells was measured using Neubauer chamber.
Control (day 0) represents the culture start point for all the tested treatments. OD550: optical density of the culture at 550 nm, DW: dry weight, PCV: packed cell volume.
doi:10.1371/journal.pone.0049037.t001
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thylakoid membranes, was transferred into HEPES-buffer (see

above). The lower part of the precipitate contained mainly

starch and was discarded [37].

Measurement of Photosystem I and II Activities from
Isolated Thylakoids

Fresh thylakoid membranes [0.15 mg Chl (mL)21] were used for

the determination of the activity of the photosystems, according to

the method of Sudhir et al. [38]. Photosystem I (PSI) catalysed

electron transport activity was assayed with DCPIP (2,6-dichlor-

ophenol indophenol), ascorbate, DCMU [3-(39,49-dichlorophe-

nol)-1,1-dimethylurea] and MV (methylviologen). The electron

transport from photosystem II (PSII) to MV was measured by

using DPC (diphenylcarbazid).

Pigment Extraction and Quantitative Estimation
After centrifugation of the culture at 1500 g for 5 min, the algal

pellet was exhaustively extracted with hot methanol until it was

colorless. The amount of total chlorophyll was estimated

photometrically according to the method of Holden [39].

Glucose Determination
Ascensia CONTOUR strip tests were used for glucose

quantification.

ATP and ADP Extraction and Determination by HPLC
Extraction for determination of ATP and ADP was carried out

according to Finazzi et al. [40]. ATP and ADP content of the

extract was determined by HPLC according to Valle et al. [41].

Figure 2. Biodegradation strategy of mixotrophic Scenedesmus obliquus cultures grown for five days in the presence of 0.15 mM of
m-dcps. (A) Biodegradation of m-dcps on the fifth incubation day. (B) Consumption of glucose on the fifth incubation day. (C) ATP (dark grey) and
ADP (light grey) level on the fifth incubation day.
doi:10.1371/journal.pone.0049037.g002
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Measurement of G2-production by GC-TCD
The hydrogen production was measured by gas chromatogra-

phy, using a thermal conductivity detector (GC-TCD) (Hewlett

Packard 5890 Series II). To separate hydrogen, argon was used as

the carrier gas under five bars of pressure and at oven temperature

of 180uC. The temperature of TCD was set at 170uC for the

detector and 160uC for the injector. A gas-tight syringe (250 mL)

was used for sampling from the hermetically closed bottles. The

quantification of hydrogen was done by injected of known

quantities of hydrogen in the GC-TCD.

Protein Extraction and Quantification
Total proteins were extracted from cells, according to the

method of Siminis et al. [42]. In brief, extraction buffer consisted

of 0.2 M Tris-HCl (pH 8.0), 5 mM dithiothreitol, 0.5 mM

phenylmethylsulfonyl fluoride, 10 mM leupeptin, 10% (w/v)

glycerol, 0.25% (w/v) Triton X-100, and 20% (w/v) insoluble

polyvinylpolypyrrolidone. The samples were homogenized with

extraction buffer using a Polytron (Ultra Turrax T25, probe S15 n

10G) at a speed of 20000 rpm. The homogenates were centrifuged

at 40000 g for 30 min and the supernatants divided into aliquots

and frozen at 280uC. The entire extraction procedure was

performed at 4uC. Protein determination was performed accord-

ing to Lowry et al. [43].

Western Blotting
Protein extracts were electrophoretically resolved using 12%

SDS-PAGE, transferred to membranes and hybridised against

PsaA (Agrisera), D1 (by D. Ghanotakis, University of Crete,

Department of Chemistry), PTOX (by M. Kuntz, Laboratoire de

Génétique Moléculaire des Plantes, CNRS-Université Joseph

Fourier, France), AOX (by T. Elthon, MSU-DOE Plant Research

Laboratory and Biochemistry Department, Michigan State

University) and COX (Agrisera), according to Agrisera protocols.

Fluorometric and Microscopic Measurements for the
Polarization of Mitochondrial Membrane

Cayman’s JC-1 marker (5,59,6,69-tetrachloro-1,19,3,39,-tetra-

ethylbenzimi-dazolylcarbocyanine iodide) was used to study the

behaviour of mitochondria in the presence of m-dcps. The main

Figure 3. Influence of m-dcps in respiratory electron transport chains of mixotrophic Scenedesmus obliquus cultures. (A) Respiration
activity in isolated mitochondria treated with m-dcps in reduced form (with ascorbate) (dark grey), rotenone + m-dcps in reduced form (grey),
rotenone + antimycin + m-dcps in reduced form (light grey). (B) Respiration rate (measured polarographically as consumption of oxygen) in
Scenedesmus obliquus cultures treated with m-dcps after five incubation days. (dark grey) Total respiration rate, (grey) COX capacity (SHAM and PG
used), (light grey) AOX capacity (KCN and PG used) and (white) PTOX activity (KCN and SHAM used). (C) Short-term effect of m-dcps on mitochondrial
potential, (dark grey) after 1 min incubation with m-dcp and JC-1, (grey) after 10 min incubation with m-dcp and JC-1, (light grey) after 30 min
incubation with m-dcp and JC-1 and (white) after 1 h incubation with m-dcp and JC-1. (D) Western blot analysis of immunoreactive COX, AOX and
PTOX proteins in the fifth incubation day with m-dcps (the same pattern observed in the second incubation day with m-dcps). (E) Long-term effect of
m-dcps on mitochondrial potential after 5 days incubation with each m-dcp in the hermitical closed bottles. (F) Fluorescence microscopy of cells
incubated with m-dcps for five days in the hermitical closed bottles.
doi:10.1371/journal.pone.0049037.g003
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advantage of this assay is that the changes in Dy are reflected by

different forms of JC-1 as either green or red fluorescence. Healthy

cells with mainly JC-1 J-aggregates can be detected using a

fluorophotometer (PERKIN ELMER, Luminescence Spectrome-

ter, LS 50 B) with fluorescence settings at excitation 520–570 nm

and emission 595 nm, while the monomeric (apoptotic) form of

JC-1 at excitation and emission wavelengths of 485 nm and

535 nm, respectively. Long-term (incubation time 5 days) exper-

iments were carried out following Cayman’s protocol. Short-term

(1 min, 10 min, 30 min and 1 h) experiments took place

differently, since m-dcp and JC-1 were added at the same time

(zero time) to the tested sample. The apoptotic effect was then

monitored in a time-drive process up to 1 h, as explained above.

Each m-dcp was dissolved in methanol and added at a

Figure 4. Influence of m-dcps on photosynthetic electron transport chain of mixotrophic Scenedesmus obliquus cultures. (A) Western
blot analysis of immunoreactive D1 and PSaA proteins in the fifth incubation day with m-dcps (the same pattern observed in the second incubation
day with m-dcps). (B) PSII (dark grey) and PSI (light grey) activities from isolated thylakoids treated with m-dcps in reduced form for 1 min. (C) Short
term in vivo effects of m-dcps in primary photochemistry. Fluorescence induction curves of algal cells incubated for 5 min in the dark with m-dcps or
DCMU recorded at room temperature with a saturating red light pulse of 3000 mmol m22 s21. (black diamond) control, (black square) 2,3-dcp, (grey
triangle) 2,5-dcp, (discontinuous line) 3,4-dcp and (continuous line) DCMU. (D) Difference fluorescence induction curves for the samples of Figure 4C
by subtracting control values at each time point from treated samples. (black diamond) control, (black square) 2,3-dcp, (grey triangle) 2,5-dcp and
(discontinuous line) 3,4-dcp and (continuous line) DCMU. The black arrow indicates the phase of inhibition of electron transport at approximately the
first ms of illumination.
doi:10.1371/journal.pone.0049037.g004
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concentration of 0.15 mM to the tested with JC-1 sample. The

corresponding methanol amount was also added to the control

sample that was tested with JC-1 in order to exclude methanol

effect.

Results from long-term experiments were examined also by

fluorescence microscopy (Nikon ECLIPSE E 800), using the

appropriate filter sets (B-2A: excitation 450–490, DM 505, BA 520

and G-2A: excitation 510–560, DM 575, BA 590), as explained by

Cayman’s assay protocol.

RedOx Potential Measurements
A platinum electrode was used for the RedOX potential

measurements and the calculations were based on the following

equation: RedOx (mV) = 6 |DRedOx| + |DpH|. |DRedOx| is

the change of the mV of the sample measured with the platinum

electrode compared to the control. |DpH| is the change of mV of

the sample measured with the argentum electrode compared to

the control.

Scanning Electron Microscopy
For scanning electron microscopy, microalgae were fixed in 2%

glutaraldehyde, 2% PFA in 0.08 M sodium cacodylate buffer,

pH 7.4, for 24 h at 4uC, washed in the above mentioned buffer,

post-fixed in 2% aqueous OsO4 for 60 min at 4uC, and

dehydrated through a graded series of ethanol. Dehydrated

samples were critical point dried (Baltec CPD 030) and mounted

on copper stubs prior to sputter coating with 20 nm thick gold/

palladium (Baltec SCD 050). Samples were examined using a

JEOL JSM-6390LV scanning electron microscope, operating at

20 kV.

Data Analysis
Each treatment included three independent bottles and two

samplings were carried out of each individual bottle. Standard

deviations of the average values are presented on diagrams.

Results and Discussion

It is well established that the selection of the appropriate

conditions is the key for energy flow regulation and successful

biodegradation. Factors such as carbon supply, light intensity,

position and kind of the substitute in the phenolic ring affect the

cellular energy balance and in turn the biodegradability [3,5]. It is

known that the most halogenated phenols are biodegradable if

there is an adequate carbon supply [3,5,44,45]. Scenedesmus obliquus

cultures were tested for their ability to biodegrade m-dcps in the

presence of light and glucose as energy sources (mixotrophic

growth).

Impact of m-dcps on the Molecular Structure and
Function of the Photosynthetic Apparatus

Chlorophenols are the most energy demanding compounds

compared to bromo- and iodo- phenols. The reason for this is

based on the DG298 values (DGC-Cl = 432 kJ/mol, DGC-

Br = 370 kJ/mol and DGC-I = 295 kJ/mol) required for the fission

of one carbon-halogen bond. The presence of a second chloride

(dichlorophenols) in the phenolic ring requires more energy than

monochlorophenols [46,47]. Also, meta-substitution (instead of

ortho- or para- substitutions) of a chloride requires much more

energy for the biodegradation of the molecules [5,48].

The above energy data render m-dcps as quite toxic

compounds. Toxicity signs appeared in the algal growth

(Figure 1A). An enormous growth rate inhibition was observed

in the presence of m-dcps up to 80% compared to control in the

fifth day of incubation (Figure 1A and Table 1) without notably

changes in the cell size and morphology, as observed in scanning

electron microscopy (Figure 1D).

Figure 5. Hydrogen production measurements. (A) Kinetic of
hydrogen production from Scenedesmus cultures in air-atmosphere
(oxygen presence at the onset of the experiment) incubated with 2,3-
dcp (black square), 2,5-dcp (grey triangle) and 3,4-dcp (discontinuous
line). (B) Kinetic of hydrogen production for control culture in air-
atmosphere. (C) Kinetic of hydrogen production from Scenedesmus
cultures in N2-atmosphere (oxygen depletion at the onset of the
experiment) incubated with 2,3-dcp (black square), 2,5-dcp (grey
triangle) and 3,4-dcp (discontinuous line). (D) Kinetic of hydrogen
production for control culture in N2-atmosphere.
doi:10.1371/journal.pone.0049037.g005
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The observed parameters of the molecular structure and

function of the photosynthetic apparatus were similar to the

growth results. All m-dcps led to the inactivation of reaction

centers (RC/CSo), the increase of the functional antenna size

(ABS/RC), the enhancement of dissipation energy (DIo/RC) and

consequently to the decrease of photosynthetic efficiency (Fv/Fm)

(Figure 1B). The values listed in Figure 1B refer to the first day of

incubation and were normalized, according to the control, which

corresponds to the value of 1. The actual control values were Fv/

Fm: 0.469, ABS/RC: 2.48, DIo/RC: 1.57 and RC/CSo: 32.27.

The low value of Fv/Fm was attributed to the presence of glucose

[49]. After the first incubation day, these responses were so intense

that photosystem II was entirely damaged in the presence of m-

dcps, and therefore were perceived as non-detectable values of the

JIP-test parameters.

To obtain further insight of the molecular structure and

function of the photosynthetic apparatus, the maximal photosyn-

thetic and respiratory rates were monitored at the end of the first

incubation day (Figure 1C). It is clear that the values of net

photosynthetic rate were zero for all m-dcps treatments, while the

respiratory rates were enhanced (3-fold excess) compared to

control. Polarographic measurements were expressed in terms of

packed cell volume (PCV) and not in terms of chlorophylls or

proteins in order to avoid an overestimation of our results. The

presence of m-dcps decreased chlorophyll and protein content, so

PCV estimation is considered safer. Independent of the expression

of net photosynthetic and respiratory rates, the results showed the

same trend: zero net photosynthesis and enhanced respiration rate

in all m-dcps treatments compared to control (m-dcps absence).

Biodegradation Strategy of Mixotrophic Microalgal
Cultures in the Presence of m-dcps

Under the above conditions, biodegradation took place despite

m-dcps toxicity (Figure 2A). Biodegradation tendency changed

according to the chemistry of the molecule and the corresponding

thermodynamic properties [46,50,51], in name 2,3-dichlorophe-

nol (2,3-dcp) .2,5-dichlorophenol (2,5-dcp) .3,4-dichlorophenol

(3,4-dcp) (Figure 2A).

The biodegradation data (Figure 2A) confirmed that the

addition of glucose in the culture medium provided the

appropriate energy levels for the removal of m-dcps, possibly

through glucosidation [52]. The fact that glucose consumption

increased with increasing m-dcps energy demands (Figure 2B)

corroborates to the above observation. Comparison of ATP

production between control cultures (absence of m-dcp) and those

treated with m-dcps confirmed the above hypothesis (Figure 2C).

Impact of m-dcps on Respiratory Electron Transport
Chains of Mixotrophic Microalgal Cultures

Measurements of respiratory activity in isolated mitochondria

proved that the reduced form of m-dcps enhanced respiration.

This observation can be justified by the fact that m-dcps act as

alternative electron acceptors and donors between complex I

(rotenone sensitive) and complex III (antimycin sensitive) in the

mitochondrial electron transport chain (Figure 3A). It is known

that all m-dcps are mitochondrial uncouplers [53,54]. Uncou-

pling properties seem to be associated with the presence of the

phenolic hydroxyl that can dissociate at the membrane and play

Table 2. Comparison of the H2 production from the present contribution with the corresponding ones from the literature.

References Alga
Method of H2

estimation Duration Maximal H2 production

Estimated H2 production
from the present
contribution in the given
literature parameters

Fold excess of
H2

production*e)

Present
contribution

Scenedesmus obliquus Gas chromatography 5 d *a) 4.7 mL G2 (mL PCV)21

*b) 12.3 mL G2 (mL PCV)21
– –

Ref. [58] Chlamydomonas reinhardii Mass spectrometer 5 d *c) 0.7 mmol H2 (mg chls)21 1.49 mmol H2 (mg chls)21 2–5.5 x

Ref. [16] Chlamydomonas reinhardii Mass spectrometer 2 d 12.2 nmol (mg chls h)21 *d) 25.2 nmol (mg chls h)21 2–5,4 x

Ref. [66] Chlamydomonas reinhardii
mutant sta6

Mass spectrometer 5 d *c) 420 mmol (1029 cells) 389 mmol (1029 cells) 1–3 x

Ref. [59] Chlamydomonas reinhardii
mutant Stm6

Gas chromatography 5 d *c) 7.7 mL G2 (mg chls)21 33.4 mL G2 (mg chls)21 4.3–11.3 x

Ref. [23] Chlamydomonas reinhardii Gas chromatography 2 d 5.94 mmol (mg chl h)21 *d) 25.2 mmol (mg chls h)21 4.2–11 x

Ref. [69] Scenedesmus obliquus Amperometrically 16 h 2.5 mmol H2 (mL PCV)21 *d) 210 mmol (mL PCV)21 84–220 x

Ref. [67] Chlamydomonas reinhardii Gas chromatography 5 d *c) 35 mmol (mL gas phase)21130 mmol (mL gas phase)21 3.7–9.7 x

Ref. [60] Chlamydomonas reinhardii Mass spectrometer 3 d 0.27 mmol H2 (mg chls)21 1.23 mmol H2 (mg chls)21 4.5–11.8 x

Ref. [61] Scenedesmus obliquus Warburg apparatus 5 h 212.2 mmol (mg chls)21 *d) 582 mmol (mg chls)21 2.7–7.1 x

Ref. [62] Chlamydomonas reinhardii Bio-gas Detector 1 d 24.4 nmol H2 (mg chl)21 *d) 582 nmol (mg chls)21 23.8–62.2 x

Ref. [63] Chlamydomonas reinhardii
mutant L159I-N230Y

Gas chromatography 285 h 166 mL H2 (g chl h)21 *d) 565 mL H2 (g chl h)21 3.4–8.9 x

Ref. [64] Chlamydomonas reinhardii Manometrically 4 h 7 mmol H2 (mg chl h)21 *d) 25.2 mmol (mg chls h)21 3.6–9.4 x

This comparison is not absolutely correct, because the conditions and the parameters used in the literature are totally different.
*a): The maximal H2 production from Figure 5C.
*b): The maximal H2 production from Fig. 8B.
*c): The hydrogen production used for the comparison referred to the 5th incubation day.
*d): The rate was calculated from the 1st to the 2nd incubation day.
*e): The first number represents the comparison of the H2 production from the present contribution (Figure 5C) [4.7 mL H2 (mL PCV)21] with the corresponding ones
of other publications. The second number represents the comparison of our maximal H2 production (Figure 8B) [12.3 mL H2 (mL PCV)21] with the corresponding
ones of other publications.
doi:10.1371/journal.pone.0049037.t002
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the part of a protonophore group [55]. The uncoupling

properties of m-dcps in mitochondria were tested using the

marker 5,59,6,69-tetrachloro-1,19,3,39,-tetraethylbenzimi-dazolyl-

carbocyanine iodide (JC-1) that can selectively enter into

mitochondria and reversibly change color from green to red

as the membrane potential increases. In healthy cells with high

mitochondrial Dy, JC-1 spontaneously forms complexes known

as J-aggregates with intense red fluorescence. On the other

hand, in apoptotic or unhealthy cells with low Dy, JC-1

remains in the monomeric form, which shows only green

fluorescence. Short- (Figure 3C) and long-term (Figures 3E and

F) experiments, that took place in the presence of m-dcps,

proved that m-dcps are strong uncouplers (.60% uncoupling

compared to control). More intense uncoupling results were

observed in the 3,4-dcp treatment, where the apoptotic effect

appeared from the first minute (Figure 3C).

Based on the redox potential of substituted phenols [56], the

most suitable position of m-dcps into the mitochondrial electron

transport chain was at the ubiquinone level. It has been established

that phenols are converted into quinones and ubiquinones by

means of oxidation-reduction reactions. The insertion of reduced

m-dcps at the level of ubiquinone overloaded the respiration chain

before complex III, thus resulting to higher electron flow. In order

to eliminate the excess electron charge, mitochondria activated the

alternative respiration pathway [9]. As a result, an accumulation of

immunoreactive alternative oxidase (AOX) protein was observed

while the cytochrome oxidase (COX) doesn’t operate at full

capacity (Figure 3D).

The data mentioned above combined with the zero values of

photosynthetic activity after the first day of m-dcps addition

(Figure 1C), suggest the generation of an oxygen depleted

environment.

This observation was confirmed once more by polarographic

measurements of the respiratory pathways of COX, AOX and

PTOX (Figure 3B). It is important to point out that this method

allows the dynamic measurement of the maximal microalgal

ability to produce and consume oxygen in ideal conditions

(atmospheric air – no light limitation), that could be quite different

from the actual culture conditions in the hermetically closed

bottles, mainly as the incubation time increased. Also, COX and

AOX exist in the same organelle (mitochondrion), so if we block

one pathway we measure the capacity of the other and not the

electron flow of the blocked one [32]. That is the main reason of

using the term capacity rather than the term activity for the

polarographic measurements in intact cells (Figure 3B). Further-

more, total respiratory activity was lower than the COX capacity

that according to Weger et al. [57] was attributed to salicylhy-

droxamic acid (SHAM–AOX inhibitor) effects on the cytochrome

pathway.

In addition to the respiratory COX- and AOX- pathways in

mitochondria the respiratory electron transport chain of chloro-

plasts (chlororespiration) was also checked. The immunoreactive

PTOX protein was more abundant in control, than in m-dcps

treated cultures (Figure 3D), as also observed in PTOX activities,

measured polarographically (Figure 3B).

Photosynthetic Electron Transport Chains of Mixotrophic
Scenedesmus Cultures in the Presence of m-dcps

The changes in the molecular structure and function of the

photosynthetic apparatus (Figure 1B), the zero values of photo-

synthetic activity (Figure 1C), the very low amounts of immuno-

reactive D1 protein (a PSII reaction center protein–Figure 4A) and

the strong decrease of PSII activity (Figure 4B), confirmed that the

inactivation of PSII started right at the time of m-dcps addition.

While the activity of PSII decreased, the activity of PSI increased

within the first few minutes after m-dcps addition, as indicated by

polarographic measurements in isolated thylakoids (Figure 4B) and

the substantial increase of immunoreactive PsaA protein (a PSI

reaction center protein – Figure 4A).

The role of m-dcps in chloroplasts did not stop in the impact on

the two photosystems. It is known that the first step of m-dcps’

biodegradation maintains m-dcps in a reduced form. The reduced

m-dcps in chloroplasts seem to be incorporated at quinone level

(before the plastoquinone pool – Figures 4C and 4D) and function

as continuous electron donors (as long as the m-dcps biodegra-

dation procedure takes place) to photosystem I.

Indications of Hydrogen (H2) Production in Mixotrophic
Cultures of Scenedesmus Obliquus in the Presence of m-
dcps

The above-mentioned results in chloroplasts (zero net photo-

synthesis, PSII inactivation and PSI activation–Figure 4) and

mitochondria (strong enhanced respiration rate–Figure 3) estab-

lished oxygen depleted conditions. It is known that oxygen is a

strong inhibitor of hydrogenase activity [18]. As a result, the

oxygen depleted conditions in the tested m-dcps cultures

comprised the first indication for the photosynthetic hydrogen

production.

In addition, redox potential measurements (RedOx potential of

m-dcps treated cultures: 2,3-dcp: 2115 mV, 2,5-dcp: 2109 mV

and 3,4-dcp: 2125 mV) established strong reductive conditions in

Figure 6. m-dcps induced H2 production versus sulfur deple-
tion induced H2 production. (A) Kinetic of hydrogen production
from Scenedesmus cultures in air-atmosphere (oxygen presence at the
onset of the experiment). (black square) control and (grey triangle)
sulfur depleted culture (-S). (B) Kinetic of Dhydrogen production from
m-dcps treated cultures compared to sulfur depleted cultures (x-axe).
(black diamond) -S, (black square) 2,3-dcp, (grey triangle) 2,5-dcp and
(black x) 3,4-dcp.
doi:10.1371/journal.pone.0049037.g006
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m-dcps treated cultures and enhanced the indications for

hydrogen production. The value of redox potential in control cell

suspension was 230 mV, while at the beginning of the experiment

was 350 mV. More negative redox potential results in a more

reductive environment in the culture, leading to higher electron

production. According to the above, in the reversible reaction

2Hzz2e{<H2, the surplus electrons lead to hydrogen produc-

tion.

Proofs for Hydrogen Production in Mixotrophic
Scenedesmus Cultures in the Presence of m-dcps

Measurements with GC-TCD confirmed the anticipated

hydrogen production. The detected hydrogen in m-dcps treated

cultures was about 100-fold excess compared to control (culture

without m-dcps–Figures. 5A and 5B). Hydrogen production in

control cultures was so low, that it fitted in with the x-axes of the

diagram A [0.018 mL H2 (mL PCV)21 in the fifth day of

incubation], so it is represented separately in the panel B.

Hydrogen production is expressed in terms of PCV for two

reasons. Firstly, PCV is considered safer to avoid an overestima-

tion of our results, because the presence of m-dcps decreased

chlorophylls and proteins (as explained in polarographic measure-

ments). Secondly, it is very important to know the cell

concentration, because this parameter affects total hydrogen

production. More cells are expected to produce more hydrogen

under the appropriate conditions.

It is worth mentioning that the order of treatments for hydrogen

production was 2,3-dcp,2,5-dcp,3,4-dcp (Figure 5A), same as

the order for ATP production (Figure 2C) and inverse to the

biodegradation order (Figure 2A). This observation was confirmed

Figure 7. Proposed mechanisms of H2-production in chloroplasts and mitochondria of mixotrophic Scenedesmus obliquus cultures
treated with m-dcps. (A) Aerobic conditions in chloroplasts and mitochondria before m-dcps addition. (B) Physiological changes in chloroplasts
and mitochondria after m-dcps addition. (C) Oxygen depleted conditions induced by the m-dcps in chloroplasts and mitochondria.
doi:10.1371/journal.pone.0049037.g007
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by the polarographic measurements of PSII activity (Figure 4B). It

was proven that the inactivation of PSII is much more pronounced

in the case of 3,4-dcp, followed by 2,5-dcp and then 2,3-dcp. This

suggests that the oxygen depleted conditions were established

faster in 3,4-dcp than in 2,5-dcp and in turn faster than in 2,3-dcp.

If the establishment of oxygen depleted conditions is the main

reason for the enormous hydrogen production in m-dcps cultures,

then the artificial oxygen depletion at the onset of the experiment,

could decrease the difference between control and m-dcps

hydrogen values. Therefore, the same experiments were repeated

under nitrogen atmosphere (by the onset of the experiment) to

ensure oxygen depletion. Under these conditions, hydrogen

production would be achieved within a shorter time, since the

microalga will not waste time to create an oxygen depleted

environment. Indeed, it was observed that under nitrogen rich

atmosphere hydrogen production was doubled, but the trend was

the same as in the non de-oxygenated cultures. Cultures treated

with m-dcps showed about 125-fold excess hydrogen production

compared to the anoxic control cultures (Figures 5C and 5D).

Hydrogen production in the control cultures was so low, that it

fitted with the x-axes of the diagram C [0.038 mL H2 (mL PCV)21

on the fifth day of incubation], so it is represented separately in the

panel D.

It is clear that m-dcps treatments under oxygenic atmosphere (at

the onset of the experiment) produced about 50-fold excess

hydrogen in comparison to the anoxic control (algal culture in

nitrogen atmosphere without any m-dcp). This observation was

clearly attributed to the presence of m-dcps and not only to the

establishment of oxygen depleted conditions. It is worth mention-

ing that our negative control (m-dcps in culture medium without

cells in the corresponding experimental conditions) did not show

any hydrogen production. The above further supports the theory

that biodegradation of m-dcps by the microalga is the key factor

for massive hydrogen production and not the presence of m-dcps

in the culture medium.

Comparison of m-dcps Induced H2 Production with
Previous Systems

The state of the art in hydrogen production does not help us to

compare our results directly, because the majority of papers

measure hydrogenase activity (which is totally different) or express

hydrogen in terms of total chlorophylls or proteins or culture

volume. However, in Table 2 we compare our results (after

appropriate conversions to similar units) with the international

literature although this comparison is not absolutely correct,

because the conditions and the parameters used for hydrogen

production are totally different.

Nevertheless, hydrogen production in the presence of m-dcps in

terms of total chlorophylls is 2–6800 times higher

[16,23,58,59,60,61,62,63,64,65], in terms of culture density 1–3

times higher [66], in terms of gas phase 4–10 times higher [67],

while in terms of culture volume 2–5 times higher [68]. Among

them, only Senger and Bishop [69] express hydrogen in terms of

PCV and our control value [1,7 mmol (mL PCV)21] is comparable

enough with their estimation [2–2.5 mmol (mL PCV)21], while our

best hydrogen production in the m-dcp treatments is approxi-

mately 85–220 times higher.

However, the best comparison to the literature findings

comprises of the following experiment taking place in absolutely

identical conditions (air atmosphere at the onset of the experiment)

but in sulfur depleted cultures. Sulfur depletion is the universally

known condition for hydrogen production [17,18,24,70,71,72].

Under these circumstances Scenedesmus cultures without sulfur (-S)

increased hydrogen production 33% compared to control (sulfur

presence), but m-dcps cultures were still much higher (about

10000%) compared to control (Figures 6A and 6B). The

importance of the above correlation is that the experimental

conditions (light, temperature, initial cell concentration) were

absolutely the same. It is obvious that the presence of m-dcps is

essential for very high yields of hydrogen production.

Proposed Working Model
In chloroplasts, m-dcps were placed in the quinone region,

before the pool of plastoquinone (Figures 4C and 4D). The results

were the inactivation of PSII (Figures 4A and 4B) and in parallel

the activation of PSI (Figures 4A and 4B), that led to the

establishment of oxygen depleted conditions (Figure 1C). During

these processes, the electrons moved continuously from the

reduced m-dcps through PQ and PSI to ferredoxin and then to

hydrogenase where hydrogen production took place (Figure 5).

In mitochondria, m-dcps were placed in the ubiquinone region

(Figure 3A) and over activated the possible routes of electron flow

in the respiratory pathways that oxygen depleted conditions were

installed faster (Figures 3B and 3C), contributing to continuous

hydrogen production by chloroplasts.

According to the above mentioned, the oxygen depleted

conditions induced in m-dcps cultures in light may help

mitochondria to simply transfer the electrons onto protons,

producing hydrogen, as previously reported by Embley and

Martin [73]. A further possible hydrogen production route is the

reduction-oxidation reactions of m-dcps

(2Hzzm{dcpred?H2zm{dcpox) in chloroplasts and mito-

chondria in quinone and ubiquinone level respectively. The

proposed mechanism that described the physiological changes

induced by m-dcps in chloroplasts and mitochondria, which led to

high yields of hydrogen production is illustrated in Figure 7.

In Figure 7A the chloroplastic and mitochondrial electron

transport chains before m-dcps addition are presented. Aerobic

conditions prevailed before m-dcps addition, since the consump-

tion of oxygen by the mitochondrial respiratory pathway was

lower than the photosynthetic oxygen production. Under these

conditions, hydrogenase activity in chloroplasts was inhibited

because the light-dependent oxidation of water in PSII released

molecular O2, a strong inhibitor of the enzyme.

In Figure 7B the changes induced in the above electron

transport chains immediately after m-dcps addition are presented.

The first step of biodegradation maintains m-dcps in a reduced

form. In mitochondria the reduced m-dcps were located in

ubiquinone level and overloaded the respiration chain before

complex III, thus resulting to higher electron accumulation.

Mitochondria activated the alternative pathway in order to get rid

Figure 8. Attempts for optimization of hydrogen production. (A) Kinetic of hydrogen production from Scenedesmus cultures without any m-
dcp addition. (continuous line with black square ) control in air atmosphere at the onset of experiment, (discontinuous line with black square) control
in nitrogen atmosphere, (light grey square) control with additional glucose doping in air atmosphere. (B) Kinetic of hydrogen production from 2,3-
dcp treated cultures. (black triangle) 2,3-dcp treatment in air atmosphere at the onset of experiment, (discontinuous line with black triangle) 2,3-dcp
treatment in nitrogen atmosphere, (grey triangle) 2,3-dcp treatment with additional glucose doping in air atmosphere. (C) Biodegradation of 2,3-dcp
in the above mentioned conditions. (D) Correlation between 2,3-dcp biodegradation and hydrogen production.
doi:10.1371/journal.pone.0049037.g008
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of excess electron charge, maximizing the total respiration rate.

Concurrently, the reduced m-dcps in chloroplasts were located in

quinone level (before PQ), inactivating PSII, inhibiting water

photolysis, hyperactivating PSI. All these physiological changes

(high O2-consumption without O2-production) established oxygen

depleted conditions, which amplified the photosynthetic H2-

production.

Lastly, Figure 7C presents the possible electron transport chains

under oxygen depleted conditions. Under these circumstances,

respiratory electron transport could keep on running with a

different terminal electron donor, NO2
2 instead of oxygen

[74,75]. In chloroplasts, the oxygen depleted conditions activated

PSI, causing continuous high yields of photosynthetic H2-

production. However, anoxia and PSI induction cannot be

considered as the only reasons for the high yields of H2-production

in m-dcps treatments. The most plausible scenario is a mechanism

of mitochondrial H2-production, a direct H2-production through

complex I, as described by Hrdy et al [76] and a further

mechanism that came directly from m-dcps, due to their

oxidation-reduction reactions (2Hzzm{dcpred?H2zm{

dcpox) in chloroplasts and mitochondria.

The biodegradation of m-dcps is the decisive factor for the high

yields of hydrogen production in green algae. The exogenously

supplied glucose enhances m-dcps biodegradation (Figures 2A and

2B) and therefore the hydrogen production. A combination of

these two facts in 2,3-dcp treated cultures led to approximately

12.3 mL H2 (mL PCV)21 (Figures 8A and 8B). Among m-dcps,

2,3-dcp was selected because of its higher hydrogen production

rates in primary incubation days (Figures 5A and 5C). Mixo-

trophic mother cultures (glucose doping) were used instead of

autotrophic mother cultures in air atmosphere and then incubated

again under mixotrophic conditions (as all our experiments). The

effect of glucose doping appears in Figure 8A for control cultures

and in Figure 8B for 2,3-dcp treated cultures. We also added the

corresponding treatments of autotrophic mother cultures that were

incubated in mixotrophic conditions either in air or in nitrogen

atmosphere (at the onset of the experiments). The nitrogen

atmosphere was added in order to show that the role of glucose is

not limited to quicker establishment of oxygen depletion, but

related to more bioenergetic processes, as m-dcps biodegradation.

The proof of increasing biodegradation rate with hydrogen

production increment is apparent in Figure 8C. The above

further supports the fact that the dynamic m-dcps oxidation-

reduction reactions influence the total amount of hydrogen

production (Figure 8D). Further investigation of the above

mentioned processes (changing the light intensity, the dose of

glucose, the revictual of glucose in culture medium) can affect the

total hydrogen production, but always based in the proposed

mechanism and the role of m-dcps and their biodegradation.

Conclusions
The ability of green algae to produce photosynthetic hydrogen

under anaerobic conditions has been known for years. However,

until today the yield of production has been very low, limiting their

industrial scale use. In the present paper, 73 years after the first

report on H2-production from green algae, we present a

combinational biological system where the biodegradation proce-

dure of one meta-substituted dichlorophenol (m-dcp) is the key

element for maintaining a continuous and very high rate of H2-

production (.100 times higher than previously reported) in

chloroplasts and mitochondria of the green alga Scenedesmus

obliquus.

In particular, we report for the first time that reduced m-dcps

(biodegradation intermediates) mimic endogenous electron and

proton carriers in chloroplasts and mitochondria. m-dcps inhibit

photosystem II (PSII) activity (and therefore inhibit O2 production

– which in combination with the enhanced respiration leads to

oxygen depleted conditions), feed continuously electrons before the

PQ-pool to Photosystem I and enhance Photosystem I (PSI) and

hydrogenase activity. In addition, we show that there are strong

indications for hydrogen production, from sources other than the

chloroplasts, like mitochondria, in Scenedesmus obliquus.

The major finding of this contribution is the combination of two

soundly different procedures "biodegradation of m-dcps" and "H2

production". The biodegradation of m-dcps is necessary for the

enhanced bio-hydrogen production. Without m-dcps biodegrada-

tion the proposed H2 production mechanism does not work so

effectively and the hydrogen productivity is more than 100 times

lower. The main sources of dcps are wood pulp bleaching, water

chlorination, textile dyes, oil refineries, and chemical, agrochem-

ical and pharmaceutical industries. As a result, these toxic waste

by-products could hold a regulatory role for an efficient

application to industrial scale use that can produce massive

hydrogen production in future, utilizing simple energy sources.
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France) for providing the antibody for PTOX, T. Elthon (MSU-DOE

Plant Research Laboratory and Biochemistry Department, Michigan State

University) for providing the antibody for AOX, A. Siakouli (Laboratory of

Electron Microscopy, University of Crete) for the scanning electron

microscopy measurements and A. Pipi for her contribution in editing this

manuscript.

Author Contributions

Conceived and designed the experiments: KK AP. Performed the

experiments: AP EA NI. Analyzed the data: AP EA NI. Contributed

reagents/materials/analysis tools: KK NC. Wrote the paper: AP KK.

References

1. Jebaraj S, Iniyan S (2006) A review of energy models. Renew Sust Energ Rev 10:

281–311.

2. Ukpaka CP (2011) Biodegradation model on effect of some physicochemical

parameters on aromatic compounds in fresh water medium. J Bacteriol Res 3: 42–55.

3. Papazi A, Kotzabasis K (2008) Inductive and resonance effects of substituents

adjust the microalgal biodegradation of toxical phenolic compounds.

J Biotechnol 135: 366–373.

4. Annachhatre AP, Gheewala SH (1996) Biodegradation of chlorinated phenolic

compounds. Biotechnol Adv 14: 35–56.

5. Papazi A, Kotzabasis K (2007) Bioenergetic strategy of microalgae for the

biodegradation of phenolic compounds: exogenously supplied energy and

carbon sources adjust the level of biodegradation. J Biotechnol 129: 706–716.

6. Janssen DB, Dinkla IJ, Poelarends GJ, Terpstra P (2005) Bacterial degradation

of xenobiotic compounds: evolution and distribution of novel enzyme activities.

Environ Microbiol 7: 1868–1882.

7. Rahman RA, Zahrim AY, Abu-Bakar A (2007) Chloro-organics in Papermill

Effluent: Identification and Removal by Sequencing Batch Biofilm Reactor.

J Appl Sci 7: 2160–2163.

8. Atkin OK, Zhang Q, Wiskich JT (2002) Effect of temperature on rates of

alternative and cytochrome pathway respiration and their relationship with the

redox poise of the quinone pool. Plant Physiol 128: 212–222.

9. Siedow JN, Umbach AL (1995) Plant Mitochondrial Electron Transfer and

Molecular Biology. Plant Cell 7: 821–831.

10. Aro EM, Virgin I, Andersson B (1993) Photoinhibition of Photosystem II.

Inactivation, protein damage and turnover. Biochim Biophys Acta 1143: 113–

134.

11. Bennoun P (1982) Evidence for a respiratory chain in the chloroplast. Proc Natl

Acad Sci U S A 79: 4352–4356.

12. Bennoun P (1994) Chlororespiration revisited: mitochondrial-plastid interactions

in Chlamydomonas. Biochim Biophys Acta 1186: 59–66.

High Yields of H2-Production by Green Algae

PLOS ONE | www.plosone.org 14 November 2012 | Volume 7 | Issue 11 | e49037



13. Rumeau D, Peltier G, Cournac L (2007) Chlororespiration and cyclic electron
flow around PSI during photosynthesis and plant stress response. Plant Cell

Environ 30: 1041–1051.

14. Gaffron H (1939) Reduction of CO2 with H2 in green plants. Nature 143: 204–

205.

15. Gaffron H, Rubin J (1942) Fermentative and Photochemical Production of
Hydrogen in Algae. J Gen Physiol 26: 219–240.

16. Hemschemeier A, Fouchard S, Cournac L, Peltier G, Happe T (2008) Hydrogen
production by Chlamydomonas reinhardtii: an elaborate interplay of electron sources

and sinks. Planta 227: 397–407.

17. Melis A (2007) Photosynthetic H2 metabolism in Chlamydomonas reinhardtii

(unicellular green algae). Planta 226: 1075–1086.

18. Melis A, Happe T (2001) Hydrogen production. Green algae as a source of
energy. Plant Physiol 127: 740–748.

19. Nixon PJ (2000) Chlororespiration. Phil Trans R Soc Lond 355: 1541–1547.

20. Antal TK, Krendeleva TE, Laurinavichene TV, Makarova VV, Ghirardi ML,

et al. (2003) The dependence of algal H2 production on Photosystem II and O2

consumption activities in sulfur-deprived Chlamydomonas reinhardtii cells. Biochim

Biophys Acta 1607: 153–160.

21. Gfeller RP, Gibbs M (1984) Fermentative Metabolism of Chlamydomonas

reinhardtii: I. Analysis of Fermentative Products from Starch in Dark and Light.

Plant Physiol 75: 212–218.

22. Wykoff DD, Davies JP, Melis A, Grossman AR (1998) The regulation of

photosynthetic electron transport during nutrient deprivation in Chlamydomonas

reinhardtii. Plant Physiol 117: 129–139.

23. Kosourov S, Tsygankov A, Seibert M, Ghirardi ML (2002) Sustained hydrogen

photoproduction by Chlamydomonas reinhardtii: Effects of culture parameters.
Biotechnol Bioeng 78: 731–740.

24. Melis A, Zhang L, Forestier M, Ghirardi ML, Seibert M (2000) Sustained
photobiological hydrogen gas production upon reversible inactivation of oxygen

evolution in the green alga Chlamydomonas reinhardtii. Plant Physiol 122: 127–136.

25. Gaffron H (1939) Der auffalende Unterschied in der Physiologie nahe
verwandter Algenstaemme nebst Bemerkungen über die Lichtatmung. Biol

Zentralbl 43: 402–410.

26. Bishop NL, Senger H (1971) Preparation and photosynthetic properties of

synchronous cultures of Scenedesmus; Pietro S, editor. New York: Academic Press.
130–143 p.

27. Senger H, Brinkmann G (1986) Protochlorophyll(ide) accumulation and

degradation in the dark and photoconversion to chlorophyll in the light in
pigment mutant C-2A’ of Scenedesmus obliquus. Physiol Plant 68: 119–124.

28. Strasser BJ, Strasser RJ (1995) Measuring fast fluorescence transients to address
environmental questions: the JIP-test; Mathis P, editor. Dordrecht: Kluwer

Academic Press. 977–980 p.

29. Demetriou G, Neonaki C, Navakoudis E, Kotzabasis K (2007) Salt stress impact

on the molecular structure and function of the photosynthetic apparatus–the

protective role of polyamines. Biochim Biophys Acta 1767: 272–280.

30. Lovell CR, Eriksen NT, Lewitus AJ, Chen YP (2002) Resistance of the marine

diatom Thalassiosira sp. to toxicity of phenolic compounds. Mar Ecol-Prog Ser
229: 11–18.

31. Delieu T, Walker DA (1981) Polarographic measurements of photosynthetic
oxygen evolution by leaf disks. New Phytol 89: 165–178.

32. Day DA, Krab K, Lambers H, Moore AL, Siedow JN, et al. (1996) The

Cyanide-Resistant Oxidase: To Inhibit or Not to Inhibit, That Is the Question.
Plant Physiol 110: 1–2.

33. Andronis EA, Roubelakis-Angelakis KA (2010) Short-term salinity stress in
tobacco plants leads to the onset of animal-like PCD hallmarks in planta in

contrast to long-term stress. Planta 231: 437–448.

34. Cournac L, Redding K, Ravenel J, Rumeau D, Josse EM, et al. (2000) Electron

flow between photosystem II and oxygen in chloroplasts of photosystem I-

deficient algae is mediated by a quinol oxidase involved in chlororespiration.
J Biol Chem 275: 17256–17262.

35. Cournac L, Latouche G, Cerovic Z, Redding K, Ravenel J, et al. (2002) In vivo
interactions between photosynthesis, mitorespiration, and chlororespiration in

Chlamydomonas reinhardtii. Plant Physiol 129: 1921–1928.

36. Heinen A, Aldakkak M, Stowe DF, Rhodes SS, Riess ML, et al. (2007) Reverse

electron flow-induced ROS production is attenuated by activation of

mitochondrial Ca2+ -sensitive K+ channels. Am J Physiol Heart Circ Physiol
293: 1400–1407.

37. Navakoudis E, Vrentzou K, Kotzabasis K (2007) A polyamine- and LHCII
protease activity-based mechanism regulates the plasticity and adaptation status

of the photosynthetic apparatus. Biochim Biophys Acta 1767: 261–271.

38. Sudhir PR, Pogoryelov D, Kovacs L, Garab G, Murthy SD (2005) The effects of
salt stress on photosynthetic electron transport and thylakoid membrane proteins

in the cyanobacterium Spirulina platensis. J Biochem Mol Biol 38: 481–485.

39. Holden M (1965) Chlorophylls; Goodwin TW, editor. London: Academic Press.

461–488 p.

40. Finazzi G, Furia A, Barbagallo RP, Forti G (1999) State transitions, cyclic and

linear electron transport and photophosphorylation in Chlamydomonas reinhardtii.

Biochim Biophys Acta 1413: 117–129.

41. Valle M, Malle P, Bouquelet S (1998) Evaluation of fish decomposition by liquid

chromatographic assay of ATP degradation products. J AOAC Int 81: 571–575.

42. Siminis C, Kanellis A, Roubelakis-Angelakis K (1993) Differences in protein

synthesis and peroxidase isoenzymes between recalcitrant and regenerating
protoplasts. Physiol Plant 87: 263–270.

43. Lowry O, Rosebrough N, Farr A, Randall R (1951) Protein measurement with

the Folin phenol reagen. J Biol Chem 193: 265–275.

44. Diaz E (2004) Bacterial degradation of aromatic pollutants: a paradigm of

metabolic versatility. Int Microbiol 7: 173–180.

45. Juarez MJ, Zafra-Gomez A, Luzon-Toro B, Ballesteros-Garcia OA, Navalon A,

et al. (2008) Gas chromatographic-mass spectrometric study of the degradation
of phenolic compounds in wastewater olive oil by Azotobacter Chroococcum.

Bioresource Technol 99: 2392–2398.

46. Penttinen O-P (1995) Chlorophenols in aquatic environments: Structure-activity

correlations. Ann Zool Fenn 32: 287–294.

47. Steiert JG, Pignatello JJ, Crawford RL (1987) Degradation of chlorinated

phenols by a pentachlorophenol-degrading bacterium. Appl Environ Microb 53:

907–910.

48. Chandra AK, Uchimaru T (2002) The O-H Bond Dissociation Energies of
Substituted Phenols and Proton Affinities of Substituted Phenoxide Ions: A DFT

Study. Int J Mol Sci 3: 407–422.

49. Liu X, Duan S, Li A, Xu N, Cai Z, et al. (2009) Effects of organic carbon sources

on growth, photosynthesis, and respiration of Phaeodactylum tricornutum. J Appl

Phycol 21: 239–246.

50. Boyd S, Shelton D (1984) Anaerobic oxidation of chlorophenols in fresh and

acclimated sludge. Appl Environ Microb 47: 272–277.

51. Gomes JRB, Riberto da Silva MAV (2003) Gas-Phase Thermodynamic

Properties of Dichlorophenols Determined from Density Functional Theory
Calculations. J Phys Chem 107: 869–874.

52. Petroutsos D, Katapodis P, Samiotaki M, Panayotou G, Kekos D (2008)

Detoxification of 2,4-dichlorophenol by the marine microalga Tetraselmis marina.

Phytochemistry 69: 707–714.

53. Ravanel P, Taillandier G, Tissut M, Benoit-Guyod JL (1985) Effect of

chlorophenols on isolated plant mitochondria activities: a QSAR study.

Ecotoxicol Environ Saf 9: 300–320.

54. Weinbach EC, Garbus J (1965) The Interaction of Uncoupling Phenols with

Mitochondria and with Mitochondrial Protein. J Biol Chem 240: 1811–1819.

55. Terada H (1981) The interaction of highly active uncouplers with mitochondria.

Biochim Biophys Acta 639: 225–242.

56. Dolfing J (1992) Gibbs Free Energy of Formation of Halogenated Aromatic
Compounds and Their Potential Role as Electron Acceptors in Anaerobic

Environments. Environ Sci Technol 26: 2213–2218.

57. Weger HG, Guy RD, Turpin DH (1990) Cytochrome and alternative pathway

respiration in green algae : measurements using inhibitors and o(2) discrimina-

tion. Plant Physiol 93: 356–360.

58. Tolleter D, Ghysels B, Alric J, Petroutsos D, Tolstygina I, et al. (2011) Control of

hydrogen photoproduction by the proton gradient generated by cyclic electron

flow in Chlamydomonas reinhardtii. Plant Cell 23: 2619–2630.

59. Kruse O, Rupprecht J, Bader KP, Thomas-Hall S, Schenk PM, et al. (2005)
Improved photobiological H2 production in engineered green algal cells. J Biol

Chem 280: 34170–34177.

60. Kosourov S, Patrusheva E, Ghirardi ML, Seibert M, Tsygankov A (2007) A

comparison of hydrogen photoproduction by sulfur-deprived Chlamydomonas

reinhardtii under different growth conditions. J Biotechnol 128: 776–787.

61. Rosenkrans AM, Rosen MM, Krasna AI (1983) Effect of oxygen removal on

hydrogen photoproduction in algae. Biotechnol Bioeng 25: 1897–1904.

62. Graves DA, Reeves ME, Greenbaum E (1988) Establishment of control
parameters for in situ, automated screening of sustained hydrogen photopro-

duction by individual algal colonies. Plant Physiol 87: 603–608.

63. Torzillo G, Scoma A, Faraloni C, Ena A, Johanningmeier U (2009) Increased

hydrogen photoproduction by means of a sulfur-deprived Chlamydomonas reinhardii

D1 protein mutant. Int J Hyd Energy 34: 4529–4536.

64. Tsygankov A, Kosourova S, Seibertb M, Ghirardi ML (2002) Hydrogen

photoproduction under continuous illumination by sulfur-deprived, synchronous

Chlamydomonas reinhardtii cultures. Int J Hyd Energy 27: 1239–1244.

65. White A, Melis A (2006) Biochemistry of hydrogen metabolism in Chlamydomonas

reinhardtii wild type and a Rubisco-less mutant. Int J Hyd Energy 31: 455–464.

66. Chochois V, Dauvillee D, Beyly A, Tolleter D, Cuine S, et al. (2009) Hydrogen

production in Chlamydomonas: photosystem II-dependent and -independent

pathways differ in their requirement for starch metabolism. Plant Physiol 151:

631–640.

67. Philipps G, Happe T, Hemschemeier A (2012) Nitrogen deprivation results in

photosynthetic hydrogen production in Chlamydomonas reinhardtii. Planta 235:

729–745.

68. Tamburic B, Zemichael FW, Maitland GC, Hellgardt K (2011) Parameters
affecting the growth and hydrogen production of the green alga Chlamydomonas

reinhardtii Int J Hyd Energy 36: 7872–7876.

69. Bishop NI, Senger H (1979) Observations on the Photohydrogen Producing

Activity during the Synchronous Cell Cycle of Scenedesmus obliquus. Planta 145:

53–62.

70. Melis A (1999) Photosystem-II damage and repair cycle in chloroplasts: what

modulates the rate of photodamage? Trends Plant Sci 4: 130–135.

71. Melis A, Seibert M, Ghirardi ML (2007) Hydrogen fuel production by
transgenic microalgae. Adv Exp Med Biol 616: 110–121.

72. Melnicki MR, Melis A (2006) Integrated biological hydrogen production.

Int J Hyd Energy 31: 1563–1573.

73. Embley TM, Martin W (1998) A hydrogen-producing mitochondrion. Nature
396: 517–519.

High Yields of H2-Production by Green Algae

PLOS ONE | www.plosone.org 15 November 2012 | Volume 7 | Issue 11 | e49037



74. Gupta KJ, Igamberdiev AU (2011) The anoxic plant mitochondrion as a nitrite:

NO reductase. Mitochondrion 11: 537–543.
75. Igamberdiev AU, Hill RD (2009) Plant mitochondrial function during

anaerobiosis. Ann Bot 103: 259–268.

76. Hrdy I, Hirt RP, Dolezal P, Bardonova L, Foster PG, et al. (2004) Trichomonas

hydrogenosomes contain the NADH dehydrogenase module of mitochondrial

complex I. Nature 432: 618–622.

High Yields of H2-Production by Green Algae

PLOS ONE | www.plosone.org 16 November 2012 | Volume 7 | Issue 11 | e49037


